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Abstract 

Diffuse optical spectroscopy (DOS) and electrical impedance spectroscopy (EIS) are 

promising non-invasive and non-ionizing techniques for breast anomaly detection. This 

research aims at development of low-cost and novel hand-held devices that are able to 

differentiate between malignant and benign lesions in human subjects. Three probes 

have been designed and developed in this research, including a diffuse optical 

spectroscopy probe for measuring the optical properties of breast tissue, a combined 

diffuse optical spectroscopy probe with electrical impedance spectroscopy probe for 

measuring the optical and electrical properties of the breast tissue simultaneously, and a 

diffuse optical breast-scanning (DOB-Scan) probe for creating cross-sectional optical 

images of the breast. 

In addition to a detailed description of the developed instruments, two studies are 

presented: a phantom study detecting inhomogeneity in the homogeneous phantom 

using DOS and DOB-Scan probe, and a clinical study to diagnosis malignant lesions in 

the patients who have breast cancer. 

The DOS-EIS probe was successfully used in an initial clinical study on cancer 

patients, and the results conclusively demonstrated its ability to differentiate between 

cancerous breast tissue and healthy tissue using diffuse optical spectroscopy combined 

with electrical impedance spectroscopy. The results of DOB-Scan imaging probe in the 

clinical study reflect that the probe can capture malignant tissues underneath of the 

probe. These studies demonstrate that diffuse optical spectroscopy and electrical 

impedance spectroscopy are valuable modalities that can play an important role in 

breast tumor detection and monitoring. 

 

Keywords:  Breast cancer, diffuse optical spectroscopy, electrical impedance 
spectroscopy, intrinsic optical contrast, clinical exam, hemoglobin 
concentration, optical breast phantom 
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Chapter 1.  
 
Introduction 

Approximately one in eight North American women are affected by breast cancer 

over the course of their lifetimes. Indeed, breast cancer is the second leading cause of 

cancer-related death among women worldwide, and in North America, it remains the 

leading cause of cancer-related death in women under the age of 40. In 2015, 

approximately 24,968 women and 201 men were diagnosed with invasive breast cancer 

in Canada, and 231,840 women and 2,350 men were diagnosed with invasive breast 

cancer in USA (Table 1.1). It was also anticipated that 5000 women and 60 men in 

Canada, and 40,290 women and 440 men in USA would die from breast cancer in 2015 

[1], [2].  

The early detection of breast cancer decrease mortality rates in the treatment stage. 

Still, the procedures for detecting breast tumor, are complex.  The currently screening 

methods of Clinical Breast Examination (CBE) and X-ray mammography are 

questionable, as X-ray mammography only advised for women between the ages of 50 

to 74 due to its high false negative detection ratio for younger women and because of its 

potential health risks as a result of ionizing radiations (X-ray). Thus, research that 

improves the performance of currently available modalities or introduces new techniques 

that can improve one of the assessment parameters (accuracy, sensitivity, specificity, or 

PPV) will represent a unique contribution to the field of cancer detection systems[3]–[10]. 

 In this thesis, we propose a screening technique utilizing the optical and electrical 

properties of breast tissue. The proposed method can be used in all stages: screening, 

diagnosis, monitoring, and for follow-up after treatment. In the screening and diagnosis 

stages, this method can be combined with other modalities to assess whether suspected 

tissue is malignant or benign. The technique can also be used for monitoring the size of 
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the tumor, the effect of therapy, and the value of the main constituents of breast tissue in 

both the monitoring and follow-up stages. 

Table 1.1.  Percent distribution of estimated new cancer cases, by sex, USA, 
Canada, 2015 [1], [2] 

   Male Female    

 USA 
848200 
Cases 

CANADA 
100500 
Cases 

 

 

 

 

 USA 
810170 
Cases 

CANADA 
96400 
Cases 

Prostate 26% 23.9% Breast 29% 25.9% 

Lung& bronchus 14% 13.5% Lung& bronchus 13% 13.5% 

Colorectum 8% 13.8% Colorectum 8% 11.5% 

Bladder 7% 6.1% Uterine corps 7% 6.1% 

Melanoma 5% 3.6% Thyroid 6% 5% 

Kidney & renal 
pelvis 

5% 3.9% Non-Hodgkin 
lymphoma 

4% 3.8% 

Non-Hodgkin 
lymphoma 

5% 4.5% Melanoma 4% 3.2% 

Oral cavity & 
pharynx 

4% 2.9% Kidney  & renal 
pelvis 

3% 2.4% 

Leukemia 4% 3.5% Pancreas 3% 2.5% 

Breast 0.28% 0.2% Ovary 3% 2.9% 

All other cancers 21.72% 24.1% All other cancers 20% 23.2% 

1.1. Background 

1.1.1. Breast cancer 

The human female breast is an inhomogeneous structure that is mainly 

comprised of mammary fat, glands, and connective tissues (illustrated in Figure 1.1).  

Breast cancer is the uncontrolled growth of breast cells due to mutations, or 

abnormal changes, in the genes that control the growth and health of cells [11]. 

Normally, our body replaces old cells with healthy new ones, but mutations can 

sometimes change certain genes within a cell and enable them to divide uncontrollably, 

which generate extraneous cells that can result in tumor lesions.  

Tumor lesions fall into two categories: benign (not dangerous to health) and 

malignant (potentially dangerous to health). The activity of cells in a benign tumor is very 

similar to healthy cell activity; their division rate is slow and they do not damage nearby 

tissue, do not spread throughout the body (metastasis). Therefore, benign tumors are 
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not considered to be cancerous lesions. Over time, malignant tumors can damage 

nearby tissues and can eventually reach the lymph nodes, spreading throughout the 

body by a process called metastasis and damaging tissues in other parts of the body. 

Thus, malignant tumors are considered as cancerous lesions. 

Breast cancer most commonly occurs in lobule cells, which make up the glands that 

produce milk, or the ducts through which it is channelled (milk passageways). It is very 

uncommon for breast cancer to begin in the stromal tissue, which is composed of fatty 

and fibrous connective tissues. 

  

Figure 1.1.  Breast Anatomy  
(Source: Wikimedia Commons. Patrick J. Lynch and C. Carl Jaffe. Licensed under CC-BY 3.0 
http://commons.wikimedia.org/wiki/File:Breast_anatomy_normal.jpg) 

1.1.2. Current techniques for breast cancer detection  

Most breast-cancer-related tests fall into one or more of the following categories: 

 Screening tests: These are routine tests applied to healthy individuals to detect 

breast cancer in the early stages before the onset of any symptoms. Ideally, 

these tests will detect tumors prior to invasion, which will lead to easier 

treatment.   

 Diagnostic tests: These tests are performed on people who are suspected of 

harboring a tumor either as a result of screening tests or due to the presence of 

symptoms. Diagnostic tests are conducted to determine if any tissues are 

Breast profile: 

A ducts     B lobules      C nipple    D fat    

E pectoralis major muscle     

F chest wall/rib cage 
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cancerous, if they have metastasized, and to help determine appropriate 

treatment methods. These tests include biopsies and Magnetic Resonance 

Imaging (MRI).  

 Prognosis: These tests are performed after cancer is diagnosed. They monitor 

the disease’s progress and anticipate its outcome. 

 Monitoring tests: During the treatment and post treatment stages, the cancer 

needs to be monitored to determine the effect of treatment and to check for any 

residual or recurring cancer. 

Mammography, ultrasound, and magnetic resonance imaging (MRI) are popular 

technologies used in breast imaging for breast cancer diagnosis. The primary screening 

method has been X-ray mammography [12], which is currently the golden standard for 

breast cancer screening [8]. Although, mammography is a very useful and promising 

technique, it is only advised for women between the ages of 50 and 74 [13] due to a high 

false negative detection ratio for younger women [8]. Using ionizing radiation (X-ray) 

also poses a serious health risk for women as it can even increase the chances of 

cancer development [14], [15]. The limitations of mammography have motivated 

researchers to develop alternative breast cancer detection systems such as magnetic 

resonance imaging (MRI), ultrasound (US), electrical impedance spectroscopy (EIS), 

diffuse optical spectroscopy (DOS), elastography, and thermography, among others [8]. 

In order to improve accuracy, sensitivity, specificity, and positive predictive value, 

researchers have become increasingly interested in exploring the use of combinations of 

different detection techniques.  

Fundamentally, the performance of medical imaging or testing systems in the 

above mentioned clinical applications are of interest, and there are four parameters for 

qualitatively evaluating the performance of a medical imaging or testing system. In order 

to calculate these qualitative values, a medical imaging or measuring system should be 

tested on a population of people that includes both diseased and healthy people [8], [16]. 
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Accuracy 

=   
the number of patients correctly diagnosed,whether they have benign or malignant tumors

the total number of patients
 (1) 

Sensitivity =
 malignant tumors detected 

the total number of patients with malignant tumors
 (2) 

Specificity =
 patients correctly classified to having benign tumors 

the total number of patients with benign tumors
 (3) 

Positive predictive value(PPV)   

=   
the number of patients correctly diagnosed to have malignant tumors

the total number of positive diagnoses
 (4) 

1.1.3. Motivation 

Breast cancer is the first leading cause of cancer-related death in women under 

the age of 40 in North America. Therefore, breast cancer screening, diagnosis, 

prognosis, and monitoring are critical issues relating to women's health.  

There are a number of steps involved in treatment; these steps begin at the time 

the cancer is diagnosed and extend to consistent follow-ups following the treatment 

stage [11]. These steps are to be taken seriously if there is any suspicion of lesion. 

Introducing new technology or improving current techniques may help physicians to 

detect breast cancer in its early stages, which is crucial in any diagnosis and treatment 

of the disease. 

Different detection systems are available to distinguish benign from malignant 

lesions, including tests that monitor the effects of therapy as well as follow-up tests. 

Each modality performs in a unique fashion and can be used at different stages. 

Combining different technologies is also of interest for researchers, as this process can 

increase the accuracy of measurements. A summary of the performance of different 
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modalities is presented in Table 1.2 [8]. These values are for the population on which the 

tests have been performed and may differ from those of other populations. 

 

Table 1.2. Performance comparison of different breast cancer detection 
techniques[6] 

Modality Sensitivity Specificity PPV Accuracy 

Mammography 67.8% 75% 85.7% 70.2% 

Mammography and CBE* 77.4% 72% 58.6% 75.6% 

CBE 50.3% 92% 94% 63.3% 

Ultrasound 83.0% 34% 73.5% 67.8% 

Mammography and Ultrasound 91.5% 23% 72.3% 70.2% 

Mammography & CBE & 
Ultrasound 

93.2% 22% 72.4% 70.9% 

MRI 94.4% 26% 73.6% 72.6% 

Mammography & CBE & MRI 99.4% 7% 70.1% 70.5% 
*Clinical Breast Examination     

The early detection of breast cancer increases survival rates in the treatment 

stage. However, the procedures involved in detecting cancerous lesions in the body, 

both before and after therapy, are currently complicated and surrounded by controversy.  

The ordinary screening methods of CBE and mammography are questionable, as 

mammography is not even recommended for women younger than 50 years old, nor to 

those with dense breasts. Indeed, there has been a long-standing debate within the 

scientific community about how effective mammograms are for breast cancer screening. 

Thus, research that improves the performance of currently available modalities or 

introduces new techniques that can improve one of the assessment parameters 

(accuracy, sensitivity, specificity, or PPV) will represent a unique contribution to the field 

of cancer detection systems. Previous studies have shown that DOS and EIS systems 

are  promising techniques for non-invasively and accurately diagnosing early-stage 

breast cancer, and they have demonstrated a statistically significant difference in the 

optical and electrical properties of malignant and normal breast tissue [8], [3]–[7], [9], 

[10]. 

 In this thesis, we propose a screening technique that combines the use of a 

multi-wavelength DOS measurement system and electrical impedance spectroscopy in 

order to simultaneously obtain the optical and electrical properties of breast tissue. The 
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proposed method can be used in all stages: screening, diagnosis, monitoring, and for 

follow-up after treatment. In the screening and diagnosis stages, this method can be 

combined with other modalities to assess whether suspected tissue is malignant or 

benign. The device can also be used to monitor the size of the tumor, the effect of 

therapy, and the value of the main constituents of breast tissue in both the monitoring 

and follow-up stages. 

1.2. Literature Review  

Most of the research that has been conducted in optical breast cancer detection 

can be placed into one of four categories: measuring the optical properties of breast 

tissue, devices, image reconstruction algorithm, and clinical trials. Each of these 

categories will be discussed in the following section. 

1.2.1. Optical properties of breast tissue 

The fundamental mechanisms of light transport in biological tissue rely on the 

optical properties of tissue. In order to design cancer diagnosis systems, we need to 

have a better understanding of the optical properties of tissue. There have been several 

studies done by different research groups that have measured the optical properties of 

breast tissue in-vivo and ex-vivo using the Time-Domain (TD), Continuous Wave (CW), 

and Frequency-Domain (FD) methods. Furthermore, these methods have been divided 

into according to two different measurement setups: reflectance and transmittance.  

Single wavelength and wide spectrum light in Near-Infrared window have been 

applied as a light source to measure the optical properties of tissue. Many papers have 

been published that outline attempts to determine the optical properties of the female 

breast by measuring the absorption coefficient, scattering coefficient, and angular 

distribution of penetrated light in the tissue [17]–[32]. 

Ghosh et al., presented the optical transport parameters of normal and malignant 

ductal carcinoma human breast tissue by applying a steady-state diffuse-reflectance 

technique over a wavelength range of 450nm to 650nm [18]. Time-Domain (at 800nm 



 

8 

laser source) and wide spectrum NIR (from 650nm to 1000nm) measurements were 

performed on more than 100 female patients in-vivo to determine the absorption and the 

reduced scattering coefficient of the female breast at different positions [20]. 

An accurate estimate for the absorption spectrum of mammalian fat has been 

determined using two different methods—time and spatially-resolved diffuse-reflectance 

spectroscopy—which has been validated, and published in [26]. The optical absorption 

and scattering coefficient of normal and diseased human breast tissues have been 

measured by Peters et al. [23]  over NIR wavelengths ranging between 500 and 1100 

nm, in-vitro. They used standard integrating sphere techniques to measure diffuse 

reflectance and transmittance attenuation for 1.0 mm thick samples of these tissues, and 

the results showed that absorption was most significant at wavelengths under 600 nm. In 

addition, the scattering coefficients were in the order of 3 cm-1 to 9 cm-1 at a wavelength 

of 500 nm, and dropped smoothly with an increasing wavelength between 1 cm-1 and 5 

cm-1 at 1100 nm. Furthermore, measured anisotropy coefficients (mean cosine of the 

scattering angle) fell in the range of 0.945-0.985. 

A flexible and fast Monte Carlo-based model of diffuse reflectance has been 

presented by Palmer et al. [21] for the purpose of determining the absorption and 

scattering properties of turbid media such as human breast tissues. The model was 

validated by tissue-mimicking phantoms whose absorption and reduced scattering 

coefficients were determined by diffuse reflectance spectra over a wavelength range 

of 350nm to 850nm. The proposed method was employed to measure diffuse 

reflectance spectra for specimens of 24 normal and 17 malignant human breast tissues 

over a range of wavelengths from 400nm to 600 nm. The results depicted significant 

differences in hemoglobin saturation and a mean-reduced scattering coefficient between 

malignant and benign breast tissues [22].  

Marchesini et al. measured the extinction and absorption coefficients at 635nm 

and 515nm in addition to the scattering angular dependence at 635 nm wavelengths in 

different human tissues, in-vitro [27].  

Bulk optical properties of healthy female breast tissues (52 volunteers)  have also 

been measured using transmission geometry, in-vivo, by Durduran et al. [31]. Contrast in 
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blood flow between patients with malignant and benign breast cancer has been reported 

by Durduran et al. [32] who used diffuse optical correlation methods to measure them. 

Additionally, the absorption coefficient of breast tissues in the near infrared region has 

also been reported in [8][26][28]. These studies show that malignant breast tissues have 

a larger scattering and absorption coefficient than normal breast tissue. 

The absorption spectra of four primary optical absorbers in the breast is shown in 

Figure 1.2: oxy-hemoglobin (HbO2) and deoxy-hemoglobin (Hb), fat, and water [33], 

[34]. Figure 1.2 illustrates why the near-infrared (NIR) wavelength window of 650-1000 

nm is ideal for the tomographic imaging of tissue. At the lower visible wavelengths, the 

absorption of HbO2, fat, and water are significantly lower than Hb, but the absorption of 

water and fat is still quite low in the NIR window (it increases dramatically above 1000 

nm)[21],[28],[29]. 

 

Figure 1.2.  Optical absorption of oxy-hemoglobin (HbO2), deoxy-hemoglobin 
(Hb), water (H2O), and fat plotted versus wavelength [28] 

 



 

10 

1.2.2. Diffuse optical spectroscopy 

Breast near-infrared (NIR) diffuse optical tomography (DOT) and diffuse optical 

spectroscopy (DOS) have been used as a novel methods for the characterization and 

detection of breast tumors. In DOS and DOT, the optical properties of the biological 

tissues, primarily the absorption and the scattering coefficient of the tissue, are 

measured in the NIR range at different locations of the breast. In DOT imaging systems, 

sources and detectors are placed around the object to image it in different geometric 

configurations [37]. For image reconstruction, the absorption coefficient at each voxel 

arises from the summation of the absorption for different chromophores or dyes at each 

voxel. Therefore, by using the absorption coefficient, the concentration of each 

chromophore at each voxel can be reconstructed. As discussed in the previous section, 

the main concentration constituents in breast tissue that can be reconstructed from the 

absorption coefficient are oxy-hemoglobin, deoxy-hemoglobin, water, and fat. The 

oxygen saturation in the tissue can be calculated by measuring the concentration of oxy-

hemoglobin and deoxy-hemoglobin [8],[38]. 

Three different technologies have been employed in DOT for the detection of 

breast cancer: 1) Continuous Wave (CW), where the amplitude of the signal is 

measured; 2) Frequency Domain, in which the light sources are modulated and the 

phase and amplitude of the scattered signal are measured; and 3) Time Domain (TD), in 

which ultra-short light pulses are used as the light source [22],[23],[32]. 

Changqing et al. have designed a compact CW diffuse optical tomography 

system for breast imaging [40], [41] that consists of 64 detectors, a 64 excitation fiber 

optic light source, and 10 laser diodes in the near-infrared region. This set up allows for 

multi-spectral, 3-dimensional optical imaging of the breast tissue. The system was tested 

on tissue-like phantom and a clinical experiment. This system is capable of creating two- 

and three-dimensional images of absorption as well as providing a reduced scattering 

coefficient. Using a multi-spectral light source allows the system to create quantitative 

morphological images. The system is calibrated using homogenous phantoms, and in-

vivo functional images—including deoxy-hemoglobin, oxy-hemoglobin, and water 

concentration—are created, which allows for the diagnosis of the correct size and 

position of tumors. 
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Pogue et al. designed and developed a prototype FD diffuse optical-imaging 

device for breast cancer detection at the University of Dartmouth [42], [43]. Their system 

uses radio-frequency (100MHz) intensity-modulated NIR light (700nm to 850nm) to 

quantitatively image the scattering and absorption coefficient of breast tissue in-vivo.  In 

this system, 16 light sources and 16 detectors are positioned radially around the breast 

to scan it vertically. Alternately, Three-Dimension Combined FD and CW diffuse optical 

tomography has been developed at University of Pennsylvania by Culver et al. [44]. This 

system quantitatively measures the absorption and scattering coefficients using FD-DOT 

and CW-DOT, which allows for 3D DOT reconstructions of a 1-liter tissue volume. 

