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Chapter 1 

INTRODUCTION 

 

Abstract 
 
Breast cancer is recognized as a major health problem worldwide. This chapter 
introduces the disease and its impact on women. It provides information on the 
current methods of detection and presents newer methods that are still under 
research. Diffuse optical imaging (DOI), which is a subset of molecular imaging, is 
introduced as a potential modality to image breast cancer. More research is yet to be 
carried out for DOI to play a role in breast cancer imaging. The following chapters, 
outlined at the end of this introduction, present my contribution to this effort. 
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1.1 Breast cancer statistics 
 
Worldwide, breast cancer is the second leading cause of cancer deaths in women 
(after lung and bronchus cancer) and is the most common cancer among women 
(World Health organization); more than 1.2 million women are diagnosed every year 
with breast cancer (World Health organization). According to the Centraal Bureau voor 
de Statistiek, the Netherlands has among the highest rates of breast cancer death in 
Europe (after Denmark, Ireland and Iceland). The American Cancer Society estimated 
that in 2010 only in the United States (USA): 

- About 207,090 new cases of invasive breast cancer would be detected in 
women 

- About 54,010 new cases of carcinoma in situ will be found 
- About 39,840 deaths will occur in women from breast cancer 

 
Table 1: Incidence of breast cancer by age in the USA (Breast Cancer Facts & Figures 2011-
2012, American Cancer Society [1]) 

Probability of developing invasive female breast cancer in the next 10 years 

By age 20 
By age 30 
By age 40 
By age 50 
By age 60 
By age 70 

Lifetime risk 

1 in 1,681 
1 in 232 
1 in 69 
1 in 42 
1 in 29 
1 in 27 
1 in 8 

 
According to the American Cancer Society, age is the most important risk factor for 
breast cancer (after being a female). Table 1 presents woman’s risks of being 
diagnosed with breast cancer at different ages. These probabilities are averages for the 
whole USA population, concern women free of cancer at the beginning of the age 
intervals, and are based on cases diagnosed between 2004 and 2006. Other risk factors 
for breast cancer include family history of breast cancer, personal history of breast 
cancer, breast feeding, ethnicity, dense breast tissue, certain benign breast conditions, 
and lifestyle. Currently, a woman living in the USA has a 1 in 8 lifetime risk of being 
diagnosed with invasive breast cancer. 
 
Table 2: Survival rate by age in the USA (American Cancer Society) 

Five year survival rate by age 

Younger than 45 
Ages 45-64 

Ages 65 and older 

81 % 
85 % 
86 % 

 
Breast cancer at young age is less common than at older age (Table 1). However, 
breast cancer in younger women tends to be more aggressive and less likely to 
respond to treatment [2-3]. It is therefore of importance to detect effectively early 
breast cancer in young women. Unfortunately, there is no effective breast cancer 
screening tool for young women; diagnosing breast cancer in younger women is more 
difficult because their breast tissue is generally denser than the breast tissue in older 
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women. So by the time a lump in a younger woman's breast can be felt, the cancer is 
often advanced, which explains why survival rates are lower among younger women 
(Table 2). Early detection and prompt treatment would significantly improve a 
woman's chances of surviving breast cancer [1]. Breast cancer in younger women has 
therefore become a new focus in breast cancer research. 
 
Breast cancer mortality increases with tumors stage and size [1]. Therefore, it is of 
importance to detect early small tumors that may be agressive. Breast cancer 
screening has been shown to reduce breast cancer mortality: tumors are detected 
earlier and can therefore be treated earlier resulting in lower rate of breast cancer 
mortality [4]. In the USA, death rates from breast cancer in women have been 
declining since 1990, due in large part to early detection by mammography screening 
and improvements in treatment. Currently, about 65% of breast cancers are diagnosed 
at a lymph node negative stage, for which the five-year survival rate is 99% [1]. 
 
 

1.2 Breast anatomy 
 
The female breast consists of glandular, fatty and fibrous tissue located over the 
pectoralis muscles of the chest wall and attached to these muscles by the Cooper’s 
ligaments, see Figure 1. The lobules (or glands), which produce the milk for breast 
feeding, are linked by a network of milk ducts. A layer of fat surrounds the breast 
lobules and extends throughout the breast. The glands produce the milk when 
stimulated by special hormones and the ducts transfer the milk from the glands to the 
nipple. Surrounding the nipple is a slightly raised circle of pigmented skin called the 
areola. The nipple and areola contain muscle fibres. 