Philips designed and developed a CW-DOT system which consists of a cup with 

507 optical fibers fixed to its surface, and this system has been used in clinical trials by 

several research groups [33], [45], [46]. 253 of the fibers on the cup are connected to 

four continuous-wave solid-sate laser diodes (690, 730, 780, and 850 nm) through a 

fiber switch. The other 254 optical fibers are connected to the detectors. During the test, 

the patient should be in a prone position on the system’s bed with one breast resting in 

the cup. The cup is then filled with a matching fluid that has the approximate optical 

properties of average breast tissue in order to allow for stable optical coupling between 

the fibers and the breast. 

Recently, a DOT system has been developed at Columbia University by Molly et 

al. [34], [47]–[49] that is capable of imaging both breasts at the same time. There are 32 

fiber-optic light sources and 64 detectors for each breast. The breast is illuminated by 

four wavelengths of near-infrared light (795nm, 827nm, 808nm and 905nm) that are 

generated by solid-state laser diodes modulated with different radio frequencies. The 

system was tested in three different studies: a clinical study for detecting breast cancer, 

a pre-clinical study monitoring early tumor response to antigenic therapy, and a clinical 

study monitoring individual patient response to neoadjuvant chemotherapy. The same 

research group has also designed a portable low-cost wireless diffuse-optical imaging 

device that can be used for a wide range of imaging applications such as brain and 

breast imaging, as well as arterial diseases [9]. The probe has four NIR solid-state laser 

diodes and the measurements are performed at 2.3HZ, and liquid phantoms are used to 
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validate its performance. The probe has the capability to measure absolute oxy- and 

deoxy-hemoglobin concentrations as well as scattering in tissue. 

Tromberg et al. at the University of California developed an FD Photon migration 

(FDPM) device for use in clinical applications [50]. This system used multi-wavelength 

laser diodes modulated with 500MHz Radio Frequency (674, 782, 849, and 956 nm). 

This group also presented a device that combined the Frequency Domain and Steady 

State methods to measure the absorption spectrum of turbid media such as the breast in 

the near-infrared wavelength range [51]. Seven solid-state laser diodes that used 

wavelengths of 672 nm, 800 nm, 806 nm, 852 nm, 896 nm, 913 nm, and 978 nm and 

that were modulated with a radio frequency range of 100MHz to 700MHz were used in 

the FD mode. A 150W halogen lamp was used as the light source in the CW (steady 

state) mode. The detected signal in CW mode was analyzed by a fiber-coupled 

spectrometer with a linear CCD detector in the wavelength range of 525nm to 1000nm. 

The aforementioned studies show that in-vivo optical spectroscopy and the 

determination of tissue absorption and scattering properties all play a central role in the 

development of novel optical diagnostic and therapeutic modalities in medicine. 

1.2.3. Image reconstruction algorithm 

Associated imaging algorithms have advanced considerably in parallel with DOS 

hardware development. New image processing techniques and algorithms have been 

employed for further increasing the accuracy, sensitivity, and specificity [8], [38], [52], 

[53].  There are two approaches for image reconstruction in DOT: forward problem 

solution and inverse problem solution[39], [54]. The calculation of the scatted light in the 

medium for certain incidence is called forward problem solution, and the retrieval of 

medium properties from collected scattered light in the boundary surface is called the 

inverse problem solution [8]. Forward and inverse problems can be solved using 

analytical or statistical approaches [38], [39], [53]–[55]. A tutorial review of diffuse light 

transport has been presented in [54]. Furthermore, the basic diffusion equation for light 

transport is introduced in Time-Domain, Continuous and Frequency mode. The effect of 

boundary conditions such as air/tissue surface is also discussed in [54]. 
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Ansari et al. used the boundary integral method (BMI) to simulate the 

transportation of photons in biological tissue such as breast tissue [56]. Compared to 

other numerical methods, BMI has the advantage of having a faster computational time. 

Furthermore, Ansari et. al. compared the accuracy and precision of BMI to that of the 

Monte Carlo technique and finite difference methods, and they also used the finite 

element method (FEM) with the Lanczos algorithm under uniform-grid and multi-grid 

meshes to investigate solutions to the diffusion equation [57]. 

1.2.4. Clinical trials 

One of the earliest clinical studies involving the use of DOT to detect breast 

cancer was conducted  by Colak et al. [46]. The main purpose of their study was to 

detect inhomogeneities in breast tissue in-vivo using Philips' optical mammography 

prototype system [45]. The experiment was conducted on 14 subjects, of which 4 

measurements failed due to experimental malfunction. The measured results showed 

that the system is capable of detecting inhomogeneities with a 90% success rate. In the 

experiment, information about the inhomogeneities in the subjects’ breasts was available 

via X-Ray and Ultrasound mammography [46]. The specificity of the system was not 

sufficiently high at that time due to difficulties in obtaining the spectroscopic signature of 

malignant lesions in the highly heterogeneous breast tissue. Consequently, they 

suggested that the specificity of the system could be improved by extracting the optical 

properties of the tissue and increasing the resolution of the system, predicting that the 

adoption of these changes would establish DOT as a safe mammography system. 

Choe et al. conducted a clinical study on 51 biopsy-proven breast lesions from 47 

subjects [3], of which 41 were malignant and 10 benign.  In this study, they used a DOT 

system of their own design which was introduced in the previous section and reported in 

[44]. They used their system to measure the optical properties of breast lesions in-vivo 

for the purpose of reconstructing images of Oxy-hemoglobin, Deoxy-hemoglobin, total 

hemoglobin concentration, blood oxygen saturation, and tissue scattering. The 

measurement results showed that malignant tissues had considerably higher total 

hemoglobin and oxy-hemoglobin concentrations, as well as a higher scattering 

coefficient, compared to normal tissue. Furthermore, the sensitivity and specificity of the 
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device were also respectively calculated at 98% and 90% for each of the four 

measurements. The research team proposed increasing number of subjects as a 

possible way of improving upon their results [8], [3]. 

Another clinical study was recently reported by Flexman et al. in which they 

employed a newly-developed DOT to detect breast cancer [49]. The DOT system used 

in this study is discussed in detail in [34], [47]. This study was performed on 21 subjects 

aged 44 to 54 years old, including 14 subjects with malignant tumors, 8 subjects with 

benign tumors, and 3 healthy subjects. Three-dimensional in-vivo images of oxy-

hemoglobin and deoxy-hemoglobin (Hb) concentrations in both breasts were 

reconstructed simultaneously over the course of a held breath. When the participant was 

instructed to exhale (15 seconds), the deoxy-hemoglobin concentration returned 

approximately to the baseline value (1.6% ±0.5) in the healthy breast, whereas the 

consternation in the breasts with tumors was significantly higher (6.8% ± 3.6). In 

addition, they discovered that the healthy subjects had a higher correlation between the 

breasts over the experiment time than the subjects with breast cancer (healthy: 

0.96±0.02, benign: 0.89±0.02, malignant: 0.78±0.23).  

Poplack et al. conducted another clinical trial on 100 subjects that included 42 

healthy patients and 58 patients with abnormal tissue (18 with malignant tumors and 40 

with benign lesions) [58]. The performance of the DOT system was investigated on 

patients with lesions of 6 mm or larger due to the minimum characterized size of the 

equipment (5 to 10 mm). An area under the ROC (Receiver Operating Characteristic) 

Curve (AUC) of 88% and 76% was achieved in distinguishing malignant subjects from 

healthy ones as well as malignant tumors from benign ones, respectively. The results 

show the DOT system’s potential for differentiating between cancerous and benign 

lesions following a positive screening mammogram. 

Another group investigated DOT’s ability to monitor the effects of chemotherapy 

on cancerous lesions [59], [60]. In this study, the SoftScan platform was used to monitor 

the effect of chemotherapy on ten subjects by measuring the optical parameters of 

breast tissue in-vivo, including deoxy-hemoglobin (Hb), oxy-hemoglobin (HbO2), water 

percentage, and scattering power (SP). The experiments were performed four times: 
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three days before, and one, four and eight weeks after neoadjuvant chemotherapy 

started. Between the initial scan and the 4-week scan, the average value of Hb, HbO2, 

water, and SP decreased by 67.6%, 58.9%, 51.2%, and 52.6%, respectively in patients 

who responded well to the chemotherapy. However, for patients who did not respond 

well, the drop was only 17.7%, 18.0%, 15.4%, and 12.6%, respectively. 

In a pilot study, a multi-modality instrument (MRI and diffuse optical 

spectroscopy) was used to measure the concentration of oxy- and deoxy-hemoglobin, 

water values, and oxygen saturation in the breast of a patient with cancerous tissue [61]. 

The experiment showed that the cancerous tumor region had a total hemoglobin 

concentration of 45mm, a water value of 85%, and an oxygen saturation of 72%. In 

contrast, the background lesion had 35 micro molar units of hemoglobin, a 65% water 

value, and 76% oxygen saturation. The results also indicated that the scattering 

coefficient of cancerous lesions was higher than in the background tissues due to higher 

granularity.  

1.2.5. Electrical properties of breast tissue  

 The electrical properties of biological tissues are defined by their substance and 

structure. Biological tissues consist of cells that are surrounded by extracellular fluids, 

have the properties of both conductors and dielectrics. Each cell consists of intracellular 

fluid that is surrounded by a membrane, and the intracellular and extracellular fluids are 

mostly made up of water and electrolytes that show resistive behaviours. The membrane 

acts as a capacitor and contains leaky ion-channels [62]. Therefore, biological tissue has 

both resistive and capacitive behaviours. 

 A popular method of showing tissue impedance models is through the use of 

Cole plots, which are based upon work of Cole and Cole [63] and use measurements 

performed in the frequency domain. Furthermore, multi-frequency measurements have 

yielded promising results when they have been used to distinguish between malignant 

tissue and healthy tissue [64]. EIS based upon the Cole equation [63] is useful for 

monitoring the intra/extra-cellular volume imbalances or the inter-cellular junction 

resistances, as well as for detecting structural alterations in tissues by analyzing the 
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central frequency, resistivity at low frequencies, and α parameter in the (α, β) dispersion 

regions [65]. The EIS method is capable of characterizing and classifying tissue by 

extracting tissue-specific parameters from the frequency spectrums [4], [66]. These 

parameters help to determine the cell’s intra-cellular and extra-cellular properties. Tissue 

properties are not only dependent upon the extra-cellular medium (ionic in nature) and 

intra-cellular medium, but they are also dependent on the cell’s structure, which is 

capacitive in nature and consists of semi-permeable membranes through which the ions 

move. 

Extensive research on the electrical properties of biological tissue has been 

performed by other members of our research team (Parvind Grewal, Shima Zaeimdar 

and Sepideh Moghadam), and the results are reported in [66]–[68]. In the first study, 

electrical properties of healthy tissue were measured and classified under ethic approval 

received from Office of Research Ethics Simon Fraser University (Study number: 

2011s0523). The sample size for in-vivo healthy tissue testing was limited to 20 

subjects. The promising results from classification of healthy human tissue motivated the 

team to extend the multimodality data collection over malignant tissue and observe the 

variation of electrical impedance with pressure or temperature. This study was carried 

over to malignant skin tumors with the control as a contralateral healthy body tissue. The 

study was performed under the UBC BCCA Research Ethics Board (REB Number H13-

02887) and SFU Ethics Board (Study number: 2014s0134). 

1.3. Research Objective  

The primary objective of this thesis is to develop and validate a new DOS system 

that incorporates EIS and that can perform simultaneous measurements of both the 

optical and electrical properties of breast tissue for use in dynamic imaging studies. 

In the first part of this study, we present a novel, handheld diffuse optical 

spectroscopy probe designed to measure the optical properties of breast tissue. All the 

reported devices employ lasers or fiber-coupled lasers as their light source [8], [69]–[71]. 

We have designed and implemented the first prototype of the probe using multi-

wavelength encapsulated light emitting diodes (eLED) as a light source. The probe uses 
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an LED package containing four near-infrared wavelengths which are located at 

reflectance geometry of the detectors and act as a multi-wavelength point source. Using 

encapsulated multi-wavelength LEDs miniaturizes the probe (1.5 cm×4 cm).  The probe 

measures the intensity of the scattered photons at a rate of 10Hz, which is suitable for 

functional measurement of the tissue being tested. To the best of our knowledge, there 

have been no prior publications outlining handheld breast imaging devices with a multi-

wavelength LED light source. 

In order to evaluate the performance of the probe, an experimental study is 

performed on optical phantoms which mimic the optical properties of the breast tissue. 

The results of the phantoms study demonstrate that the introduced probe and method 

accurately measure the optical properties of biological tissue in-vivo and that there is no 

need to use laser diodes or fiber-coupled laser diodes as a light source. 

Using multi-modality instruments could improve the performance of the cancer 

detection. Therefore, in order to provide a better assessment of the tissue being tested, 

our secondary aim in this project is to measure the electrical and optical properties of the 

tissue simultaneously. In order to do so, an electrical impedance spectroscope (EIS) is 

employed to measure the electrical properties of breast tissue in-vivo. Ag/AgCl 

electrodes are added to the probe to measure the impedance spectrum of the under-test 

tissue. Total intra-cellular resistance, extra-cellular resistance, and total membrane 

capacitor can be extracted from the measured data, which will differ in healthy and 

anomaly tissues.   

The phantom study provides a good starting point for developing and verifying 

the EIS set up, but the impedance values of normal living tissue differ significantly from 

dead tissue or phantoms in this case; therefore, impedance measurements must be 

done in-vivo or within minutes of death. Given this, further study was based upon testing 

our method on healthy subjects under the Simon Fraser University Ethics Board 

approval with study number: 2011s0523 (the EIS system was tested on healthy subjects 

in our previous study, performed by Parvind Grewal).   

In the third step of our study, we introduce a novel handheld diffuse-optical 

breast scanning (DOB-Scan) probe to measure the optical properties of breast tissue 
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and to create functional and compositional cross-sectional images of the breast. Four 

near-infrared wavelength light-emitting diodes (LED) encapsulated in a package (eLED) 

are used to illuminate the breast tissue, while a linear charge-coupled device (CCD) is 

used to measure the intensity of the back scattered photons at different radial 

destinations from the illumination source on the surface of the breast tissue. The DOB-

Scan probe and the associated algorithm create cross-sectional images of the breast 

tissue underneath of the probe by using high-resolution linear CCD. In order to evaluate 

the performance of the DOB-Scan probe, a series of tissue-like materials (phantoms) 

composed of Intralipid®, Black ink, Delrin®, and PierceTM have been used. 

The promising results from phantom study motivated me to extend data 

collection over cancerous tissue in order to further evaluate the probe’s performance. In 

the last step of the study, we applied the techniques over malignant breast tumors using 

contralateral healthy body tissue as a control. This research was conducted in 

collaboration with the Fraser Health. The clinical study was performed under the Fraser 

Health Research Ethics Board and SFU Ethics Board, which Dr. Farid Golnaraghi was 

as the principal investigator; Dr. Rhonda Janzon was as the co-investigator. The details 

of the ethical approvals are presented in 1.5. 

1.4. Thesis Outline 

Section 1.1 in Chapter One presents an overview of breast cancer, current 

detection techniques, and the motivation for conducting the study. Section 1.2 provides a 

review of the literature on the optical and electrical properties of biological tissue, 

reported techniques, reconstruction algorithms, and clinical study results. The chapter 

concludes by outlining both the research objectives of this study as well as providing an 

outline for the thesis in general.  

Chapter two examines the theory of DOS and EIS in greater depth, and 

discusses the hardware and software design for the combined DOS and EIS probe in 

detail. Section 2.3 explains the experimental setup for the EIS, while section 2.4 focuses 

on the hardware and software design for the DOS. The final section of this chapter, 

https://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwibiriT4MbKAhVC72MKHSZ3BfUQFggcMAA&url=http%3A%2F%2Fwww.fraserhealth.ca%2Fabout-us%2Fbuilding-for-better-health%2Fjim-pattison-outpatient-care-and-surgery-centre%2F&usg=AFQjCNFqASFMD7bT7_HLELm458AEGqBqzQ&sig2=i8bWpw174w58wV-UPDwFww&bvm=bv.112766941,d.cGc
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Section 2.5, discusses the combined DOS and EIS probe and its functionality in more 

detail. 

Chapter three presents the optical and electrical measurements obtained from 

phantoms and healthy subjects using the combined DOS and EIS probe. In order to 

evaluate the performance of the probe, an experimental study is performed on optical 

phantoms. The procedures of this study are explained in section 3.1. In section 3.2, the 

results of the study on healthy subjects are presented using the EIS technique for tissue 

classification. 

Chapter four contains a comprehensive discussion regarding the design and 

implementation of the DOB-Scan probe. Section 4.1 presents requirements for the 

device. In Section 4.2, an overview of the hardware is presented, while further details 

relating to the light sources and light detection unit are provided in section 4.3 and 4.4 

respectively. Section 4.5 explains analog signal digitization and initialization of the 

analog to digital convertor unit. Section 4.6 presents more information about digital data 

processing and structure of memory for storing data collected from the detector. 

Sections 4.7 and 4.8 explain the data communication protocol between the instrument 

and host computer, and software interface and data analysis methods, respectively. 

Finally, the performance of the probe is evaluated using optical phantom in section 4.10. 

This study could not be considered complete until the techniques and the 

performance of the devices were validated using cancerous tissue. Chapter five 

presents clinical study procedures using optical and electrical techniques performed at 

the Jim Pattison Outpatient Care and Surgery Centre. Section 5.2 provides information 

about patients and their cancer, such as X-ray mammography and pathological 

information. The results of the EIS technique are explained in section 5.3.1 and 5.3.2, 

while Sections 5.3.3 and 5.3.4 present the results for optical techniques using the DOS 

probe and the DOB-Scan probe. 

Finally the discussion, conclusion, and possible areas of future research are 

presented in chapters six and seven, respectively. 

https://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwibiriT4MbKAhVC72MKHSZ3BfUQFggcMAA&url=http%3A%2F%2Fwww.fraserhealth.ca%2Fabout-us%2Fbuilding-for-better-health%2Fjim-pattison-outpatient-care-and-surgery-centre%2F&usg=AFQjCNFqASFMD7bT7_HLELm458AEGqBqzQ&sig2=i8bWpw174w58wV-UPDwFww&bvm=bv.112766941,d.cGc


 

20 

1.5.  Ethics Approvals 

During the present research, one study was performed on human tissue, in-vivo. 

Ethics approval for this study was sought from two different authorities: The Office of 

Research Ethics at Simon Fraser University, and The Fraser Health Research Ethics 

Board. The details of the approvals are as follows: 

 Study Number: #2015s0156, Office of Research Ethics Simon Fraser 
University under Dr. Farid Golnaraghi as the Principal Investigator, 
“Electrical Impedance Spectroscopy and Diffuse Optical Tomography for 
Anomaly Detection”. 

 FHREB Number: FHREB 2014-065, Fraser Health Research Ethics 
Board under Dr. Farid Golnaraghi as the Principal Investigator, “Electrical 

Impedance Spectroscopy for Breast Cancer Detection”. In 27 October 

2015 an amendment was approved to the protocol.  

We have also received Class II Investigational Testing Authorization from Health 

Canada to test this technology on human subjects, application number 231945.  

1.6. Accomplishments 

So far, the outcomes from the research have been presented in the various 

posters, conferences, and journals listed below: 

1. Shokoufi M., Haeri Z. and Golnaraghi F., “A Novel Handheld Diffuse 
Optical Breast Cancer Imaging Probe” IEEE Transactions on Medical 
Imaging, submitted (Reference number: TMI-2016-0343), May 2016 
 

2. Shokoufi, M. and Golnaraghi, F., “Development of a Handheld Diffuse 
Optical Breast Cancer Assessment Probe” Journal of Innovative 
Optical Health Sciences, Vol. 9, Issue 2, PP 1-10, 2015 (DOI: 
10.1142/S1793545816500073) 
 

3. Majid Shokoufi, Parvind K Grewal, Calum MacAulay and Farid 
Golnaraghi1, “Periodic Dynamic Thermography for Breast Cancer 
Assessment” Journal of Bioengineering & Biomedical science, Vol. 6, 
Issue 2, PP 1-5, 2016, (DOI:10.4172/2155-9538.1000181) 
 

4. Moqadam, S.M, Grewal, P., Shokoufi M. and Golnaraghi F. 
“Compression-dependency of soft tissue bioimpedance for in-vivo 

https://journals.uio.no/index.php/bioimpedance/article/view/1489
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and in-vitro tissue testing” Journal of Electrical Bioimpedance, Vol. 
6(1), pp. 22-32, 2015, (DOI:10.5617/jeb.1489) 
 

5. Grewal, P., Shokoufi, M., Liu, J., Kalpagam, K. and Kohli, K. “Electrical 
characterization of bolus material, as phantom for use in electrical 
impedance and computed tomography fusion imaging”  Journal 
of Electrical Bioimpedance, Vol. 5, pp. 34-39, 2014 (DOI: 
10.5617/jeb.781) 
 

6. Shokoufi, M., Grewal, P. and Golnaraghi, F., “Combining Two Breast 
Cancer Diagnosis Technologies: Diffuse Optical Tomography with  
EIS,” CMBEC37 Conference paper, Vancouver, BC, May 21 – 23, 2014 
 

7. Shokoufi M., Grewal P. and Golnaraghi F., “Dynamic Thermography 
for Early Detection of Breast Cancer,” Poster Presentation, Innovation 
Boulevard Nov. 2013, Surrey 
 

8. Golnaraghi F., Grewal P. K., Abdi B., Shoukoufi M., Moqadam S. M., 
Zaeimdar S., 2013, “Breast Cancer Early Detection”, Poster 
Presentation, Innovation Boulevard Nov. 2013, Surrey 

https://journals.uio.no/index.php/bioimpedance/article/view/1489
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Chapter 2.  
 
Development of Combined Diffuse Optical and 
Electrical Impedance Spectroscopy Probe  

This chapter introduces our novel breast assessment system, namely a 

continuous wave (CW) optical tomographic system that incorporates electrical 

impedance spectroscopy. This new system includes a number of requirements to ensure 

that proper design standards are met when designing the multi-modality breast 

assessment system (Diffuse Optical Spectroscopy and Electrical Impedance 

Spectroscopy). The proposed technique requirements are as follows:  

 Multi-wavelength light sources: A multi-wavelength light source should be used to 

provide accurate measurement of the breast’s optical properties. 

 Speed: In order to properly perform the dynamic imaging of the vascular 

changes, the temporal resolution of the system should be at least 10 Hz. 

 Sensitivity and Dynamic Range: The system must be sensitive enough to detect 

attenuated light from a different source and detector distance. A large dynamic 

range allows for both small and large source-detector separation and is made 

possible through the use of a programmable input amplifier.   

 Sweep frequency: Wide radio frequency spectrum ranges with sufficient step-

points are required to measure the electrical properties of tissue. 

 Linearity: In order to obtain accurate measurements, the system must maintain a 

linear response over the complete dynamic range. 

 Size: The system should be compact for use in a clinical setting.  
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2.1. Theory and Reconstruction Algorithm for Diffuse 
Optical Spectroscopy  

In this section, light interaction with biological tissue and the optical properties of 

breast tissue are briefly explained. Light interactions with biological tissues are 

characterized by refraction (𝑛(𝜆)), optical scattering (𝜇𝑠), and absorption (𝜇𝑎) properties 

of tissue. Scattering has been classified into three different categories, defined by the 

size of the scatterer relative to the wavelength of the light. The first is Rayleigh 

scattering, which occurs when the size of the scatterer is smaller than the light 

wavelength. The second is called Mie scattering, and occurs when the size of the 

scatterer is comparable to the incident light wavelength. The third and final category is 

called the geometric regime, and occurs when the size of the scatterer is larger relative 

to the incident light wavelength. In biological tissue, the most dominant interaction, in 

near infrared range, is Rayleigh and Mie scattering. Because biological tissue’s structure 

include cellular components such as membranes and sub-cell compartments [30], as 

well as extracellular components such as the banded ultrastructure of collagen fibrils 

which have a size in the order of hundreds of nanometers to few microns, and are 

comparable in dimension to the near infrared photon wavelengths. As mentioned earlier, 

optical absorption of biological tissue is weak between the wavelength ranges of 650nm- 

1000nm. This is associated with the fact that living tissues do not contain strong intrinsic 

chromophores that could absorb radiation within this spectral range. The mean free path 

of photons (𝑙𝑠) in this wavelength range is very small (in the order of 100µm), whereas 

the absorption length (mean path length before photon absorbed) is in the order of 

centimeter [54]. A long absorption length in biological tissues such as the brain and 

breast allow us to measure the optical properties of tissue in vivo. Oxy-hemoglobin 

(HbO2), deoxy-hemoglobin (Hb), fat, and water (H2O) are the four primary constituents in 

breast tissue [31], [51], and the optical properties of these constituents have been 

extensively studied and reported in [24], [28], [30], [51]. These studies show that the 

absorption of HbO2, Hb, fat, and water are very low in the wavelength range of 650nm to 

1000nm, which permits light to penetrate deeply into breast tissue [29], [30], [54], [55]. 

The photons in biological tissue can consistently be modeled either numerically by 

Monte Carlo simulations or analytically by using the Radiative Transfer (RT) equation 

http://en.wikipedia.org/wiki/Photon_transport_monte_carlo
http://en.wikipedia.org/wiki/Radiative_transfer
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(5). A direct analytical solution for the RT equation is difficult in biological tissue [30], and 

most of the complications arise due to boundary conditions at the tissue’s surface.  

1

𝑐𝑚

𝜕

𝜕𝑡
𝐼(𝑟, �̂�, 𝑡) = −�̂�. ∇⃗⃗ 𝐼(𝑄(𝑟, �̂�, 𝑡)) − (𝜇𝑎 + 𝜇𝑠)𝐼(𝑟, �̂�, 𝑡)

+
𝜇𝑎 + 𝜇𝑠

4𝜋
∫𝑝(�̂�. 𝑠 ′̂)𝐼(𝑟, �̂�, 𝑡)𝑑𝛺′ + 𝑄(𝑟, �̂�, 𝑡) 

(5) 

where 𝑐𝑚  is the speed of the light in the medium and 𝑄(𝑟, �̂�, 𝑡) is the source term. In the 

above equation we also assume that the coordinate system is fixed and is not moving 

with the energy packet in the medium.   

Assume a small packet of light energy defined by its position,𝑟(𝑡), and a direction 

of propagation, �̂�. Due to absorption and scattering the packet loses energy, but it also 

gains energy from light which is scattered into the directed packet from other directions 

and from any local light source at r(t) as shown in Figure 2.1. These processes are 

quantified by an equation known as the Radiation Transfer Equation (5). 

 

Figure 2.1  Light interaction with biological tissue 

The steady state RT equation can be written as below: 
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�̂�. ∇⃗⃗ 𝐼(𝑄(𝑟, �̂�)) = −(𝜇𝑎 + 𝜇𝑠)𝐼(𝑟, �̂�) +
𝜇𝑎 + 𝜇𝑠

4𝜋
∫𝑝(�̂�. 𝑠 ′̂)𝐼(𝑟, �̂�)𝑑𝛺′ + 𝑄(𝑟, �̂�) (6) 

Since, in breast tissue, the scattering is sufficiently high and the absorption is 

very low in the near infrared wavelength range (650nm-1000nm), the steady-state RT 

equation can be approximated by the diffusion equation presented in equation (7) [29], 

[30], [54], [55]. 

𝛻𝐷(𝑟)𝛻𝛷𝑑(𝑟) − 𝜇𝑎𝑐𝑚𝛷𝑑(𝑟) = −𝑆(𝑟) (7) 

 

where 𝛷𝑑 is the measured intensity at the source-detector separation of d, 𝜇𝑎 and 𝑐𝑚 are 

the absorption coefficient and velocity of photons in the medium, respectively, and D is 

the diffusion coefficient, defined as: 

 

𝐷 = (𝑐𝑚 (3(𝜇𝑎 + (1 − 𝑔) 𝜇𝑠))
−1,   𝜇𝑡

′ = 𝜇𝑎 + 𝜇𝑠
′ = 𝜇𝑎 + (1 − 𝑔)𝜇𝑠 (8) 

 

where 𝜇𝑡
′ , 𝜇𝑠 𝜇𝑠

′ , and g are the attenuation coefficient, scattering coefficient, reduced 

scattering coefficient and anisotropy, respectively. The diffusion approximation is valid 

for large source–detector separation [r > 10(𝜇𝑎 + 𝜇𝑠
′ )-1] and in instances where the 

absorption coefficient is much smaller than the scattering coefficient ( 𝜇𝑎 ≪ 𝜇𝑠
′ ) [51]. 

Equation (9) depicts the closed-form analytic solution in spatially reflectance geometry 

for the diffusion equation in a semi-infinite homogeneous medium [9], [72], [73].  

 

 𝑅(𝑑) =
1

4𝜋𝜇𝑡
′ [(𝜇𝑒𝑓𝑓 +

1

𝑟1
)

𝑒𝑥𝑝(−𝜇𝑒𝑓𝑓𝑟1)

𝑟1
2 + (

4

3
𝐴 + 1)(𝜇𝑒𝑓𝑓 +

1

𝑟2
)

𝑒𝑥𝑝(−𝜇𝑒𝑓𝑓𝑟2)

𝑟2
2 ] (9) 

𝑟1 = √(
1

𝜇𝑡
′)

2 + 𝑑2, 𝑟2 = √(
(
4

3
)𝐴+1

𝜇𝑡
′ )

2

+ 𝑑2 , 𝜇𝑒𝑓𝑓 = √3𝜇𝑎𝜇𝑡
′  (10) 
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where μeff is the effective attenuation coefficient and A is an internal reflection parameter 

that is referred to relative refractive index mismatch at the air-tissue interface [72].  

The absorption coefficient and the reduced-scattering coefficient of breast tissue 

are in the range of 0.002 mm-1 to 0.012 mm-1 and 0.6 mm-1 to 1.5mm-1, respectively, 

within the near-infrared wavelength window [29], [30], [74]. Therefore, for breast tissue, 

the value of μt
′ is in the range of 0.6mm-1 to 1.6mm-1 and the value of μeff is between 

0.05 mm-1 to 0.24 mm-1. Figure 2.2a shows the curve of log (r2 × R) versus μt
′--which 

refers to equation (9)—while μeff is kept constant in the source-detection separation at 

22.5 mm and 32.5 mm. This illustrates how the variation of μt
′  does not remarkably 

affect variations in the back-reflected signal at the detector location.  

Furthermore, since the absorption coefficient of breast tissue is much smaller 

than the reduced scattering coefficient, fluctuation in the absorption coefficient will not 

have a noticeable effect on μt
′. Thus, only changes in μs

′  have an effect on the value 

of μt
′. This is consistent with Troy et al., who showed that there is no significant statistical 

difference between the scattering coefficient of normal and diseased tissues [25].  

Garofalakis et al., who showed that measured mean values for the μs
′  of normal and 

cancerous tissue were 0.97 ± 0.22 mm−1 and 1.08 ± 0.18 mm−1, respectively [75]. This 

variation does not produce remarkable variation in μeff but it changes μt
′. According to 

Figure 2.2a, even if there were significant changes in μt
′, there would only be small 

changes in the measured signal (log (r2 × R)).Therefore, with a good approximation we 

can assume that μt
′ is constant in the breast tissue.  
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a b 
Figure 2.2. (a) plot of log (r2×R) versus μt' while μeff =1.7 mm-1 and (b) plot of 

log(r2×R) versus μeff while μt' =1 mm-1 in the source-detection 
separation of 22.5 mm and 32.5 mm 

Equation (10) demonstrates that fluctuations in μs
′  and μa have a considerable 

effect on μeff. Figure 2.2a shows the plot of log (r2 × R) versusμeff—which refers to 

equation (9)—while μt
′  is kept constant in the source-detection separation of 22.5mm and 

32.5mm. This indicates that back-reflected light at the detector location will dramatically 

change in response to the variation of μeff. Since, there is no significant variation in μs
′  for 

normal and diseased tissue, we can assume that there is a strong correlation between 

back-reflected light and μa. Four main chromophores contribute to the attenuation at 

wavelength λ in breast tissue, and the multi-spectral direct-approach method is 

employed to extract these absorbers’ concentration in two different path lengths for 

r=22.5 mm and r=32.5 mm. 

[

𝜇𝑎(690𝑛𝑚)
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where 𝜀 and 𝐶 are the molar-absorption extinction-coefficient and the total concentration 

of the chromophore in the light path. In addition, illuminated light will travel through 

different paths and at different depths depending on the separation distance of the 

source-detector. For example, when source-detector separation is wider, the measured 

light in the detector travels through deeper and longer paths in the tissue. Furthermore, 

the concentrations of two absorbers vary by time: HbO2 and Hb.  

Therefore, by solving equation (11), the total concentration of Hb (cHb), HbO2 (cHbO2), 

H2O (cH2O), fat (cFat), and concentration changes in Hb (ΔcHb) and HbO2 (ΔcHbO2) 

can be calculated for two source-detector separation. These parameters are vary in 

cancerous and healthy tissue due to a higher level of absorption caused by higher levels 

of vascularization in cancerous tissue. 

2.2. Theory and Reconstruction Algorithm for Electrical 
Impedance Spectroscopy  

Two different methods can be applied to measure electrical properties of 

biological tissue including: 2-point and 4-point measurements techniques (Figure 2.3) 

[67], [68], [76], [77]. In the 4-point configuration (Figure 2.3a), A1 and A2 act as reference 

electrodes and electrical current is passed through them. The inner electrodes, R1 and 

R2, measure potential difference. In the 2-point configuration, reference and measuring 

electrodes are same (Figure 2.3b). The electrical current is injected into the biological 

tissue through the A1 and A2 electrodes, and then same electrodes measure potential 

deference (ΔV). In both techniques, the admittance and impedance of the biological 

tissue can be calculated by knowing the injected current and measuring potential 

difference. 
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a b 
Figure 2.3.  Electrical impedance measurement techniques a) 4-points b) 2-point 

measurement systems 

Several electrical models have been proposed for biological tissue modeling. In 

this study, two common methods—the three-element RC model and the Cole-Cole 

model—have been used to map measured EIS data in the form of admittance and 

impedance. The configuration of these two models and their mathematical hypotheses 

are described in following sections. 

2.2.1. Three-element RC model  

Figure 2.4a shows the three-element RC model, which can model the admittance 

of a biological tissue. The equation (12) expresses the admittance of the model. 

𝑌 =  G + jB = 𝐺𝑠||(𝐺𝑝 + 𝑗𝜔𝐶𝑝)  (12) 

where Y, G, and B are the admittance, conductance, and susceptance of the whole 

three-element RC circuit, respectively. As Figure 2.4a shows, Gp and Gs are the parallel 

and serial conductance, respectively, and Cp is the parallel capacitance. The Nyquist 

diagram of the three-element RC model is depicted in Figure 2.4b. Liu et al. [64] proved 

that the real part of Y is always positive, and therefore the Nyquist plot of admittance for 

biological tissue will be in the first quadrant of the plot as illustrated in Figure 2.4b.  
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a b 

Figure 2.4. a) three-element RC circuit configuration, b) Nyquist plot of three-
element RC model  

2.2.2. Cole-Cole model  

Tissue impedance has been commonly modeled as a parallel RC circuit 

(Figure 2.5a), which is called the Cole-Cole model. Rext indicates the extracellular 

resistance, Rint the intracellular conduction, and C the membrane capacitance. The 

admittance of the Cole-Cole model can be expressed by equation (13).  

𝑌 =  G + jB = 𝐺∞ +
𝐺0−𝐺∞

1+(
𝑗.𝑓

𝑓𝑦𝑐
)∝

=
1

𝑍
  (13) 

where Y, G, and B are the total admittance, conductance, and susceptance of biological 

tissue, respectively. 𝐺∞ and 𝐺0 are the admittance, while the applied frequencies are 

infinity and zero, respectively. f is the applied frequency, and 𝑓𝑦𝑐 is the frequency that B 

is maximum and ∝ is the dispersion value. 

 

 
a b 

Figure 2.5. a) Cole-Cole circuit configuration, b) Nyquist plot of Cole-Cole model 

According to our previous studies [67], [77], which is performed on different 

healthy tissue and skin cancer tissue in vivo, the Cole-Cole model is a much more 
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accurate model for the purpose of admittance data fitting for biological tissue. Therefore, 

we have used the Cole-Cole model for EIS data analysis in this study. 

2.3. Experimental Setup for In-vivo Electrical Impedance 
Spectroscopy  

2.3.1. Electrical impedance spectroscopy signal processing and 
data acquisition system 

In order to meet the design requirements, we implemented a system that uses an 

impedance spectroscope from Zurich Instruments (Model: HF2IS), as shown in 

Figure 2.6. Model HF2IS has dynamic and static impedance spectroscopy capabilities, 

including two differential measurement input units with wide frequency ranges (1 µHz - 

50 MHz), and four dual-phase demodulators that are matched with an ultra-high 

precision 128-bit DSP engine. This allows us to perform multi-frequency measurements 

with very high sensitivity and to obtain highly accurate signal characterizations, which 

are then all combined into one fully-digital workbench. Figure 2.7 shows Model HF2’s 

functional diagram. There are two main inputs on the system used for EIS and DOS 

measurement signal collection. The signals are then amplified into a pre-defined range, 

after which they are filtered and then digitized at a very high speed rate (Maximum 

sampling rate 210MSPS) with a 14-bit Analog to Digital Convertor (ADC).  

The resulting digitized signals are then fed into the digital signal-processor block 

for demodulation, after which they are transferred into the RISC processor for further 

processing (or to be transferred to a computer). There are also two high-frequency 

outputs with 16-bit resolution Digital to Analog Convertors (DAC) possessing a sampling 

rate of 210MSPS. The numerical oscillators generate sine and cosine signal pairs, which 

are used to generate the high-frequency output signals. The Output Mixers generate a 

weighted sum of generator outputs (Maximum of four) in order to generate the multi-

frequency signal that can be used to drive light sources. The outputs also have the 

capability to sweep frequency within a defined range and defined step-points, which can 

be used in impedance spectroscopy.  
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Figure 2.6.  HF2IS Impedance Spectroscope from Zurich Instruments. 
(Source: Zurich Instruments has all rights, http://www.zhinst.com/products/hf2is) 

 

Figure 2.7. HF2 functional diagram[78] 
(Source: Zurich Instruments has all rights, http://www.zhinst.com/products/hf2is) 

2.3.2. Electrical impedance spectroscopy input and driving unit 

The input units for EIS play an important role in this system. There are several 

factors that the input unit should cover: 

 Sensitivity: There is a considerable amount of attenuation when electrical current 

passes through tissue for EIS measurement. Therefore, it is essential for the 

input amplifier unit to be highly sensitive to low current flows. 
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 Dynamic Range: There is a frequency sweep from low to high, and the tissue has 

different levels of impedance at different frequencies. Thus, it is essential to have 

an input with high dynamic range input.   