 
Figure 1. Lateral view of the female breast showing the inner composition. Copied with 
permission from http://www.breastcancer.org/pictures/types/ 

 

http://www.breastcancer.org/pictures/types/
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1.3 Breast cancer types 
 
There are different types of breast cancer; the most common are ductal carcinoma and 
lobular carcinoma [5]. Breast cancers can be either non-invasive (in situ) or invasive. In 
situ breast cancer refers to a cancer that is located where it first originated, Figure 2 
(b). On the other hand, invasive breast cancer refers to a cancer that has invaded the 
surrounding normal fatty tissue of the breast, Figure 2 (c).  

  
 

(a) (b) (c) 
Figure 2. (a) Example of normal cells in a duct. (b) The cancerous cells in ductal carcinoma in 
situ are located in the ducts. (c) The cancerous cells in invasive ductal carcinoma are invading 
the surrounding tissue. Copied with permission from 
http://www.breastcancer.org/pictures/types/   

 
The major types of non-invasive breast cancer are: 

- Ductal Carcinoma In Situ (DCIS): abnormal cells were formed within the milk 
ducts and are still contained there. It is an early-stage breast cancer and is 
considered as a precancerous condition. Indeed, if not treated it can progress 
to form an invasive breast cancer. 

- Lobular Carcinoma In Situ (LCIS): abnormal cells were formed within the 
lobules of the breast and are still contained there. It is a precancerous 
condition but it is not clear whether LCIS is an early-stage breast cancer. LCIS 
is a risk factor of developing breast cancer and therefore can be left untreated 
with a yearly mammographic follow up. 

 
As said above, invasive breast cancers refer to cancer cells that have invaded the 
surrounding normal fatty tissue of the breast. Invasive breast cancers can also 
metastasize through the blood stream or lymphatic vessels to other parts of the body. 
The major types of invasive breast cancer are: 

- Invasive Ductal Carcinoma (IDC): it represents the majority of breast cancers. 
Cancer cells from the milk duct invade the surrounding breast tissue. 

- Invasive Lobular Carcinoma (ILC): this type of cancer is less common than IDC 
and is often more difficult to diagnose on mammogram and by palpation 
(there is no breast lump). It initially forms within the milk lobule and invades 
the surrounding breast tissue.  

 
There are also other less common breast cancer types that do not originate from a 
duct or lobule. For instance, Paget’s disease of the breast is a rare form of in situ 
cancer that is often accompanied by an invasive cancer or a DCIS. Paget’s disease is 
located in the skin of the nipple and areola and is often confused with skin conditions, 
such as eczema. Another uncommon type of breast cancer is the sarcoma that comes 
from connective tissue such as nerves, fat, fibrous tissue, or blood vessels of the 

http://www.breastcancer.org/pictures/types/
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breast; or locally advanced breast cancer that is growing into the skin or chest wall or 
where there are enlarged lymph nodes. 
Breast cancer is a heterogeneous disease with several different subsets, or several 
different categories of breast cancer determined by the molecular characteristics of 
the tumor cell. These molecular characteristics determine the behavior of the cancer 
cells; for instance, the likelihood that the cancer cells spread away from the primary 
site.  
 
The breasts can develop other types of disorders. The majority of breast conditions are 
not cancerous: 

- Fibroadenoma: it is a fibrous, benign growth of breast tissue. Fibroadenomas 
are solid, usually painless lumps not attached to any structure in the breast. 
They can be removed surgically, but also can disappear by themselves. 

- Cyst: it is a fluid filled sac. Often cysts are not harmful, but they can be 
painful. They can disappear by themselves or the liquid can be drained with a 
needle. 

- Fibrocystic breast disease: it is a benign clinical condition characterized by an 
increase in the fibrous and glandular tissue in the breast, which results in 
small nodular cysts, noncancerous lumpiness and tenderness. 

- Breast abscess: it is a collection of pus resulting from an infection. The 
treatment consists of antibiotic therapy and / or drainage. 

 
 

1.4 Current breast imaging techniques 
 
X-ray mammography is currently the primary technique for breast screening and is 
routinely used in the clinics. Lesion identification relies on the imaging of radiographic 
density differences between different tissue types. Radiographically, benign lesions are 
usually less dense than malignant lesions, and they have smooth outlines while 
malignancies have irregular outlines. Overall, malignant lesion can be observed as 
characteristic masses and/or specific patterns of micro-calcification in x-ray images. 
Breasts mainly composed of fat are more transparent to the x-ray beams than breasts 
with glandular tissue. 
Breast cancer screening with mammography has been shown to decrease mortality 
[1]. However, it is still debated whether young women (under 50) should be screened 
[6]. Young women tend to have radiographically more dense breasts, which results in a 
drastic decrease of sensitivity of mammography. 
Even if X-ray mammography is the most commonly used imaging modality for breast 
cancer screening, it has known limitations, such as rather high false-positive rate 
(resulting in many true negative biopsies), poor sensitivity in women with 
radiographically dense breast tissue, discomfort due to breast compression, and a 
slight risk of inducing cancer due to the ionizing radiation exposure [7]. 
 
New imaging techniques including digital mammography, x-ray computed tomography 
(CT) ultrasound (US), magnetic resonance imaging (MRI) and positron emission 
tomography (PET) are emerging to overcome the limitations of mammography, and 
some of them are already used as adjunctive screening tools [8].  
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Digital mammography was first developed to overcome the low sensitivity of screen-
film mammography in dense breasts. Post-processing can be performed on the digital 
mammographic images and may increase lesion contrast. Computer-aided detection 
can also be used easily with digital mammography and has shown to improve the 
specificity of conventional mammography [9].  
By imaging the breast in 3 dimensions, CT aims at reducing the overlaps of structures 
present in the 2 dimensional images and thus at enhancing the ability of 
mammography to detect cancer [10]. In addition, CT provides better information on 
the location of the lesion. It however suffers from the poor contrast differences 
between fibroglandular tissue and malignant tissue and therefore requires iodine 
contrast-media. 
In clinics, the primary role of US is the evaluation of breast abnormalities found with 
mammography or by physical examination and is a close companion of mammography 
in the daily work up of breast radiologists. US imaging is known to detect and 
characterize benign tumors with very high accuracy. In addition, it has been shown 
that ultrasound imaging can detect clinically occult tumors that were missed by 
mammography [11]. US is also used for guidance of interventional procedures, such as 
biopsies. However, the current ultrasound examination is too time-consuming to be 
used for screening, and is very operator dependent. 
MRI is currently mainly used for women who may be at increased risk for the 
development of breast cancer. It provides similar spatial resolution as x-ray 
mammography but with greater contrast resolution in soft tissue. The sensitivity of 
MRI in dense breast is greater than that of mammography. Combined with a contrast 
agent, gadolinium, [12] reports for fluorescent MRI (fMRI) (CE MRI, contrast enhanced 
MRI) a sensitivity in dense breast of 81 % against 60 % for mammography in high risk 
women. Therefore MRI appears to be more appropriate for younger women. However 
MRI specificity is much lower than mammography, resulting in many more negative 
surgical biopsies. For instance, [12] reports a positive predictive value in dense breast 
of 71 % in MRI against 78 % in mammography. MRI has 3 other major limitations: it 
uses a contrast agent, it is time consuming, and it is too expensive to be used routinely 
for screening. 
PET relies on the overexpression of a certain type of glucose by the breast cancer cells 
as compared to normal tissue. Glucose molecules (FDG - fluorodeoxyglucose), 
combined with a radioactive tracer, are injected intraveneously prior to the scan. The 
uptake of FDG allows clinicians tumor visualization and differential diagnosis. PET is 
currently used to detect breast metastasis. 
Lesion identification in X-ray mammography and US is based on morphological 
information of breast tissue. However, tumors have distinct compositions that differ 
from healthy breast tissue. Fibroadenomas, for instance, have a high stromal content 
and lower blood vessel density as compared to IDC that have a high epithelial content. 
Therefore, there is an increased interest for imaging techniques that can give 
functional and molecular characteristics specific to tumors, e.g. MRI and PET. Optical 
imaging is another technique that provides functional and molecular information. The 
development of optical breast imaging techniques is attractive because, in addition to 
being safe, non-invasive and cost-effective, optical imaging can reveal contrast 
between normal and diseased tissue that is not available with the conventional 
methods. 
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1.5 Optical imaging 
 
Near-infrared (NIR) optical imaging methods are a subset of molecular imaging 
techniques which image the underlying biological processes or functional state of living 
cells, tissues, and organs. In the domain of breast cancer research, NIR optical imaging 
methods provide a non-invasive tool to characterize the bulk composition of breast 
tissue. Optical methods have been shown to be safe, and effective for in vivo imaging. 
Briefly, they involve the detection of photons that propagate through the breast (in 
transmission or reflection), and, using light propagation models, reconstruct the 
optical properties of the illuminated breast.  
 