 Speed: For dynamic imaging, the system must gather data very quickly. 

In order to address all of the preceding mentioned factors, the Model HF2TA 

transimpedance amplifier from Zurich Instruments was used in this study. Figure 2.8 

shows its schematic block diagram, which includes two independent programmable 

50MHz amplification channels with a wide range of precise transimpedance gain 

selection options (100 V/A to 100 MV/A).  The inputs of the HF2TA are extremely low 

noise ( 5𝑛𝑉
√𝐻𝑧

⁄  ) and have very low current input leakage (2pA), which makes it 

completely compatible with our needs. 

 

Figure 2.8. Schematic block diagram of transimpedance amplifier[78] 

 Figure 2.9 illustrates the schematic block diagram of the whole system. Output1 

and input1 were used to generate and collect EIS signals. Input1 on the HF2TA is 

connected to the Ag/AgCl electrode to gather the current injected into the tissue. After 

the current has been amplified by the transimpedance amplifier, it is passed to the 

HF2TA for filtering and further calculation of the tissue’s impedance.  



 

34 

HF2IS

 Impedance 
Spectroscope

Input2

Input1

Current Amplifier

HF2TA

ZCtrl

USB

ZCtrl

Input1

Input2

Host Computer

ZCtrl

RG

RG

Output1

Ag/AgCl  

electrodes

 

Figure 2.9. Schematic block diagram of the system 

Output1 on the HF2IS system was directly connected to the Ag/AgCl 

electrode and was used as an electric excitation source for EIS. The frequency 

sweep range is selected from 300Hz to 1MHz with 50 step-points which is 

enough to create fitted Nyquist plot and extract electrical properties of under-test 

tissue.   

2.4. Development of Diffuse Optical Spectroscopy Setup  

The instrument uses radio-frequency light-modulated diffuse optical spectroscopy 

(DOS) to measure the real-time optical properties of breast tissue. In order to properly 

perform the dynamic measurements of the vascular changes, the temporal resolution of 

the system is set at 5 Hz, which is limited by the data acquisition and processing system. 

Four near-infrared light sources are employed to irradiate tissue in the instrument. The 

illuminated light penetrates the tissue and is scattered and absorbed while it is travelling 

toward the two photodiodes which are located in the reflectance geometry as shown in 

Figure 2.10a. Photodiodes #1 and #2 are located 22.5mm and 32.5mm away from the 

light source, respectively. The scattered light is detected by two PIN photodiodes and is 

amplified, filtered, and digitized by an impedance spectroscope. After this has occurred, 

the data are passed to the host computer for further analysis. A photograph of the 

designed radio frequency eLED light-modulated DOS is presented in Figure 2.10b. 
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a b 

Figure 2.10. Source detector configuration on the probe, (b) Photograph of 
the radio frequency eLED light modulated DOS 

2.4.1. Light source  

The system uses four near-infrared light sources with wavelengths at 690 nm, 

750 nm, 800 nm, and 850 nm that are all generated by continuous-wave encapsulated 

LEDs (Marubeni America Corporation L690/750/800/850). These particular wavelengths 

are chosen because breast fat has a minimum absorption coefficient at the selected 

wavelengths [34] which is the main constituent of the breast tissue (57%) [31]. 

Therefore, maximum penetration occurs at the selected wavelengths. The light sources 

are encapsulated into a package and act as a point source in the system. The intensity 

of the LEDs with wavelengths of 690nm, 750nm, 800nm and 850nm are modulated with 

8 kHz, 10 KHz, 12 KHz, and 14 KHz, respectively. An impedance spectroscope (Zurich 

Instruments Inc. – HF2IS) is used to generate the required signals for the light sources, 

collect measured signals, process them, and then pass the results to the host computer 

as shown in Figure 2.11. A numerical oscillator generates sine and cosine signal pairs, 

which are used for the generation of the high-frequency output signals. A mixer 

generates a weighted sum of generator outputs (maximum four) in order to generate the 

multi-frequency signal which is used to drive the light sources. The HF2IS system is 

programmed to mix these four radio frequencies and make them available on one of the 

device’s outputs (with 16-bit resolution Digital to Analog Convertor (DAC) and 210 Mega 

Sample per Second conversion rate). The amplitude of each individual frequency can be 

controlled and programmed through the host computer. In order to drive each LED with 

specific radio frequencies, the mixed output signal is filtered in a filter-bank to have each 
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individual frequency available for light sources. Because there are four light sources, 

four signal separation blocks are needed. Each block includes: a band pass filter, a low 

pass filter, and an LED diver circuit. Each band-pass filter consists of a 4th order switch 

capacitor Bessel filter (LTC1067-50, Linear Technology) with a center frequency of 

8KHz, 10KHz, 12KHz, and 14KHz. The separated sinusoidal signals are passed to the 

4th order low-pass Butterworth filter (LTC1563-2, Linear Technology) with a cut-off-

frequency of 14KHz to remove some of the white noise and any unwanted signals which 

could affect the LEDs’ signals (like the switching frequency of the band-pass filters). 

After each radio frequency has been purified, they are passed into the driver circuit for 

the LED to modulate the intensity of the illuminated light. The  maximum optical  power 

incident was less than the  maximum  permissible  exposure  (MPE) as defined  by  

standards  such  as  the  “Safety  of  laser  products-Part  1: Equipment  classification  

and  requirements”  [79]. Using modulated light intensity sources is beneficial in that it 

allows for the simultaneous illumination of breast tissue with multiple wavelengths while 

also improving the rejection of ambient light and noises. 
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Figure 2.11.  Schematic block diagram of the system 

2.4.2. Light Detector  

Scattered light is detected via two PIN photodiodes (Vishay Semiconductor Inc. - 

TEMD5010X01) that have high photosensitivity, high radiant sensitivity, and fast 

response times for near-infrared radiation, thus making them suitable for our application. 

The detected signals are amplified with a transimpedance amplifier (HF2TA) from Zurich 

Instruments Inc. as shown in Figure 2.11. The HF2TA is entirely suitable for our needs 
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as it includes two 50 MHz amplification channels that are independent, programmable, 

produce extremely low noise ( 5nV
√Hz

⁄  ), have a wide range of precise transimpedance 

gain selection options (100 V/A to 100 MV/A), and very low current input leakage (2pA). 

Each signal path in the HF2TA has a high-pass filter to remove low-frequency 

components of the detected signals, such as the DC component and line-frequency 

noises. 

2.4.3. Signal digitization and processing 

Following the HF2TA, the signals are passed to the HF2IS and amplified into a 

pre-defined range, after which they are low-pass filtered before being digitized at a high 

speed rate (205 kilo sample per second) with a 14-bit Analog to Digital Convertor (ADC). 

The resulting digitized signals are then fed to the Digital Signal Processing (DSP) block 

with an ultra-high precision 128-bit DSP engine for demodulation. The ADC and DSP are 

configured to acquire 2048 samples for each measurement. The digitized data are then 

transmitted to the host computer via universal serial bus (USB2.0) in full speed 

configuration for further analyses. All collected data are quantified using an automated 

MATLAB® (Mathworks, Natick, Massachusetts) code to extract the concentrations of the 

tissue’s four primary constituents (oxy-hemoglobin (cHb), deoxy-hemoglobin (cHbO2), 

water (cH2O), fat (cFat)), the average scattering coefficient of the medium, and the 

concentration changes in Hb (ΔcHb) and HbO2 (ΔcHbO2) in the region of interest (ROI). 

2.5. Combined Instrument Design for Diffuse Optical and 
Electrical Impedance Spectroscopy 

An eLED with four near-infrared wavelengths of light (690nm, 750nm, 800nm and 

850nm) and two Ag/AgCl electrodes is used to measure the optical and electrical 

properties of tissue. The light passes through the sample and is absorbed and scattered 

as it travels to a photodiode detector configured in reflectance geometry located 22.5 

mm and 32.5 mm away from the sources, while two EIS electrodes are located 40 mm 

away from each other as shown in Figure 2.12a. The input light is generated by an eLED 
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made by Marubeni America Corporation (L690/750/800/850) [80]. Figure 2.12a and 

Figure 2.12b present a sketch and photograph of the probe, respectively.  

 

 

 

a b 
Figure 2.12. a) Light Source, detectors and EIS electrodes layout, b) Photograph 

of Combined DOS and EIS probe 

A dynamic electrical impedance spectroscope (model: HF2IS) from Zurich 

Instruments has been used as a signal processor to drive a light source and EIS 

electrode, and to gather signals from photodiode detectors and an EIS electrode. The 

combined device uses a DOS design, which is explained in detail in section 2.2, and an 

EIS design, which is explained in section 2.1. Although impedance spectroscope has the 

ability to sweep frequency from DC to 50 MHz, the 300KHz to 1MHz frequency range 

has been selected for the present study in order to overcome skin impedance and 

electrode polarization issues. 

2.6. Conclusions 

In this chapter, we have presented theory of diffuse optical spectroscopy and 

electrical impedance spectroscopy. We have introduced a new handheld diffuse optical 

spectroscopy probe for breast tissue assessment that employs a radio frequency 

modulated diffuse optical spectroscopy technique with four wavelengths encapsulated in 

an LED light source in the near infrared range. The device uses a real-time data 

acquisition system, and the speed of the data analyzing algorithm in the host computer 

is limited to 10Hz, which is sufficient for the functional imaging of biological tissue. Then 
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we added electrical impedance spectroscopy technique to the probe. The DOS and EIS 

measure optical and electrical properties of breast tissue, respectively. The EIS system 

measures impedance of the tissue for full spectrum range from 10 KHz to 1 Mhz. 

Although, the speed of the hardware and software are suitable for real time 

measurement, the speed could be increased by using optimized software.  
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Chapter 3.  
Preliminary Experimental Procedures and Results for 
Diffuse Optical and Electrical Impedance 
Spectroscopy 

In this chapter we will present results for phantom study and preliminary real 

subject study for the proposed novel breast assessment probe including a continuous 

wave (CW) optical tomographic system that combined with electrical impedance 

spectroscopy. 

3.1. Diffuse Optical Spectroscopy: Phantom Study  

In order to evaluate performance of the probe, an experimental study was 

performed on optical phantoms (tissue-equivalent material). A cylindrical-shaped (8 cm 

diameter and 10 cm length) acetal resin rod (Delrin®), which has similar optical 

properties to breast fat, was used to mimic background breast tissue (μs
′  = 2.3 mm-1 and 

μa = 0.002 mm-1) [81]. A hole 5mm in diameter was made in the side wall of the cylinder 

(shown in Figure 3.1b) 1.8 cm below one end of the acetal rod and was filled with tumor-

like liquid phantom. A series of water, Intralipid® 20% emulsion (Fresenius Kabi Inc.), 

and black ink (Higgins India ink) solutions was used to mimic a tumor in the background 

phantom [9]. Intralipid® and Derlin were chosen for their well-documented optical 

properties and their use in prior phantom studies to mimic the optical properties of breast 

tissue [46], [81]–[84]. Black ink is commonly used as an absorber in phantom studies for 

its flat absorption spectrum in the NIR range and its water-soluble properties.  
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a b 
Figure 3.1.  a) Sketch of light propagation in highly-scattering tissue b) The 

breast phantom constructed from an acetal resin rod 

In this research, three sets of phantom experiments were conducted to study 

how changes in μs
′  and μa affected the measured light intensity. In the first experiment, 

17 solutions of water and intralipid® with no added black ink were used to create 

inhomogeneity in the background phantom. Since the size of the hole is very small in 

comparison to the path that light travels in the tissue to reach the photodiodes #1 and 

#2, there will be very little variation in μs
′ . A reference solution made up of 3% (30ml/l) 

intralipid® and 20% diluted in water was used. We then increased the concentration of 

intralipid® from 30ml/l to 50ml/l in increments of 2 ml/l, which increased the reduced-

scattering coefficient without causing any change in absorption coefficient. Figure 3.2 

shows normalized back-reflected absorption for varying concentrations of Intralipid® for 

source-detector separations of 22.5 mm and 32.5 mm. As expected, fluctuations in μs
′  

had no measurable effect on the back-reflected light at the detector location. Therefore, 

it has flat absorption within increasing intralipid® concentration. 
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a b 

Figure 3.2.  Reconstructed value of absorption for linear increasing of intralipid® 
a) at detector #1 location and b) at detector #2 location 

For the second experiment, a reference dilution of 50ml/l intralipid® was used for 

calibration. In this case, the absorption coefficient was increased by adding black India 

ink in 0.02ml/l increments from 0.00ml/l to 0.30ml/l. Throughout this process, we found 

that the scattering coefficient of the medium was not affected by increasing the ink 

concentration. Figure 3.3a and 3.3b illustrate the reconstructed absorption coefficient of 

the phantom at the location of photodiodes #1 and #2, respectively. The reconstructed 

𝜇𝑎 for photodiode #1 is smaller than for photodiode #2 due to the separation distance of 

the source-detector. With larger source-detector separation, illuminated photons must 

travel deeper in the tissue to reach the detector. Thus, there is a direct correlation 

between the reconstructed value for 𝜇𝑎 and the depth of the tumor. 
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a b 

Figure 3.3. Reconstructed absorption coefficient for linear increasing of India 
ink a) at detector #1 location and b) at detector #2 location 

In order to assess the probe’s performance in precisely separating different 

chromophores such as HbO2 and Hb, protein assay reagent (PAR) was used to create 

inhomogeneity inside the phantom. Protein assay reagent was selected because, aside 

from having a small absorbance shift, it has similar optical properties to HbO2 in the 

near-infrared range. We used 1.5 mL PierceTM 660nm PAR (Thermo ScientificTM Inc.) 

mixed with 10µL of pre-diluted protein assay standards: Bovine Serum Albumin (BSA), 

with 1000μg/mL in 0.9% saline and 0.05% sodium azide to create a PAR. Figure 3.4 

depicts the absorption coefficient spectrum of the PAR with BSA (RBSA) as measured 

with an Agilent Cary 60 UV-Vis spectrophotometer. It shows that the absorption 

coefficient of RBSA at the 690nm wavelength (0.17mm-1) is much higher than its 

absorption coefficient at the 750nm, 800nm, and 850nm (0.015mm-1) wavelengths.  
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Figure 3.4.  Absorption coefficient spectrum of PierceTM 660nm Protein Assay 
Reagent mixed with 10µL of 1000μg/mL BSA. 

The test results presented in Figure 3.5 show the absorption coefficients for the 

reference phantom and the phantom with RBSA inhomogeneity at four wavelengths. As 

the data in Figure 3.4 suggest, the absorption coefficient of the phantom with RBSA is 

higher at 690nm than its absorption coefficient at 750nm, 800nm, and 580nm. Therefore, 

the probe can distinguish with sufficient accuracy different chromophores with different 

absorbance rates at the utilized wavelengths. Figure 3.5 also shows that the measured 

absorption coefficient at the location of photodiode #2 is higher than at photodiode #1 at 

the wavelength of 690nm due to source-detector separation and the depth of 

inhomogeneity.  
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Source-detector seperation 22.5 mm Source-detector seperation 32.5 mm 

 
 

a b 
Figure 3.5. Reconstructed absorption coefficient for reference phantom and 

phantom with PierceTM Protein Assay Reagent inhomogeneity a) at 
detector #1 location and b) at detector #2 location 

3.2. Electrical Impedance Spectroscopy: Preliminary 
Experimental Study 

One of the most challenging aspects of electrical impedance spectroscopy is 

testing the EIS method on phantoms. Creating a phantom that is capable of fully 

mimicking the electrical properties of tissue across a wide range of frequencies is simply 

not possible [85], [86]. For this reason, we received ethics approval from the Office of 

Research Ethics at Simon Fraser University in order to measure the electrical properties 

of different human tissues, in-vivo. This study was conducted by one of our research 

team members, Dr. Parvind K Grewal, under SFU ethical study number 2011s0523. The 

measurements were done on eighteen (fourteen females and four males) healthy 

volunteers on nine different types of tissue. Pre-gelled, self-adhesive, disposable ECG 

Ag/AgCl electrodes (Vermed Inc.) were used in this study to overcome skin resistance. 

Data were collected from tissue in between the thumb and the forefinger, on the wrist, 

from the nail of the middle finger, from tissue on the arm, from the bicep, and from the 

breast. Data were then gathered from four different locations on the left breast: upper 

outer, upper inner, lower outer, and lower inner. According to Breast Cancer Research 

[87], tumors are most prevalent in the upper quadrant of the left breast than elsewhere. 

For this reason, we considered the upper quadrant of the left breast for this experiment. 

Figure 3.6 represents Nyquist plots of the gathered data. The electrical properties of the 

tissue including total intracellular, total extracellular resistance, and total membrane 
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capacitor, can be extracted from the plots using the Cole model. More details about the 

procedure and results of the experiment are reported in [66], [77]. 
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Figure 3.6. Admittance plot for various tissues represented as Nyquist plots 

3.3. Conclusion  

In this chapter we demonstrated that the proposed probe and method are able to 

accurately measure the optical properties of breast tissue-like phantoms, and that there 

is no need to use laser diodes or fiber-coupled laser diodes as a light source. The device 

uses a real-time data acquisition system, and the speed-of-data analyzing algorithm in 

the host computer is limited to 10Hz, which is sufficient for functional imaging of 

biological tissue. The device can be used for many existing clinical applications involving 

real-time measurement of the optical properties of tissue, and it can be potentially used 

in applications involving the brain or limbs without any requiring changes in hardware 

design. 

 



 

47 

Chapter 4.  
 
Diffuse Optical Breast Scanner Probe: Instrument 
Design 

This chapter introduces a novel CW diffuse optical imaging (DOI) system 

designed for optical breast imaging. The first probe, which was introduced in Chapter 2, 

is able to measure the optical properties of bulk material beneath it, but it is very 

challenging to create an image while the probe is moving on the breast. In the new 

design, an array detector is used to create a cross sectional image of the breast tissue. 

Similar to the first probe, the beast tissue is illuminated with four near-infrared 

wavelength light-emitting diodes, which are encapsulated in a package (eLEDs). In order 

to increase the accuracy of image reconstruction, we use two LEDs in order to attain 

symmetrical light illumination. Figure 4.1and Figure 4.2 present a sketch and a 

photograph of the probe, respectively.  

 

Figure 4.1. Front-end light source and linear CCD orientation on the probe 
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Figure 4.2. Photograph of DOB-Scan probe 

The diffuse optical breast-imaging probe was designed and implemented at the 

school of mechatronics system engineering at Simon Fraser University. A photograph of 

the diffuse optical breast imaging probe with its hardware is shown in Figure 4.3. 

 

Figure 4.3. Photograph of the DOB-Scan system 
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4.1. System Requirements 

There are a number of important requirements for designing, implementing and 

reconstructing a cross-sectional image using a DOI probe. These requirements are listed 

below in descending order of importance: 

 Number of detectors: in order to achieve accurate image reconstruction, a 
large number of detectors are necessary. 

 Speed: the measurement should be performed at a rate of 10 Hz in order 
to have dynamic imaging of vascular changes. 

 Detector sensitivity and dynamic range: the detectors must be sensitive 
enough to detect attenuated light travelling through 7 cm of tissue. On the 
other hand, it must have sufficient dynamic range to measure attenuated 
light passing in a range between 1.5 cm and 7 cm of tissue. 

 Spectroscopy: in order to extract different chromophores in the breast 
tissue, at least four wavelengths are required for light sources. 

 Size: the probe should be compact in order to use for breast imaging. 

 Linearity: for accurate measurements, the probe should preserve a linear 
response over the dynamic range for different wavelengths. 

 Noise: the noise level in the photodetector should be very low to sense 
small variations in the back-scattered light.  

4.2. Instrument Overview 

Four near-infrared wavelengths emitted from two eLEDs located 15mm away 

from each end-side of the detector are used to illuminate the breast tissue (depicted in 

Figure 4.1). The schematic diagram of the instrument is shown in Figure 4.4. Each 

wavelength is individually illuminated in the breast tissue, and a linear charge coupled 

device (CCD) collects the scattered light on the skin of the breast tissue and converts it 

to analogue voltage. After this, the analogue signals are converted to digital signals and 

passed to the main processor. The microcontroller unit (MCU) is responsible to create 

control signals for the light sources, the analog to digital convertor (ADC), and the CCD. 
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The MCU reads digital data from the ADC and transfer it to the host computer for further 

analysis. 
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Figure 4.4. Schematic of the cross-sectional diffuse optical imaging instrument 

4.3. Light Illumination 

The probe uses two eLEDs (Marubeni America Corporation L690/750/800/850) 

which are located 15 mm away from the end-side of the detector as shown in Figure 4.1. 

Each eLED includes four near-infrared wavelengths: 690nm, 750nm, 800nm, and 

850nm. As mentioned in previous chapters, these wavelengths offer maximum 

penetration as breast fat is only able to absorb them minimally. In total, the probe has 

eight LEDs which can be turned on individually or sequentially over a 200 millisecond 

time period. The intensity of each LED can be calibrated by using a trimmer 

potentiometer on the instrument.  
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Figure 4.5. Light source driver circuit 

4.4. Light Detection 

The light detector plays an important role in the operation of the probe. In order 

to have high resolution image, it should have large number of light sensors. The light 

sources are located at two ends of the detector and the illuminated photons travel in 

different path lengths to reach to the photodetectors. The photodetectors, which are 

located close to the active light source, are exposed to a high light intensity, and the 

ones that are placed far from active light source receive very low light intensity. 

Therefore, the photodetectors must have a large dynamic range to allow measurement 

for both small and large source-photodetector separations; the photodetector circuit is 

specially designed to address these challenges. The light detector (SONY, ILX511) used 

for the proposed probe is a linear charge-coupled device (CCD) which has a fixed 

capacitor associated with each photodetector (pixel). The photodetector chip has 2086 

pixels in total which is also referred to as one frame. 32 pixels at the beginning of the 

frame and 6 pixels at the end of the frame are dummy pixels as shown in Figure 4.6. 

Therefore, the photodetector has 2048 effective pixels with 14µm pixel length, and the 

effective imaging area will consequently be 28.672 mm (2048*14 µm).  
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Figure 4.6. ILX511 Bock diagram and application circuit [88] 

The CCD is allowed to receive back-scattered photons for a specific time, which 

is called the optical integration time (OIT). In this design, the OIT is in the range of 1.8 

milliseconds (ms) to 1 second. Minimum value for the OIT is defined by the intrinsic 

features of the CCD which is approximately 1.7ms in the clock frequency of 1.25 Mega 

Hertz (MHz). The value of the OIT is manually selected in the software which allows the 

CCD to avoid saturation. The incident photons to the CCD generate free electrons in the 

pixels which is called electron charge. The electron charge is then transferred to the 

analog-shift register as shown in Figure 4.6. The electron charges for each pixel are 

shifted out by the rate of the CCD’s clock pulse, which is set at 1.25 MHz; therefore, the 

voltage value for each pixel is valid for 800 Nano-second (ns) on the output pin when the 

CCD is in sample and hold (S/H) mode. Figure 4.7 shows the required clock pulses and 

output voltage while the CCD is in without-sample and hold (WS/H) mode. Output 

voltage values of each pixel are valid for 400 ns in WS/H mode [88].   



 

53 

 

Figure 4.7. ILX511 clock timing chart without internal sampling hold[88] 

Figure 4.8 depicts the application circuit for the ILX511 when the S/H is 

deactivated. The output voltage is passed through a level shifter and reach to analog to 

digital convertor (ADC) which will be discussed in next section. 

      

Figure 4.8. ILX511 application while internal S/H not used [88] 

The main specifications of the CCD sensor are presented in Table 4.1. The 

dynamic range (DR) for the CCD is defined as the ratio of the output saturation voltage 

to output dark voltage. Because the dark voltage output is proportional to the OIT, the 

DR is set wider while the OIT is set shorter.  

The sensitivity of the CCD is expressed by the ratio of the output voltage to the 

amount of incident light (lx) at a specific period of time (OIT) which is indicated by the 

notation, V/(lx.s). The ILX511 has a relatively large pixel size (14µm×200um) which 



 

54 

increases the DR and OIT and provides sufficient DR and sensitivity for the application 

(approximately 267 and 200 V/(lx.s), respectively). 

Table 4.1. Photodetector specifications 

Item IlX511 

Effective pixels 2048 

Effective pixel size 14µm×200um 

Pixel pith 14µm 

Sensitivity  200V/(lx.s)) 

Dynamic range  267 

Saturation exposure 0.004 lx.s 

Maximum clock frequency 2MHz 

Wavelength range 400nm to 1000nm 

Sensitivity non-uniformity (typ) 5% 

Saturation output voltage (typ) 0.8V 

Package size 41.6mm×10mm 

 

The sensitivity of the sensor is related to the amount of incident light and its 

wavelengths. Therefore, the output voltage of the CCD is determined as the integral of 

the product of the luminous energy spectrum and relative sensor spectral sensitivity 

along the wavelength axis. Figure 4.9 shows relative sensitivity of the CCD sensor to 

incident light wavelengths. The maximum sensitivity occurs at 460 nm and the CCD has 

also sufficient sensitivity in the wavelength range which is employed in the proposed 

probe. 

 
Figure 4.9. Spectral sensitivity characteristics of the CCD sensor [88] 
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4.5. Signal Digitization and Processing 

There are two options for converting the analog signals from the CCD to digital: 

activating the internal sampling/hold, and deactivating the internal sampling/hold of the 

CCD. Using the internal S/H simplifies the circuit design which eliminates the need for 

providing an external S/H. In this mode, correlated double-sampling and black 

compensation are not applicable for the signals which we will discuss more in following 

sections. Figure 4.10 depicts a block diagram of analog signal processing and the signal 

digitization circuit.  

Linear image 
sensor

Level shifter 
Sample and hold 

circuit
Optical black 

clamp
Amplifier

A/D 
convertor

Digital 
Output

 

Figure 4.10. Block diagram of analog signal processing and digitization circuit 

The direct current (DC) level of the analog output signals from the CCD is 

adjusted in the level-shifter circuit.  Following the DC level-shifter, there is an S/H circuit 

which operates at 2.5 MHz. As mentioned in previous sections, the read-out frequency 

of the CCD is set at 1.25 MHz. Therefore, in order to sample dark and data signals, the 

clock frequency of the S/H circuit must be 2.5 MHZ as illustrated in Figure 4.11. 
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Figure 4.11. Circuit configuration of external sample and hold and clamp 

The correlation double sampling (CDS) method is used to reduce noise 

generated in the CCD. The noise is blocked by using the noise correlation in the pre-

charge and data sections of the analog sensor output as shown in Figure 4.12. 

 

Figure 4.12. CCD output signals in without S/H mode 

In order to address all of the requirements mentioned above, a fully 

programmable image signal processor is used in the probe (AD9826, Analog 

Device)[89]. Figure 4.13 shows a functional block diagram of the image signal 

processor, which is a complete analog signal processor and analog to digital convertor 

for the image processing application. It is designed for a three-channel color linear CCD 

but can also be used with a black and white CCD. Each channel includes an input clamp 

circuit, a correlation double-sampling circuit, a fully programmable offset adjustment 

digital to analog convertor, and a fully programmable gain amplifier (PGA) which is 

followed by a high performance 16-bit analog to digital convertor multiplexed for three 

inputs. The AD9826 can operate at maximum frequency of 15 MHZ.  
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Figure 4.13. Functional block diagram of the AD9826[89] 

The AD9826 can be initialized to operate in six different modes including: 3-

channel, 2-channel, 1-channel CDS mode, and 3-channel, 2-channel, 1-channel sample-

and-hold amplifier (SHA) mode. In our design, we used the 1-channel CDS mode. After 

passing through the DC level shifter, the analog image signal is sent to the CDA module 

before being amplified in the PGA module. The amplified signal passes to the 16-bit 

ADC via the 3 to 1 multiplexer. All of the required signals (Figure 4.14) to handle the 

above mentioned process are generated by a Cortex M4 microcontroller running at 80 

MHz (Texas Instruments, TM4c123GH). In 1-channel CDS mode, the multiplexer 

remains fixed and only the selected channel is processed. The sampling points, dark 

section, and data section of the analog signal in the selected CDS are sampled and held 

in the falling edge of CDSCLK1and CDSCLK2, respectively (shown in Figure 4.14). The 

offset of the CDS’s output voltage is adjusted by the programmable digital to analog 

convertor. The signal is then scaled by the PGA. The output-signal of the PGA is passed 

through the multiplexer and converted to a digital signal with 16-bit resolution.  16-bit 

digital output of the ADC is multiplexed into byte-wide output as shown in Figure 4.14. 

The high-byte and low-byte of the digital signal are available on the data pins of the chip 

in the rising and falling edges of the ADCCLK, respectively. 
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Figure 4.14. Image processing required timing and clocks in CDS mode [89] 

A 3-wire serial digital interface is utilized to configure and initialized the AD9826 

as shown in Figure 4.15 and Figure 4.16. The first bit indicates (R/Wb) the direction of 

data flow and is followed by three address bits (A2 to A0), three dummy bits, and nine 

data bits. The communication protocol is used to write and read eight registers in the 

image signal processing unit.   

 

  

Figure 4.15. SPI write operation timing [89] 
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Figure 4.16. SPI read operation timing [89] 

4.6. Microcontroller and Digital Data Collection Unit 

The output digital data from the image signal processing unit should be 

transferred to the host computer for further analysis. The digital data flow rate is two 

times the frequency of the CCD clock, which is 2.5 megabyte per second (MBs) in this 

system. Therefore, the data transmission rate from the device to the host computer is 

8×2.5M. In order to have a data transmission rate of 20 megabit per second (Mbs), we 

have to use a powerful micro-processing unit in the device. An ARM Cortex M4 

(TM4C123GH, Texas Instruments) is used in the device to address all the needs of the 

design. The ARM’s Cortex M4 processor is a 32-bit ARM high-performance processor 

developed to address digital signal processing needs. The TM4C123 [90] integrates the 

ARM’s Cortex M4 processor with floating-point unit, micro direct memory access (µDMA) 

unit, pulse width modulation (PWM) unit, and full speed USB interface, which satisfies all 

of the needs of our design.  The TM4C123 processor generates all of the required 

signals for the light sources, light detector units, and handles the transmission of digital 

data from the sensors to the host computer at a high rate of speed. 

4.6.1. ADC9826 and ILX511 timings 

Pulse width modulation (PWM) is a powerful technique used to generate square 

waves with different frequencies and duty cycles. The TM4C123 processor has two 

PWM units (PWMA and PWMB), and each unit consists of four PWM generators (G0 to 

G3). A 16-bit resolution counter is used to generate square waves in each PWM unit.   
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PWMAG0 generates a 1.25 MHz square wave with a 50 percent duty cycle to 

drive the ILX511’s clock pulses. The analog output signal from the CCD has an 

approximate time delay of 125 ns in relation to the ILX511’s clock pulse (shown in 

Figure 4.17). The required signals for analog to digital convertor (CDSCLK1, CDSCLK2 

and ADC_CLK) are generated by PWMAG1. It is programmed to generate a 1.25 MHz 

square wave with a 15 percent duty cycle and a 450nm time delay in relation to the 

ILX511’s clock pulse.  The dark section of the analog signals is sampled and holed at 

the falling edge of the ADC_CDSCLK1. PWMAG2 generates a 1.25MHZ clock pulse for 

the ADC_CDS2 with a 20 percent duty cycle and a 750nm time delay. ADCCLK is 

produced by PWMAG3 with a frequency of 1.25MHz, a 50 percent duty cycle, and a 

10ns time delay. All the generated signals and their timings are illustrated in Figure 4.17.    

 

 

 

 

 

 

 

Figure 4.17. Required square waves for ILX511 and AD9826 

4.6.2. Direct memory access and serial communication  

As noted in the previous section, the data transmission rate from the image 

processing unit to the microcontroller is 2.5 MBs. If the CPU core is involved in 

transferring the data into the internal memory, it will take all the CPU’s time. Therefore, 

µDMA peripheral is utilized to read the data from the TM4C123 port and transfer them to 

the internal memory of MCU without involving the CPU core. In this case, the CPU is 

ILX511 Vout 

ILX511 Clock 

ADC_CDSCLK1 

ADC_CDSCLK2 

ADC_CLK 

ADC Output 
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free to read the collected data from internal memory and process them before 

transferring them to the host computer via universal serial bus (USB). The USB port on 

the microcontroller is set to on-the-go mode (OTG mode), and it is recognized as a 

virtual comport in the host computer. 

4.7. Data Frame Format  

Each frame transmitted from the hardware to the host computer includes 4180 

bytes; the first byte shows the on-LED number, the second byte is reserved for future 

application, 4172 bytes are the collected data, and the final 6 bytes are the end of the 

frame indicator as shown in Figure 4.18. 

LED # Reserved 4172 bytes data End of frame (STOP+0xFE+0xFF) 

 

Figure 4.18. Frame format 

In total, there are 8 LEDs in the probe. The LED# byte is zero when all the LEDs 

are turned off. In the data section of the frame, each two byte set represents the digital 

value of each pixel on the CCD. 

4.8. Software Interface and Data Analysis  

A MATLAB® based software interface (MATLAB R2012b, MathWoks®)  gives the 

user complete control of the hardware in addition to allowing them to collect, store, and 

analyze data in the host computer. The software interface communicates with the probe 

via a USB2.0 virtual comport and contains a graphical user interface (GUI) for ease of 

use. The GUI is comprised of a series of tabs and collected data graphs which are used 

for various operation including: manual and periodic light source selection, CCD 

integration time setting, and data collection mode (shown in Figure 4.19). Upon 

launching the software interface, the user must manually select illuminated wavelengths 

or periodically set the LED control panel. In manual mode, 24 frames per second are 

collected from the image sensor which is sufficient for functional imaging of biological 

tissue. In periodic mode, each wavelength is illuminated for 200 milliseconds and the 
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data are collected within that same period. In this mode, eight frames are collected while 

the biological tissue is illuminated by different wavelengths. In order to measure ambient 

light’s effect on the image sensor, one more frame is collected while all the LEDs are 

turned off.  

 

Figure 4.19. Screenshot of user interface control panel 

The data acquired from the probe is displayed in a new window which is used to 

monitor collected data from different light sources during the experiment (shown in figure 

4.20). Each plot on the window is titled with the light source number and illuminated 

wavelength and shows the data that is collected from the CCD while the corresponding 

LED is on.  
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Figure 4.20. Screenshot of the data acquisition window 

The collected data in the host computer are stored as .mat files. Each file 

includes the LED number, collected data from the CCD, date, time, and subject number. 

4.9. Image Reconstruction 

The raw data obtained from the 2048 pixels, 2 sources, and 4 wavelengths are 

measurement points collected from surface of the tissue. The path that light that travels 

in a scattering medium like breast tissue is not a straight line between the light sources 

and detectors. The propagation of the light in a scattering medium can be accurately 

modeled using the diffusion equation (7). 

A reconstruction algorithm is essential for converting the surface measured light 

intensity into two-dimensional cross-sectional images of the chromophores. In the first 

step, the absorption coefficients (μa) of each light path are calculated by utilizing 

equation (9) while the tissue is illuminated by each wavelength. In order to reduce 

noise’s effect on the measurements, we reduced the number of measurement points to 

128 (P1 to P128) by averaging 16 pixels. We assume that the origin of the coordinate is 

located at the center of light source #1 as shown in Figure 4.21. As mentioned earlier, 
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two sets of data are collected for each wavelength: 1) while eLED #1 is on, 2) while 

eLED #2 is on. Let us assume we want to calculate the total absorption coefficient for 

location (X1, Y1) as shown in Figure 4.21. The illuminated light from eLED #1 travels 

along path until it reaches the CCD; at this point the intensity of scattered light is 

measured by the CCD at mth pixel of the CCD. The same thing happens while eLED #2 

is on.  The illuminated light from eLED #2 travels along the path n until it reaches the 

CCD; the scattered light is then measured by the CCD at nth pixel of the CCD. The 

absorption coefficient at (X1, Y1) is then calculated as a superposition of two light path 

lengths of illuminated light from eLED #1 and eLED #2. 

 

 Figure 4.21. Sketch of light propagation in highly scattering tissue 

Table 4.2 presents a brief specification of the DOB-Scan probe. 
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Table 4.2. DOB-Scan Probe characteristics and parameter. 

Parameter   Value  

Wavelength 2×(690nm, 750nm, 800nm, 850nm) 

Detector type Linear CCD 

Detector resolution 2048 pixels 

Image resolution  128×128 pixels 

Image length  28.67 mm 

Image depth 24 mm 

Detector sensitivity  1800 (V/Lx.S)@660nm 

Illumination tech.  Continuous wave 

Max. frame rate 24 

Power consumption  100mA @ 5V 

4.10. Phantom Study 

To verify the performance of the designed DOB-Scan probe, a study based upon 

phantoms (tissue equivalent material) was conducted.  As we described in section 3.1, 

acetal resin rod (Delrin®) was used because it mimics the optical properties of breast 

tissue.  

In this study, we used two incomplete (truncated) cylindrical-shaped (8 cm 

diameter and 28 cm length) acetal resin rods (Delrin®) to mimic background breast tissue 

(μs
′  = 2.3 mm-1 and μa = 0.002 mm-1) [81]. In order to mimic a cancerous lesion, a 5mm 

hole was made 1.2 cm below the incomplete part of a cylinder’s side wall, as shown in 

Figure 4.22. These holes were then filled with tumor-like liquid phantom. A solution of 

water, Intralipid® 20% emulsion (Fresenius Kabi Inc.), and black ink (Higgins India ink) 

was used to mimic a breast tumor in the background phantom [9]. Intralipid® and Derlin 

were been chosen for their well-documented optical properties and their prior use in 

phantom studies to mimic optical properties of the breast tissue [46], [81]–[84]. Black ink 

is commonly used in phantom studies as an absorber due to its flat absorption spectrum 

in the NIR range and its water-soluble properties.  
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Figure 4.22. The breast phantom constructed from acetal resin rod 

In the first experiment, the hole is filled with the tumor-like liquid phantom solution 

which consisted of 1L water, 50mL intralipid®, and 1.5mL India black ink. In this case, we 

placed the probe in three different locations on the phantom such that the middle line of 

the probe (middle of the CCD) was aligned: 1) along the center of the hole; 2) 0.7 mm to 

the left of the hole’s center; 3) 0.7 mm to the right of the hole’s center (shown in 

Figure 4.23). 

   

a b c 
Figure 4.23. DOB-Scan probe in three different locations on the phantom. The 

middle line of the probe (middle of the CCD) aligned: a) along the 
center of the hole, b) 0.7 mm to the left of the hole’s center, c) 0.7 
mm to the right of the hole’s center 
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The raw data of the measured signals for each of the above mentioned locations 

are presented in Figure 4.24 to Figure 4.26. In each figure, the X axis represents the 

location of the CCD pixels in millimeters, while the origin of the coordinate is located at 

the center of eLED #1, and the Y axis shows the intensity of the back-scattered light at 

the location of X. As mentioned in section 4.7, each measurement includes 9 data 

frames through which each graph represents the intensity of back reflected light while 

one of the LEDs is on. The ninth frame is the intensity of the back-scattered light while 

all LEDs are turned off. This frame is used as a reference in order to remove ambient 

light’s effect from the collected data. The measured intensity in larger source-detector 

separation is smaller because of the light’s longer path through the phantom. In larger 

source-detector separation, illuminated photons travel deeper in the tissue to reach the 

detector. Thus, the intensity value has a direct correlation with the depth of the tumor. 

 

  
a b 

Figure 4.24. Raw data of the measured signals while the probe is aligned along 
the center of the hole a) while left eLED is on and b) while right eLED 
is on 
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a b 

Figure 4.25. Raw data of the measured signals while the probe is aligned 0.7 mm 
to the left of the hole’s center a) while left eLED is on and b) while 
right eLED is on 

 

  
a b 

Figure 4.26.  Raw data of the measured signals while the probe is aligned 0.7 mm 
to the right of the hole’s center a) while left eLED is on and b) while 
right eLED is on 

Since we have not changed the phantom's reduced-scattering coefficient, we can 

assume that its reduced-scattering coefficient is constant per reconstruction algorithm.  

Figure 4.27, Figure 4.28, and Figure 4.29 illustrate the reconstructed absorption 

coefficient of the phantom while the probe is located in different location on the phantom.  
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a 

 

b 
Figure 4.27. Reconstracted 𝝁𝒂 while the probe is aligned along the center of the 

hole: a) left eLED is on and b) right eLED is on 
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a 

 

b 

Figure 4.28. Reconstracted 𝜇𝑎 while the probe is aligned 0.7 mm to the left of 

the hole’s center: a) left eLED is on and b) right eLED is on 
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a 

 

b 
Figure 4.29. Reconstracted 𝝁𝒂  while the probe is aligned 0.7 mm to the right of 

the hole’s center: a) left eLED is on and b) right eLED is on. 

Figure 4.30 shows the reconstructed cross-sectional images of the phantom 

obtained via the image reconstruction algorithm explained in Section 4.9. These images 

depict the results obtained when the probe was located: a) along the center of the hole; 

b) 7 mm to the left of the hole’s center; and c) 7 mm to the right of the hole’s center. The 

red color on the images shows the location of the hole on the phantom. Since black India 

ink has a flat absorption spectrum in the NIR range, we have similar images for all 

wavelengths (690nm, 750nm, 800nm and 850nm).  The test results demonstrate that the 

probe can capture any inhomogeneity in the phantom.  
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a b c 

Figure 4.30. Reconstructed cross-sectional images of the phantom while the 
middle line of the probe (middle of the CCD) aligned: a) along the 
center of the hole, b) 7 mm to the left of the hole’s center, c) 7 mm to 
the right of the hole’s center for all wavelengths 

In the second experiment, we evaluated the probe’s ability to accurately create a 

separate image for different absorbers, such as HbO2 and Hb. Therefore, we used 

Protein assay reagent (PAR) to form inhomogeneity inside the phantom, which has 

similar optical properties to HbO2 in the NIR range. We used a solution of 1.5mL 

PierceTM 660nm PAR (Thermo ScientificTM Inc.) mixed with 10µL pre-diluted protein 

assay standards: Bovine Serum Albumin (BSA), with 1000μg/mL in 0.9% saline and 

0.05% sodium azide to make a PAR. The absorption coefficient of RBSA at a 690nm 

wavelength is 0.17mm-1, which is much higher than its absorption coefficient at 750nm, 

800nm, and 850nm (0.015mm-1) [91]. Figure 4.31 shows cross-sectional images while 

the probe is placed on different locations of the phantom while the 690nm light source is 

illuminated. Since the absorption coefficient of the RBSA in 690 nm is much higher than 

the surrounding material, the probe is able to capture the difference. But for the 750nm, 

800nm, and 850nm wavelengths, the probe did not capture the inhomogeneity due to 

RBSA’s similar absorption coefficient to the surrounding material (illustrated in 

Figure 4.32).  
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a b c 

Figure 4.31. Reconstructed cross-sectional image for the RBSA phantom while 
the middle line of the probe (middle of the CCD) aligned: a) along the 
center of the hole, b) 7 mm to the left of the hole’s center, c) 7 mm to 
the right of the hole’s center for 690nm light. 

   

   
a b c 

Figure 4.32. Reconstructed cross-sectional images of the RBSA phantom while 
the middle line of the probe (middle of the CCD) aligned: a) along the 
center of the hole, b) 7 mm to the left of the hole’s center, c) 7 mm to 
the right of the hole’s center for 750nm, 800nm light sources. 

In order to evaluate the probe’s effectiveness in monitoring the effect of therapy 

on the size of a tumor, we have done one more experiment in which the absorption 

coefficient of a cancerous phantom is gradually increased by adding India black ink to a 

reference solution of water and intralipid® (50ml/l). In this experiment, India black ink was 

added in 0.125ml/l increments from 0.125ml/l to 0.75ml/l; however, the scattering 

coefficient of the medium was not affected by increasing the ink concentration.  

Four images are reconstructed for each step. Therefore 24 images are created, 

in total. Because India black ink has a flat absorption spectrum in the NIR range, we just 

present one image for each step, which is shown in Figure 4.33. 
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a b c 

   
d e f 

Figure 4.33. Reconstructed images 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, f) 0.75ml/l. 

Figure 4.33a to Figure 4.33f clearly show that the DOB-Scan probe is capable of 

capture any changes in the absorption coefficient of the tumor phantom. Therefore, the 

DOB-Scan probe can be used to monitor the effect of the therapy on tumor size.  

4.11. Conclusion 

In this chapter, we have introduced a novel handheld diffuse optical breast 

scanning (DOB-Scan) probe which is designed and developed for functional and 

compositional cross-sectional imaging of the breast tissue which employs multi-

wavelength diffuse optical spectroscopy technique with four wavelengths encapsulated 

in an LED light source in the near infrared spectrum range. In order to evaluate 

performance and usability of the device we had to test the probe on breast tissue-

mimicking phantoms which has similar optical properties of breast tissue before using 

the device on human subjects. The results of the phantom study showed that the 

proposed probe and method accurately create cross-sectional optical absorption images 

and there is no need to use laser diodes or fiber coupled laser diodes as an illumination 

source. This research has received ethical approval for clinical study and in the next 
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chapter we will present the results of clinical study on patients who has diagnosed to 

have breast cancer. 
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Chapter 5.  
 
Clinical Study and Numerical Analysis and Image 
Reconstruction 

The promising results from the phantom study motivated us to extend our data 

collection over cancerous tissue in evaluating the probe’s performance. This study was 

conducted on people with malignant breast tumors with the control as a contralateral 

healthy body tissue. This research was done in collaboration with the Fraser Health. The 

study ‘Electrical Impedance and Diffuse Optical Spectroscopy for Breast Cancer 

Detection’ was done with the approval of the Fraser Health Research Ethics Board and 

SFU Ethics Board under ethics application numbers FHREB 2014-065 and 2015s0156, 

respectively. In this study, Dr. Farid Golnaraghi was the Principal Investigator and Dr. 

Rhonda Janzon was the co-investigator. 

In this study, the performances of the probes were investigated in a clinical study 

including ten subjects who had been diagnosed with breast cancer. We gathered 

preliminary data by placing the DOS-EIS and DOB-Scan probes on the breast where the 

cancer was located as well as on the contralateral location on the other breast. The 

objective of this study was to explore the probe’s ability to detect and characterize 

malignant tissue in the breast. In this study, we aimed to process and analyse data that 

had been gathered through different modalities including DOI, DOS, EIS, and the 

combined DOS-EIS modality. 

5.1. Experimental Protocol 

The study was performed at Jim Pattison Outpatient Care and Surgery Centre 

(JPOCSC). Written consent was obtained from all ten patients. Before any 

measurements were taken, the subjects’ height, weight, age, and gender were recorded, 

https://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwibiriT4MbKAhVC72MKHSZ3BfUQFggcMAA&url=http%3A%2F%2Fwww.fraserhealth.ca%2Fabout-us%2Fbuilding-for-better-health%2Fjim-pattison-outpatient-care-and-surgery-centre%2F&usg=AFQjCNFqASFMD7bT7_HLELm458AEGqBqzQ&sig2=i8bWpw174w58wV-UPDwFww&bvm=bv.112766941,d.cGc
https://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwibiriT4MbKAhVC72MKHSZ3BfUQFggcMAA&url=http%3A%2F%2Fwww.fraserhealth.ca%2Fabout-us%2Fbuilding-for-better-health%2Fjim-pattison-outpatient-care-and-surgery-centre%2F&usg=AFQjCNFqASFMD7bT7_HLELm458AEGqBqzQ&sig2=i8bWpw174w58wV-UPDwFww&bvm=bv.112766941,d.cGc
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as these factors could influence our measurements. Details of the subjects’ breast 

cancer (for example, type of cancer, date of diagnosis, etc.) were also recorded. 

The subjects were asked to lie down on their back and we then placed the probe 

on the location of their tumor. The skin where the probe was to be placed was cleaned 

with alcohol prep pads prior to the application of the probe. The same procedure was 

also done on the contralateral side of the breast. 

Conductive gel was put on the probe’s EIS electrodes before being placed over 

the measurement area of the breast. A constant low-level pressure was applied and 

maintained by the operator (very similar to ultrasound tests). To minimize the chance of 

measurement errors, we repeated the tests three times—a total of 10 minutes on each 

location on the breasts. The measurements were then repeated on the healthy breast 

tissue (the other breast) for comparison purposes; without this comparison, the study 

could not be considered valid. As with the first breast, this measurement was also 

repeated 3 times, and took about 10 minutes. The whole process (tests on both breasts) 

took between 25-30 minutes. All collected data and information were securely 

(encrypted) stored in a secure password-protected computer owned by SFU.  

5.2. Clinical Case Study Information  

Included here are the clinical reports for the initial patients who have enrolled in 

the study. Study enrollment is ongoing and will likely continue until late 2016. 

Case Study 1 

A 53 year-old woman was consented and enrolled as the first patient in the study 

in February 2016 before undergoing surgery at JPOCSC. Her latest obtained 

mammography image confirmed that there were two masses located in the left breast: 

54 mm away from the nipple at the 10 o’clock position, and 27 mm away from the nipple 

at the 12 o’clock position. It was diagnosed as a Hypoechoic lesion. Figure 5.1shows a 

graphical representation of the cancerous tissue in the patient’s breast. 
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Age  53 

Sex Female 

Bra size --- 

Tumor position Left breast two mass at 10 and 12 o’clock 

Tumor Type Invasive lobular carcinoma 

Tumor size 1*0.8*0.7 cm and 2.5*0.8*0.8 cm 

 

 
a b c 

Figure 5.1.  Case study number 1, a) Right Breast, b) Left Breast, c) side view of 
the cancerous breast. 

Case Study 2 

A 62 year-old woman provided consent and enrolled as the second patient in 

the study in February 2016 at JPOCSC. Her obtained mammography images with 

magnification compression views confirmed that there was a mass lesion 

approximately 2 cm in size with ill-defined margins at the 4 o’clock position of the 

lower outer quadrant of the left breast. The ultrasound imaging also confirmed that 

there was a solid lobulated irregular mass between the 3 and 4 o’clock position of 

the left breast with approximate dimensions of 2.2 cm x1.7 cm x1.7 cm in diameter, 

approximately 1.8 cm away from the nipple, and within 5mm of the skin’s surface.  

Figure 5.2 shows a graphical representation of the cancerous tissue in the patient’s 

breast.  
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Age  62 

Sex Female 

Bra size --- 

Tumor position Left Breast between 3 to 4 o’clock 

Tumor Type a solid lobulated irregular mass 

Tumor size 2.2x1.7x1.7cm 

 

 
a b c 

Figure 5.2. Case study number 2, a) Right Breast, b) Left Breast, c) side view of 
the cancerous breast. 

Case Study 3 

An 84 year-old woman provided consent and enrolled as the third patient in 

the study in February 2016 before undergoing surgery at JPOCSC. A mammography 

image confirmed that there was a mass located 2 cm deep in the periareolar region 

at the 1 o’clock position of the left breast. This mass was diagnosed as a 

Hypoechoic lesion. Figure 5.3 shows a graphical representation of the cancerous 

tissue in the patient’s breast. 

Age  84 

Sex Female 

Bra size --- 

Tumor position Left Breast at 1 o’clock 

Tumor Type Non-invasive ductal carcinoma in-situ 

Tumor size 10mm 
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a b c 

Figure 5.3. Case study number 4, a) Right Breast, b) Left Breast, c) side view of 
the cancerous breast. 

Case Study 4 

A 79 year-old woman was consented and enrolled as the fourth patient in the 

study in February 2016 and before undergoing for surgery at JPOCSC. 

Mammography compression view has been performed confirming the presence of 7 

mm in size speculated mass at about the 9-o’clock position of the right breast. A core 

biopsy confirmed the presence of invasive mammary carcinoma at the 9-o’clock position. 

Mammography and bilateral US images confirmed that there was a mass in the right 

breast with approximate dimensions of 7mm, and 3x4 mm as determined by each 

imaging modality, respectively. Figure 5.4 shows a graphical representation of the 

cancerous tissue in the patient’s breast. 

Age  79 

Sex Female 

Bra size --- 

Tumor position Right Breast- 9 O’clock, 9 cm away from the nipple 

Tumor Type Invasive mammary carcinoma 

Tumor size 7mm 
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a b c 

Figure 5.4.  Case study number 4, a) Right Breast, b) Left Breast, c) side view of 
the cancerous breast.   

Case Study 5 

A 44 year-old woman provided consent and enrolled as the fifth patient in the 

study in February 2016 before undergoing for surgery at JPOCSC. A mammography 

image confirmed that there was a lobulated irregular mass measuring approximately 

2.5 cm x 1.7 cm x 3.5 cm in diameter in the retro-areolar portion of the left breast at 

the 2 o’clock position. Nipple retraction was also noted. A bilateral US image also 

indicated a typical left breast malignancy in the retro-areolar region at the 2 o’clock 

position with enlarged axillary lymph nodes. Figure 5.5 shows a graphical 

representation of the cancerous tissue in the patient’s breast. 

Age  44 

Sex Female 

Bra size --- 

Tumor position Left  breast at 2 o’clock position 

Tumor Type a lobulated irregular mass 

Tumor size 2.5 cmx1.7 cmx3.5 cm 
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a b c 

Figure 5.5.  Case study number 5, a) Right Breast, b) Left Breast, c) side view of 
the cancerous breast. 

Case Study 6 

A 42 year-old woman provided consent and enrolled as the sixth patient in 

the study in March 2016 at JPOCSC. Mammography compression and ultrasound 

views confirmed the presence of a solid mass with irregular margins measuring 24 

mm in size at the 1 o’clock position of the right breast. Figure 5.6 shows a graphical 

representation of the cancerous tissue in the patient’s breast. 

Age  42 

Sex Female 

Bra size 36-B 

Tumor position Right  breast at 1 o’clock position 

Tumor Type Solid mass with irregular margin 

Tumor size 24mm in diameter 
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a b c 

Figure 5.6. Case study number 6, a) Right Breast, b) Left Breast, c) side view of 
the cancerous breast. 

Case Study 7 

A 59 year-old woman provided consent and enrolled as the seventh patient in 

the study in May 2016 before undergoing surgery at JPOCSC. A mammography 

image confirmed that there was a lobulated irregular mass measuring approximately 

2.3 cmx2.2cmx1.5 cm in diameter between the 10 and 11 o’clock position in the 

retro-areolar portion of the right breast. The biopsy from the right axilla demonstrates 

metastatic adenocarcinoma. Rare mitoses are seen. The tumor is seen as solid and 

clustered areas. Figure 5.7 shows a graphical representation of the cancerous tissue 

in the patient’s breast. 

 

Age  59 

Sex Female 

Bra size C/B 

Tumor position Right  breast at 10-11 o’clock position 

Tumor Type BI-RADS 4C 

Tumor size 23*22*15 mm in diameter 
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a b c 

Figure 5.7.  Case study number 7, a) Right Breast, b) Left Breast, c) side view of 
the cancerous breast. 

 

Case Study 8 

A 56 year-old woman provided consent and enrolled as the eighth patient in 

the study in July 2016 before undergoing for surgery at JPOCSC. A magnified 

mammography imaging performed on the left upper central breast. The image 

showed a faint curvilinear margin suggestive of an underlying mass. A few 

nonsuspicious micro calcifications were visible. The ultrasound image shows a lobulated 

hypoechoic lesion which was approximately 1.6 cm in maximal dimension 

Age  56 

Sex Female 

Bra size B 

Tumor position Left breast at 12-1  o’clock position 

Tumor Type Lobulated hypoechoic lesion 

Tumor size 1.6 cm in maximal dimension 
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a b c 

Figure 5.8.  Case study number 8, a) Right Breast, b) Left Breast, c) side view of 
the cancerous breast. 

Case Study 9 

A 63 year-old woman provided consent and enrolled as the seventh patient in 

the study in July 2016 before undergoing for surgery at JPOCSC. Mammography 

and CBE confirmed a palpable area in the left breast at two O’clock anterior third. A 

17*14*12 mm nodule with slightly irregular margin is demonstrated in this location, 

corresponding to the palpable abnormality. 

Age  63 

Sex Female 

Bra size Double D 

Tumor position Left breast at 2 o’clock position 8.7 cm from 
the nipple. 

Tumor Type Solid Lesions 

Tumor size 12×9×9 mm 

 

 
a b c 

Figure 5.9.  Case study number 9, a) Right Breast, b) Left Breast, c) side view of 
the cancerous breast. 
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Case Study 10 

A 53 year-old woman provided consent and enrolled as the seventh patient in 

the study in July 2016 before undergoing for surgery at JPOCSC. Standard Cranial 

Caudal (CC) and mediolateral oblique (MLO) views of the right breast have been 

performed demonstrating a speculated mass posterior to the nipple measuring 

approximately 1.6*1.8 cm in size and approximately 2.2 cm posterior to the nipple. 

 

Age  53 

Sex Female 

Bra size A 

Tumor position Left Breast at 5 O’clock 

Tumor Type Invasive ductal carcinoma 

Tumor size 1.7×1.2×2.4 cm 

 

 
a b c 

Figure 5.10.  Case study number 10, a) Right Breast, b) Left Breast, c) side view 
of the cancerous breast. 
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5.3. Data Analysis Results and Image Reconstruction 

Following the mathematical modeling, analysis methods, instruments design, and 

experimental procedures introduced in previous chapters, this chapter presents the 

results of in-vivo bio-impedance and optical measurements and the cross-sectional 

imaging of the healthy and unhealthy breast tissue. In this study, we have used two 

probes and four techniques to collect data from subjects, including: 

 EIS technique in which the reference electrode is located in the hand and 
the other electrode (signal collector) is located on the breast. We have 
here named it EIS-HB. 

 EIS technique in which the electrodes (reference and signal collector) are 
embedded in the EIS-DOS probe. We have named this technique EIS 
probe. 

 DOS technique in which the optical sensors are embedded in EIS-DOS 
probe, which is here called, DOS probe. 

 DOB-Scan technique in which a standalone probe is used for diffuse 
optical imaging of the breast, which here termed DOB-Scan probe. 

The test procedure consisted of data collection from cancerous tissue and their 

contralateral in the breasts of 10 subjects using above mentioned methods. In order to 

increase the reliability of the data collection, the tests have been repeated three times for 

each method. 

5.3.1. Data Analysis for EIS-HB method 

The performance of the developed EIS-HB hardware had been verified using 

healthy subjects and patients who had skin cancer in previous studies conducted by 

Parveen Growal and Sepideh Moghadam [67], [77]. Therefore, the next step was to test 

the hardware in unhealthy, in-vivo tissue. In the present study, the electrical impedance 

set up was used for measuring the electrical properties of tissue as shown in 

Figure 5.11. Two body locations were considered in order to get a comparative study. In 

order to reduce the connection resistance between skin and electrodes, data were 

gathered using pre-gelled self-adhesive SilveRest® EKG electrodes from Vermed 
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A10009-100F [92]. The reference electrode was placed in the centre of the hand on the 

palm. The body locations considered for data collections were the area where cancerous 

tissue was present and its contralateral on the healthy breast. 

 

Figure 5.11.  EIS-HB measurement setup with magnified view of electrode 
placement. 

According to the literature and the previous study performed by Parvind Growal 

and Sepideh Moghadam [67], [77], the Cole-Cole model offers a relatively accurate 

model for representing the electrical properties of biological tissue. Therefore, in this 

study, the Cole-Cole model was used to represent the electrical properties of human 

tissue. The frequency sweep from 300Hz to 1MHz has been used to plot a Nyquist 

diagram of the collected data and extracted Cole-Cole parameters using the following 

equation:  

𝑌 = 
1+𝐶2𝑅𝑖𝑛

2 𝜔2+𝐶2𝑅𝑒𝑥𝑡𝑅𝑖𝑛𝜔2+𝑗𝐶𝜔𝑅𝑒𝑥𝑡

𝑅1+𝐶2𝑅𝑖𝑛
2 𝑅𝑒𝑥𝑡𝜔

2 =
1

𝑍
  (14) 

where Y is the admittance. The least square method (LSM) error function was applied to 

evaluate Cole-Cole model parameters [93].  

Figure 5.12, Figure 5.13, and Figure 5.14 illustrate comparative extracted Cole-

Cole parameters including normalized Rin, Rext and Cm for all ten subjects, respectively. 

The experiment was conducted on ten subjects, of which first measurements failed due 

to experimental malfunction.  
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The red bar represents healthy tissue data and the blue bar represents malignant 

tissue data. Three trials were repeated for each subject. Table 5.1shows the extracted 

Cole-Cole parameter values for healthy and cancerous tissue.  

Table 5.1. Comparison table for malignant and contralateral healthy tissue for 
20 subjects using EIS-HB method.  

Case 
study # 

Healthy breast Cancerous breast 

Rin(Ω) Rext(Ω) Cm(F) Rin(Ω) Rext(Ω) Cm(F) 

1 -- -- -- -- -- -- 

2 219 1.65e+03 4.23e-09 225 1.92e+03 3.93e-09 

3 227 2.27e+03 4.16e-09 229 2.26e+03 3.96e-09 

4 1.47e+03 4.85e+05 1.27e-09 1.33e+03 3.97e+05 1.18e-09 

5 1.26e+03 6.91e+04 1.07e-09 1.2e+03 6.49e+04 1.54e-09 

6 1.16e+03 9.99e+04 2.92e-09 1.06e+03 1.53e+05 2.16e-09 

7 904 3.41e+04 1.66e-09 902 4.67e+04 1.39e-09 

8 884 3.51e+04 1.58e-09 852 3.28e+04 1.56e-09 

9 1.27e+03 4.14e+04 7.56e-09 1.36e+03 5.52e+04 7.78e-09 

10 845 2.53e+04 2.29e-09 778 2.27e+04 1.84e-09 
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Figure 5.12. Intracellular resistance bar graph vs subject number for 10 subjects 
using EIS-HB method: the red bar shows healthy tissue and blue bar show 
cancerous tissue. 

 

Figure 5.13. Extracellular resistance bar graph vs subject number for 10 subjects 
using EIS-HB method: the red bar shows healthy tissue and blue bar 
show cancerous tissue. 
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Figure 5.14. Membrane capacitance bar graph vs subject number for 10 subjects 
using EIS-HB method: the red bar shows healthy tissue and blue bar 
show cancerous tissue. 

Conclusion  

In this section, we used the EIS-HB probe in a clinical study to measure the 

electrical properties of healthy and cancerous tissue. The tests were performed on 10 

patients who were known to have breast cancer.  

As mentioned in the previous chapter, in this method the reference electrode is 

located on the palm of patient’s hand, and the other electrode is either placed on the 

cancerous area of the breast or its contralateral position on the healthy breast. For the 

frequency range of 300Hz to 10Mhz, the extracted value of Rint for malignant tissue is 

lower than with the healthy one (Figure 5.12) which is in line with the literature. The 

results show 100 percent sensitivity for extracted Rint. 

Similarly, the membrane capacitor parameter for cancerous tissue is lower than 

healthy tissue with a sensitivity of 87.5 percent (Figure 5.14).  
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Extracellular resistor for cancerous tissue is higher than in healthy tissue 

(Figure 5.13). This is inconclusive in the 300Hz to 1 MHz frequency range but 

observable in the 1 KHz to 1 MHz range with 75 percent sensitivity. 

To conclude, Rint, Rext and Cm are presenting results that are consistent with the 

literature in that Rint shows 100% sensitivity in the frequency range from 1KHz to 1MHz. 

Therefore the frequency range to be considered in future studies should be 1KHz to 

1MHz. Rext and Cm show 75% and 87.5% sensitivity in the same frequency range, 

respectively. 

These results represent a promising possibility for diagnosing tumors, but more 

experiments need to be done on a population of healthy and unhealthy subject to assess 

the probe’s accuracy, specificity, and positive predictive value. Further, decision making 

algorithms need to be developed based on the discussed Cole-Cole parameters and 

observations. 

5.3.2. Data Analysis of electrical impedance spectroscopy probe 

For this study, we used the same EIS-HB hardware. The only difference was 

both electrodes were embedded in the EIS-DOS probe, presented in Figure 2.10.  

Figure 5.15, Figure 5.16, and Figure 5.17 represent comparative extracted 

Cole-Cole parameters including normalized Rin, Rext and Cm for all 10 subjects, 

respectively using DOS-EIS probe. Table 5.2 represents comparative extracted data 

for EIS using the Cole-Cole model. The blue bar represents healthy tissue data and 

the red bar represents malignant tissue data. As with the EIS-HB method, three trials 

for each subject were repeated.  
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Table 5.2. Comparison table for malignant and contralateral healthy tissue for 
20 subjects using EIS probe method.  

Case 
study # 

Healthy breast Cancerous breast 

Rin(Ω) Rext(Ω) Cm(F) Rin(Ω) Rext(Ω) Cm(F) 

1 -- -- -- -- -- -- 

2 163 453 2.92e-09 188 717 9.59e-10 

3 164 465 3.06e-09 163 452 2.8e-09 

4 2.94e+03 4.83e+05 1.37e-09 2.75e+03 2.17e+06 1.18e-09 

5 2.44e+03 1.09e+05 1.5e-08 2.19e+03 1.05e+06 1.18e-08 

6 2.01e+03 9.19e+04 4.14e-09 1.95e+03 3.31e+05 3.13e-09 

7 1.79e+03 6.29e+04 6.64e-10 1.75e+03 1.1e+05 6.16e-10 

8 2.86e+03 8.95e+04 5.78e-10 2.44e+03 9.3e+04 4.28e-10 

9 2.55e+03 1.68e+05 1.14e-09 2.79e+03 6.77e+04 3.59e-09 

10 2.11e+03 1.06e+06 7.28e-10 2e+03 1.9e+05 9.76e-10 
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Figure 5.15. Intercellular resistance  bar graph vs subject number for 10 subjects 
using EIS probe: the red bar shows healthy tissue and blue bar 
show cancerous tissue. 

 

Figure 5.16. Extracellular resistance bar graph vs subject number for 10 subjects 
using EIS probe: the red bar shows healthy tissue and blue bar 
show cancerous tissue. 
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Figure 5.17. Membrane capacitor bar graph vs subject number for 10 subjects 
using EIS probe: the red bar shows healthy tissue and blue bar show cancerous 
tissue. 

Conclusion  

The objective of this experiment was to measure the electrical properties of 

breast tissue with our developed EIS probe and to compare the results with the EIS-HB 

method.  

As with the EIS-HB method, three Cole-Cole parameters were extracted 

including Rin, Rext and Cm for the frequency range of 300 Hz to 10 MHz. Figure 5.15 

shows that Rin in cancerous tissue is lower than in healthy tissue, which is in line with the 

EIS-HB test. Similarly, the membrane capacitor parameter for cancerous tissue is lower 

than for healthy tissue with a sensitivity of 77.8 percent (Figure 5.17). The value of 

extracellular resistance for cancerous tissue is higher than for healthy tissue 

(Figure 5.16), and the sensitivity of this parameter is 66.7 percent. 

The analytical results of both the DOS-EIS and EIS-HB probes are close to 

one another. The DOS-EIS method is very user friendly and it takes less 

experimental time than EIS-HB. The DOS-EIS probe also has higher overall 

sensitivity. Thus, the probe is a promising tool for distinguishing cancerous tissues 



 

96 

from healthy tissues. The membrane capacitance and intracellular resistance are the 

most reliable parameters among all three Cole-Cole parameters (while using the EIS 

probe or the EIS_HB method). Their consistent trend and high sensitivity turn them to 

the solid parameters for cancer diagnosis in this study 

5.3.3. Data Analysis of diffuse optical spectroscopy probe 

After the developed DOS probe was verified using phantoms (see 

Section 3.1), the next step was to test it using in-vivo tissue. The DOS probe was 

performed using four near-infrared lights to illuminate the target simultaneously while 

two detectors measured backscattered light intensities in two different locations (as 

shown in Figure 2.10). When the developed software is running, it automatically 

repeats the test twenty times. Figure 5.18 to Figure 5.27 represent the average 

measured intensity and the extracted absorption coefficient for four different 

wavelengths while the probe was positioned on the cancerous area and its 

contralateral position on the healthy breast. The blue and the red bars are the 

extracted data for the left and right breasts, respectively. 
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Case Study 1 

  

a b 

  
c d 

Figure 5.18. Case study #1: a, b) Intensity of measured scattered light from left 
(cancerous) and right breasts where cancerous tissue is underneath 
of the probe and its contralateral healthy tissue for source-detector 
separation of 22.5mm and 32.5mm. c, d) extracted absorption 
coefficient for left (cancerous) and right breasts for source-detector 
separation of 22.5mm and 32.5mm. 
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Case Study 2 

  

a b 

  
c d 

Figure 5.19. Case study #2: a, b) Intensity of measured scattered light from left 
(cancerous) and right breasts where cancerous tissue is underneath 
of the probe and its contralateral healthy tissue for source-detector 
separation of 22.5mm and 32.5mm. c, d) extracted absorption 
coefficient for left (cancerous) and right breasts for source-detector 
separation of 22.5mm and 32.5mm. 
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Case Study 3 

  

a b 

  
c d 

Figure 5.20. Case study #3: a, b) Intensity of measured scattered light from left 
(cancerous) and right breasts where cancerous tissue is underneath 
of the probe and its contralateral healthy tissue for source-detector 
separation of 22.5mm and 32.5mm. c, d) extracted absorption 
coefficient for left (cancerous) and right breasts for source-detector 
separation of 22.5mm and 32.5mm. 
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Case Study 4 

  

a b 

  
c d 

Figure 5.21. Case study #4: a, b) Intensity of measured scattered light from left 
and right breasts (cancerous) where cancerous tissue is underneath 
of the probe and its contralateral healthy tissue for source-detector 
separation of 22.5mm and 32.5mm. c, d) extracted absorption 
coefficient for left and right breasts for source-detector separation 
of 22.5mm and 32.5mm. 
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Case Study 5 

  

a b 

  
c d 

Figure 5.22. Case study #5: a, b) Intensity of measured scattered light from left 
(cancerous) and right breasts where cancerous tissue is underneath 
of the probe and its contralateral healthy tissue for source-detector 
separation of 22.5mm and 32.5mm. c, d) extracted absorption 
coefficient for left (cancerous) and right breasts for source-detector 
separation of 22.5mm and 32.5mm. 
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Case Study 6 

  

a b 

  
c d 

Figure 5.23. Case study #6: a, b) Intensity of measured scattered light from left 
and right breasts (cancerous) where cancerous tissue is underneath 
of the probe and its contralateral healthy tissue for source-detector 
separation of 22.5mm and 32.5mm. c, d) extracted absorption 
coefficient for left and right breasts for source-detector separation 
of 22.5mm and 32.5mm. 
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Case Study 7 

  

a b 

  
c d 

Figure 5.24. Case study #7: a, b) Intensity of measured scattered light from left 
and right breasts (cancerous) where cancerous tissue is underneath 
of the probe and its contralateral healthy tissue for source-detector 
separation of 22.5mm and 32.5mm. c, d) extracted absorption 
coefficient for left and right breasts for source-detector separation 
of 22.5mm and 32.5mm. 
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Case Study 8 

  

a b 

  
c d 

Figure 5.25. Case study #8: a, b) Intensity of measured scattered light from left 
(cancerous) and right breasts where cancerous tissue is underneath 
of the probe and its contralateral healthy tissue for source-detector 
separation of 22.5mm and 32.5mm. c, d) extracted absorption 
coefficient for left (cancerous) and right breasts for source-detector 
separation of 22.5mm and 32.5mm. 
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Case Study 9 

  

a b 

  
c d 

Figure 5.26. Case study #9: a, b) Intensity of measured scattered light from left 
(cancerous) and right breasts where cancerous tissue is underneath 
of the probe and its contralateral healthy tissue for source-detector 
separation of 22.5mm and 32.5mm. c, d) extracted absorption 
coefficient for left (cancerous) and right breasts for source-detector 
separation of 22.5mm and 32.5mm. 
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Case Study 10 

  

a b 

  
c d 

Figure 5.27. Case study #10: a, b) Intensity of measured scattered light from left 
(cancerous) and right breasts where cancerous tissue is underneath 
of the probe and its contralateral healthy tissue for source-detector 
separation of 22.5mm and 32.5mm. c, d) extracted absorption 
coefficient for left (cancerous) and right breasts for source-detector 
separation of 22.5mm and 32.5mm. 
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Conclusion 

The objective of this section was to validate the DOS probe’s performance in 

measuring the optical properties of breast tissue based on diffusion equation in a highly 

scattering medium in a clinical study. In Section 3.1, the DOS probe was tested on 

phantoms made of tissue-like material and the results were promising regarding its 

ability to measure their optical properties.  In this section, we tested the DOS probe on 

ten patients with breast cancer, first taking measurements from the cancerous section of 

one breast, and then taking measurements from the contralateral position on the 

opposite breast in order to ensure we could form a comparison between the two. 

This study conclusively proves that the DOS probe can correctly differentiate the 

cancerous lesion from the surrounding tissue in the breast. Figure 5.28 shows measured 

intensity ratio of cancerous and healthy tissue for ten subjects and, for 690nm, 750nm, 

800nm and 850nm wavelengths. The clinical results showed that the absorption 

coefficient of a breast tumor is higher than normal tissue due to its higher vascularization 

level. In case study number 4, the probe did not detect the tumor in the breast because 

the tumor was very small (7 mm in diameter) and located 9 cm away from the nipple (in 

depth). Table 5.3 shows summary of clinical study results using the DOS probe. 
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                                        a                                                                       b  

Figure 5.28. Measured intensity ratio of cancerous and healthy tissue for ten 

subjects and, for 690nm, 750nm, 800nm and 850nm wavelengths a) 

source-detector separation 22.5 mm, b) source-detector separation 

32.5 mm. 

 

Table 5.3. Summary of clinical study results using DOS probe. 

The absorption coefficients of cancerous tissue in all wavelengths (690nm, 

75nm, 800nm and 850nm) are higher than those for healthy tissue, which is consistent 

with literature. The results show 90 percent sensitivity for the extracted absorption 

coefficient. 

5.3.4. Reconstructed image analysis using diffuse optical breast 
scanner probe 

The reconstructed images for the phantom study using the DOB-Scan probe (see 

Section 4.10) prove that the introduced technique is a powerful one for capturing 

inhomogeneity in tissue-like material. As with the previous techniques, the DOB-Scan 

Case study # Cancerous breast Description 

1 left Tumor is correctly detected. 

2 left Tumor is correctly detected. 

3 left Tumor is correctly detected. 

4 right Tumor is not detected due to depth of tumor. 

5 left Tumor correctly detected. 

6 right Tumor correctly detected. 

7 right Tumor correctly detected. 

8 left Tumor correctly detected. 

9 left Tumor correctly detected. 

10 left Tumor correctly detected. 
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probe was used to collect data from the cancerous area of the patients’ breasts and their 

contralateral areas. Each data collection has been repeated three times. Figure 5.29 to 

Figure 5.42 represent the reconstructed images for four different wavelengths while 

the probe is positioned on the cancerous location and its contralateral healthy 

breast. The red area on the images reflexes location of anomaly tissue. 

Case study 1 

    

690nm 750nm 800nm 850nm 
Figure 5.29. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, left breast, and cancerous lesion located 
at 10 o’clock position, and 27 mm away from the nipple. 

    

90nm 750nm 800nm 850nm 
Figure 5.30. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, right breast, healthy. 
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Case study 2 

    

690nm 750nm 800nm 850nm 
Figure 5.31. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, left breast, and cancerous lesion located 
1.8cm from nipple at 4 o’clock position. 

    

690nm 750nm 800nm 850nm 
Figure 5.32. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, right breast, healthy. 
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Case study 3 

    

690nm 750nm 800nm 850nm 
Figure 5.33. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, left breast, and cancerous lesion located 

2cm in depth in periareolar region at 1 o’clock position. 

    

690nm 750nm 800nm 850nm 
Figure 5.34. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, Right breast, healthy. 
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Case study 4 

    

690nm 750nm 800nm 850nm 
Figure 5.35. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, left breast, healthy. 

    

690nm 750nm 800nm 850nm 
Figure 5.36. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, right breast, and a 7mm speculated 
mass along the approximate 9-o’clock position 9cm away from 
the nipple (in depth). 
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Case study 5 

    

690nm 750nm 800nm 850nm 
Figure 5.37. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, left breast, and a 7mm irregular mass in 
the retro-areolar portion at 2 o’clock position with approximate 
dimensions of 2.5 cmx1.7 cmx3.5 cm. 

    

690nm 750nm 800nm 850nm 
Figure 5.38. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, right breast, healthy. 
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Case study 6 

    

690nm 750nm 800nm 850nm 
Figure 5.39. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, left breast, Healthy 

    

690nm 750nm 800nm 850nm 

Figure 5.40. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, right breast. Solid mass with irregular 
margin at 1-o’clock with 24mm in size. 
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Case study 7 

    

690nm 750nm 800nm 850nm 
Figure 5.41. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, left breast, healthy. 

    

690nm 750nm 800nm 850nm 
Figure 5.42. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, right breast, tumor located at 10-11 
o’clock position with approximate dimensions of 2.3 
cmx2.2cmx1.5 cm in diameter. 
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Case study 9 

    

690nm 750nm 800nm 850nm 
Figure 5.43. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, left breast, tumor located at 2  o’clock 
position 8.7 cm from the nipple. 

    

690nm 750nm 800nm 850nm 
Figure 5.44. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, right breast, healthy. 
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Case study 10 

    

690nm 750nm 800nm 850nm 
Figure 5.45. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, left breast, tumor located at 5 to 6 
o’clock position. 

    

690nm 750nm 800nm 850nm 
Figure 5.46. Reconstructed images from collected data using DOB-Scan probe in 

four different wavelengths, right breast, healthy. 

 

Discussion 

The reconstructed preliminary images show that the DOB-San probe can 

distinguish the cancerous region from the surrounding healthy tissue. The cancerous 

region is observable in the images due to a higher level of absorption caused by higher 

levels of vascularization.  

Case 1: There were two cancerous lesions in the left breast and the probe 

located on the one that is at 10 o’clock of the left breast.   Figure 5.29 presents that the 

probe captured the tumor correctly. There are some red color on the healthy breast 

(Figure 5.30) which caused by saturation of the detector. 
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Case 2: There was two cancerous lesions in the left breast and the probe located 

on the one located at 4 o’clock of the left breast.   Figure 5.31 presents that the probe 

captured the tumor correctly and it is in line with mammography images. There are some 

red color on the healthy breast (Figure 5.32) which caused by saturation of the detector. 

Case 3: There was a cancerous lesions in the left breast at 1 o’clock. Figure 5.33 

presents that the probe captured the tumor correctly and it is in line with mammography 

images. There are some red color on the healthy breast (Figure 5.34) which caused by 

saturation of the detector. 

Case 4: There was a cancerous lesions in the right breast at 9 o’clock. This 

patient had large breasts with a cancerous lesion positioned near to the chest wall. In 

these cases, the probe captures the cancerous lesion with difficulty due to the depth of 

the tumor in the breast (Figure 5.36). There are some red color on the healthy breast 

(Figure 5.35) which caused by saturation of the detector. 

Case 5: There was a cancerous lesions in the left breast at 2 o’clock. 

Reconstructed images for the left breast of patient #5 (Figure 5.37) shows that the 

absorption coefficient of the whole breast is unusually higher than for the malignant 

tissue. After observing the images, we consulted with the patient’s oncologists at 

JPOCSC and were advised that there was a lobulated irregular large shadowing mass 

which had spread all over the left breast. For this reason, the probe shows higher 

absorption coefficient whole over the breast. There are some red color on the healthy 

breast (Figure 5.38) which caused by saturation of the detector. 

Case 6: There was a cancerous lesions in the right breast at 1 o’clock. 

Figure 5.40 presents that the probe captured the tumor correctly and it is in line with 

mammography images. There are some red color on the healthy breast (Figure 5.39 

800nm) which shows a mass in healthy tissue that has a higher absorption coefficient at 

800nm and 850nm.  According to Figure 1.2, water and fat have higher absorption 

coefficients than the other two absorbers in breast tissue. After consulting with the 

patient’s oncologists at JPOCSC, I was advised that there was a benign mass which 

filled with liquid at the location. 
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Case 7: There was a cancerous lesions in the right breast between 10 and 11 

o’clock. Figure 5.42presents that the probe captured the tumor correctly and it is in line 

with mammography images. The DOB-Scan probe’s images (Figure 5.41) also show a 

mass in healthy tissue that has a higher absorption coefficient.  After consulting with the 

patient’s oncologists at JPOCSC, I was advised that there was a benign mass which 

filled with liquid at the location. 

Case 8: Data collection failed due to technical problem. 

Case 9: There was a cancerous lesions in the left breast at 1 o’clock. Figure 5.43 

presents that the probe captured the tumor correctly and it is in line with mammography 

images.  

Case 10: There was a cancerous lesions in the left breast at 5 o’clock. 

Figure 5.45 presents that the probe captured the tumor correctly and it is in line with 

mammography images.  

We are currently expanding the study population to collect data from a sufficient 

number of patients who are known to have breast cancer (determined by pathology) at 

JPOCSC. 

Conclusion 

The goal in this section was to validate the use of the developed imaging set up 

for creating cross-sectional images of breast tissue, and to detect an anomaly inside an 

otherwise homogeneous breast tissue based on the differences in the optical properties 

of the anomaly and the surrounding tissue. In section 4.10, we tested the DOB-Scan 

probe on tissue-like material and the resulting cross-sectional image of the phantoms 

were promising; in this section, we tested the DOB-Scan probe on ten patients with 

breast cancer. Contralateral images of a cancerous breast were created to provide a 

comparison between cancerous tissue and its contralateral healthy tissue. Table 5.4 

represents a summary of the clinical test results using the DOB-Scan probe. 
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Table 5.4. Summary of clinical study results using DOB-Scan probe 

Case # Cancerous breast Description 

1 Left Tumor is correctly captured. 

2 Left Tumor is correctly captured. 

3 Left Tumor is correctly captured. 

4 Right Tumor is captured with difficulty due to depth of tumor. 

5 Left Tumor correctly captured. 

6 Right Tumor correctly captured 

7 Right Tumor correctly captured 

8 Left Data collection failed. Technical problem 

9 left Tumor correctly captured 

10 left Tumor correctly captured 

This study conclusively proves that the reconstructed images using the DOB-

Scan probe correlate well with the cancer locations obtained with other clinical 

modalities such as X-ray mammography and MRI.  

This study is ongoing and will explore these promising results on more patients. 

After using the first prototype of the DOB-Scan probe, we found that the developed 

device needed to improvement in all aspects; therefore, we will improve the hardware, 

software, and image reconstruction algorithm to make the device user-friendly and more 

accurate.  
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Chapter 6.  
 
Conclusions and Future Work 

6.1. Conclusion 

In the present study, we have mainly focused on the development of a novel 

diffuse optical spectroscopy system for functional and compositional imaging of breast 

cancer. Over the course of this research, we have done the following: 

 Developed hardware and software for a diffuse optical spectroscopy 
technique. 

 Developed hardware and software for a multimodality tool integrating 
DOS technique with EIS modality.  

 Developed hardware and software for a novel diffuse optical breast 
scanning probe to create cross-sectional and functional image of the 
breast tissue. 

 Designed a test environment to evaluate the developed probe’s 
performance on tissue-like materials. 

 Received authorization to conduct investigational testing (Class II) in 
Canada from Health Canada for the developed devices. 

 Received ethical approval from Fraser Health and Simon Fraser 
University Ethics Board to evaluate performance of the probes on patients 
who have been known to have breast cancer. 

 Data collection with the probes from patients who have been diagnosed 
with breast cancer at the Jim Pattison Outpatient Care and Surgery 
Centre. 

 Analyse and create images from the collected data for different 
modalities. 
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This study had three major objectives. The first objective was to design a system 

that could measure the optical properties of breast tissue, in-vivo. Our second objective 

was to combine the optical technique with an electrical impedance technique to increase 

performance of the breast cancer detection technique. Finally, the third objective of this 

study was to design and implement an optical imaging technique that is able to create 

functional and compositional cross-sectional images of breast tissue. 

In the first part of the study, we developed a new handheld DOS probe to 

measure the optical properties of breast tissue in-vivo. The proposed probe illuminates 

the breast tissue with four near-infrared wavelength light-emitting diodes, which are 

encapsulated in a package (eLEDs). Two PIN photodiodes measure the intensity of the 

scattered photons at two different locations. The proposed technique of using eLEDs is 

introduced as the use of a multi-wavelength pointed-beam illumination source instead of 

the laser-coupled fiber-optic technique is a way of reducing the complexity, size, and 

cost of the probe. Despite the fact that the proposed technique miniaturizes the probe 

and reduces the complexity of the DOS, the results of the study prove that it is accurate 

and reliable in measuring the optical properties of the tissue. The measurements were 

performed at the rate of 10Hz, which is suitable for the dynamic measurement of 

biological activity, in-vivo. The multi-spectral evaluation algorithm was used to 

reconstruct the four main absorber concentrations in the breast—oxy-hemoglobin (cHb), 

deoxy-hemoglobin (cHbO2), water (cH2O), and fat (cFat)—and to average the scattering 

coefficient of the medium, as well as concentration changes in Hb (ΔcHb) and HbO2 

(ΔcHbO2). Although the probe is designed to diagnose breast cancer, it can be used in a 

wide range of applications for both static and dynamic measurements, such as functional 

brain imaging. In order to evaluate performance of the probe, a series of phantoms, 

comprised of Delrin®, Intralipid®, PierceTM, and Black ink, were used to verify the 

performance of the device, the results of which having been presented in Chapter 3. 

Furthermore, we also applied this technique on ten patients who were known to have 

cancer; the results of these tests have been presented in section 5.3.3. 

The second objective of this study was to combine the DOS technique with 

Electrical Impedance Spectroscopy (EIS). Extensive research on the electrical properties 

of biological tissue has been performed by other members of our research team—
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particularly, Parvind Grewal, Shima Zaeimdar, and Sepideh Moghadam—and the results 

of their research are reported in [66]–[68]. In this part of our study, we developed and 

presented a handheld diffuse optical spectroscopy probe that incorporates EIS to non-

invasively monitor real-time biological tissue activity in-vivo. The proposed probe has the 

same structure as the previously designed DOS probe with two Ag/AgCl electrodes to 

measure electrical properties of the breast tissue. In addition to the capability of the DOS 

probe, the combined technique provides information regarding the electrical properties of 

tissue—specifically cellular water, sodium content, altered membrane permeability, and 

the packing density and orientation of cells. The two-point EIS on the probe is capable of 

a frequency sweep from 1 Hz to 50 MHz, but to overcome skin impedance and electrode 

polarization issues, the 300 HZ to 1MHZ frequency range has been considered in the 

present study. The combined DOS-EIS system is used to render the electrical and 

optical characteristics of in-vivo tissue simultaneously. This probe was also used on ten 

patients who were known to have cancer, and the results of these tests were presented 

in section 5.3.2. 

Analysing malignant breast tissue using contralateral healthy tissue as a control 

shows that Rint and Cm are higher in healthy tissue compared to the contralateral 

cancerous tissue, and that Rext is higher in malignant tissue compared to the control 

within the frequency range 1 KHz to 1MHz. These results are all consistent with both our 

previous studies on skin cancer and the related literature. Rext shows a sensitivity of 

80%, Rint represents a sensitivity of 100%, and Cm shows a sensitivity of 100%. 

Therefore, the results were promising but more data must be collected and further 

decision-making algorithms need to be developed based on the discussed parameters 

and observations. 

The designed and developed DOS-EIS probe and its software is capable of 

simultaneously providing the optical and electrical properties of tissue. The DOS-EIS 

probe was successfully used in an initial clinical study on cancer patients, and the results 

conclusively demonstrated its ability to differentiate between cancerous breast tissue 

and healthy tissue using diffuse optical spectroscopy combined with electrical 

impedance spectroscopy in a frequency range from 1 KHz to 1 MHz and increase 

sensitivity of the DOS-EIS probe.  
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In the final part of this study, we introduce a novel handheld diffuse optical breast 

scanning (DOB-Scan) probe that has been designed to measure the optical properties of 

breast tissue and to create functional and compositional cross-sectional images of the 

breast. This probe uses four near-infrared wavelength light emitting diodes (LED) 

encapsulated in a package (eLED) to illuminate the breast tissue, and a linear charge 

coupled device (CCD) to measure the intensity of the scattered photons at different 

radial destinations from the illumination source on the breast’s surface tissue. The 

proposed method replaces fiber-optic-based illumination techniques—which increase the 

complexity, size, and cost of a potential probe—by instead using a multi-wavelength 

eLED which acts as a pencil-beam source in scattering media such as breast tissue. In 

addition, the DOB-Scan probe and its associated algorithm can create cross-sectional 

images of the breast tissue underneath of the probe by using high-resolution linear CCD. 

Although the introduced technique miniaturizes the probe, this study points to the 

reliability and accuracy of this technique in breast imaging. Multi-wavelength light 

sources have been used to increase the capability of the probe by creating separate 

images for four primary chromophores of the breast tissue including: deoxyhemoglobin, 

oxyhemoglobin, fat, and water. The experimental results indicate that the probe is able 

to measure the average scattering coefficient of the medium and the localized 

concentration variations in oxyhemoglobin and deoxyhemoglobin. In order to evaluate 

the performance of DOB-Scan probe, a series of tissue-like materials (phantoms), 

containing of Intralipid®, Black ink, Delrin®, and PierceTM were used. In the next phase 

of the study, after finalizing the required ethical approvals, the introduced technique was 

tested on human subjects, in-vivo. We tested the probe on ten patients who had been 

diagnosed with cancer, and the promising results of these tests were presented in 

section 5.3.2. 

Overall, the DOB-Scan probe possesses great potential for cross-sectional and 

functional imaging of breast tissue. Promising results from phantom study motivated us 

to test the DOB-Scan probe on patients who have been diagnosed with breast cancer. 

The reconstructed preliminary images on clinical study show that the DOB-San probe 

can distinguish the cancerous region from the surrounding healthy tissue. The 

cancerous region is observable in the images due to a higher level of absorption caused 

by higher levels of vascularization. This study conclusively proves that the reconstructed 
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images using the DOB-Scan probe correlate well with the cancer locations obtained with 

other clinical modalities such as X-ray mammography and MRI but it lacks a low-speed 

image reconstruction algorithm. In order for the DOB-Scan probe to be considered a 

viable option, an optimized algorithm for faster image reconstruction and image 

processing is required. 

6.2. Future Work 

The developed diffuse optical spectroscopy probe is capable of providing the 

optical properties of tissue, including its absorption and scattering coefficient, as well as 

changes in the breast tissue using the developed integrated hardware and software. In 

this design, we used off-self hardware for data acquisition and signal generation which 

make the hardware heavy and big. Therefore, in order to reduce the size of the device, 

we have to redesign the hardware and combine all the parts together to have one single 

device. The intensity of the light source can be programed and further development of 

the software should be done with the aim of automating it in order to avoid saturation of 

the light detectors. Currently, data analysis and feature extraction from the raw data are 

performed in the off-line mode. In order to make the device real-time for the user, we 

have to add a data analysis and feature extraction algorithm to the software to enable 

real-time data visualization. 

For the combined DOS and EIS probe, we have the same issue: the device is big 

and heavy. Again, we have to redesign the device and combine all the hardware parts. 

In this device, two separate pieces of software written in Matlab are run simultaneously 

to collect data from the DOS and EIS. We have to combine these two software programs 

to improve the speed of data collection. We also need to add data analysis and feature 

extraction algorithms to the software in order to enable real-time data visualization. 

For the DOB-Scan probe, the following features must be added in order to make 

it more accurate, more reliable, and easier to use:  

 An automatic light source intensity control and an automatic integration 
time setting to avoid the saturation of detectors. 
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 Reduce intrinsic noise of the detector on DOB-Scan probe. 

 Improve performance of the image reconstruction algorithm to allow for 
real-time reconstructed images. 

 Add a multi-spectral evaluation algorithm to create real-time functional 
images. 

 Improve the image reconstruction algorithm for the DOB-Scan system. 

 Design a new PCB that fits inside the probe for ease of use. 

 Add wireless communication and battery-powered capabilities to the 
DOB-Scan system for ease of use. 
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Appendix A.  
 
Electrical Impedance and Diffuse Optical Spectroscopy 
for Anomaly  

Study Number. #2015s0156 

SFU Principal Investigator: Dr. Farid Golnaraghi 

Co-investigators:  Dr. Rhonda Janzon 

Using multi-modalities system to detect breast cancer is a reliable approach 
which can increase the performance of each individual system. Our ultimate aim in this 
study is to design and implement a non-invasive and cost effective probe which can 
measure the optical and electrical properties of breast tissue simultaneously, using a 
quick and comfortable method. Diffuse Optical Spectroscopy (DOS) and Electrical 
Impedance Spectroscopy (EIS) techniques will be embedded in the probe, which will be 
able to achieve simultaneous measurement of optical and electrical properties of breast 
tissue. 

Purpose of study 

The research team has been working on developing a device that can aid early 
breast tumor detection. The focus of this research has been on external, non-invasive 
technologies that do not have any ill effects on the tissue being examined. Based upon 
this approach we have developed a combined Electrical Impedance Spectroscopy with 
Diffuse Optical Spectroscopy measurement system. We believe that this system will lead 
to increased sensitivity to detect breast malignancies early.  

Objective of Study 

 To evaluate the usability and effectiveness of our EIS and DOS based 
breast malignancy detection system to detect breast malignancies on 
patients being seen at the Jim Pattison Outpatient Centre.  

Research Method 

The tissue data collection will be done using the hardware created at MSE Dept, 
Surrey.  
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Measurement systems: overview 

1) EI measurements will be made using an Impedance Spectroscope HF2IS from 

Zurich Instruments, along with Ag/AgCl disposable electrodes. 

2) The pressure will be measured using Finger TPS™ (Finger Tactile Pressure 

Sensing) sensors. 

3) DOS will perform using a multi wavelength LED (Marubeni America 

Corporation, L690/735/805/850-40B52) and two photodiodes (Vishay 

Semiconductor Inc., TEMD5010X01) 

Subject inclusion criteria 

The subjects will be: 

1. female 

2. Patients with confirmed breast cancer (confirmed by biopsy) 

3. Patients undergoing surgery to remove breast cancer 

4. Patients above 18 years of age 

5. Patients able to speak and communicate in English 

6. Patients able to provide  consent 

Study procedure 

The biological tissue data in form of MATLAB® readable files will be collected prior to 

surgery in the operating room.  

For each subject, height, weight, age, gender, and details of their breast cancer 

(date of diagnosis, pathological diagnosis, treatment to date for the breast cancer) will be 

recorded in the data base. 

For each subject, two sets of measurements will be taken: 1) Reference electrode 

over the hand 2) Reference electrode over the nipple.  

For each set of measurements: 
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1. The subject will be asked to lie down in supine position. 

2. The skin to which the electrodes will be attached will be cleaned with 

alcohol prep pads. 

3. The EI reference electrodes will be placed over the palm and the nipple of 

the subject. 

4. The EI electrodes with conductive gel will be placed over the lesion, 

covering the lesion and contralateral position over the breast.  

5. The DOS probe will be placed over the lesion, covering the lesion and 

contralateral position over the breast.  

6. A constant low level pressure will be applied and maintained using the 

feedback from the pressure sensors. 

7. A mild current (less than 1 volt) will be applied across the EI electrodes, at 

50 different frequencies from 1.0 KHz to 1 MHz. The frequency sweep 

will not take more than 2 minutes. 

8. Three trials will be taken from the electrode over the malignant tissue. 

9. A second pressure level will be applied to hold the tumorous mass in 

between the finger pads and the EI measurements repeated  

10. The measurements will be repeated on collateral healthy breast tissue from 

the subject to serve as a baseline control. 

Measurements should take approximately 30 minutes. The study will be stopped 

immediately if the patient feels uncomfortable or does not want to move forward with the 

study. 

Potential Benefit 

This study was primarily motivated by the need to develop a simple, reliable, and 

cost effective supplementary screening tool to aid physicians performing clinical breast 

exams, a tool that integrates different methods to detect anomalies namely: electrical 

impedance and Diffuse Optical spectroscopy. The development of a low cost “screening 

tool” for breast examination would be a valuable tool in family physicians office. This 

may potentially reduce health care costs by reducing unwanted diagnostic tests by 

providing a more objective examination. 
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Appendix B.  
 
Diffuse optical spectroscopy 

B1-Diffuse optical spectroscopy filter banks’ schematic  
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B2-Diffuse optical spectroscopy filter banks’ layout 
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Appendix C.  
 
Diffuse optical breast scanner circuit 

C1-Diffuse optical breast scanner circuit’s schematic 
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C2-Diffuse optical breast scanner circuit’s layout  
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