1.5.1 Light propagation in biological tissue 

Light propagation in tissue is determined by scattering, described by the scattering 

coefficients, and absorption, described by the absorption coefficienta, both of 
which are dependent on cellular structure and molecular composition of the tissue [13, 
14]. The reciproce of both coefficients describe the average pathlength the photons 
travel before being scattered or absorbed. Because of refractive index discontinuities 
between and within cells, most biological tissues have an inhomogeneous structure 
and are therefore highly scattering. Within the NIR wavelength range, the probability 
of a scattering event is much larger than the probability of an absorption event. After a 
sufficient number of light scattering events, the propagation direction of the photon 
has become independent of the propagation direction of the incoming photon. When 

the ratio s’ /a  is high enough (larger than 10) and the source-detector distance is 

larger than 1/s’, the diffusion equation becomes applicable to characterize light 
transport and the tissue optical properties can be determined. Scattering in biological 

tissues is then characterized in terms of reduced scattering coefficient s’, which is 
defined as the product of the scattering coefficient and one minus the anisotropy 
factor (1-g). The anisotropy factor g is defined as the average of the cosinus of the 
scattering angle. The optical methods examining biological tissues for this regime are 
then referred to as diffuse optical methods.  

The NIR spectral region from 600 to 1000 nm is considered as an optical window. 
Indeed in this region, the tissue attenuation is at its lowest and therefore the light can 
penetrate deepest. For instance, NIR light can be detected after it has been 
transmitted across several centimeters of breast tissue. The NIR wavelength range is 
predominantly sensitive to the following absorbers: melanin, hemoglobin in its 
oxygenated (HbO2) and deoxygenated (HHb) states, water and lipid. Melanin is the 
main absorber of biological tissue, but in case of breast tissue, it is contained only in a 
thin layer of skin and has therefore a minimum effect on the total absorption of the 
breast. Therefore, in case of spectroscopy in breast tissue, the main breast 
chromophores are assumed to be hemoglobin, water and bulk lipid. Because of the 
wavelength-dependent intensity of light penetration into biological tissue and of the 
difference in wavelength dependence of the chromophore absorptions, NIR optical 
imaging methods can characterize the composition of breast tissue and therefore the 
functions of tissue, see section 1.5.3. The contrast between healthy and cancerous 
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tissue is due to vascularisation of tumors and can therefore be observed most 
significantly in hemoglobin content [15].  
Note that in addition to probing endogenous contrast, optical techniques can detect 
exogenous contrast when using an optical contrast agent [16, 17], e.g. fluorescence of 
contrast agents as described in section 1.5.4. 
 

1.5.2 Diffuse optical techniques 
 
Two major diffuse optical techniques can be cited: Diffuse Optical Tomography (DOT) 
and Diffuse Optical Spectroscopy (DOS). While DOT focuses more on the spatial 
content of the measurement at the expense of the spectral content (producing 3D 
maps of the breast), DOS typically samples a lower number of spatial locations with a 
higher spectral bandwidth. The number of measurements provided with DOT is equal 
to the number of sources times the number of detectors. 
 
Within the field of optical imaging and spectroscopy, three distinct instrumentation 
techniques have been developed, based on frequency-domain [18], time-domain [19], 
and continuous-wave (CW) or steady-state [20] methods. Briefly, for the frequency 
domain method, the light sources are intensity modulated at high frequencies. The 
detected light that is absorbed and scattered will be attenuated and phase shifted 
compared to the input light. These amplitude changes and phase shift are related to 
the tissue optical properties [21]. Time domain methods use short pulses (picosecond) 
as light source to illuminate the breast. When propagating in tissue the pulses are 
broadened. The delay between and attenuation of the incoming and detected pulses 
and the broadening of the pulses are related to the optical properties of the tissue 
[22]. The results of time-domain method are the Fourier transform of the results of 
frequency-domain method. However, time-domain has more data and is more time 
consuming than frequency domain. Steady state methods use CW light as light source 
and measure the attenuation of light across the breast. Steady-state devices are 
known for their inability to separate absorption from scattering, resulting in inaccurate 
quantification of the amount of absorbers in the breast [23]. 
 
In this thesis, the presented data have been obtained with 3 instruments using 3 
different diffuse optical methods: CW DOT, CW DOT combined with fluorescence 
imaging and frequency-domain DOS combined with broadband steady-state 
measurements. Chapter 2 presents detailed descriptions of these instruments, their 
main applications and results obtained during clinical trials. 
 

1.5.3 Spectroscopy 
 
In DOI, lesion detection and localization are enabled by endogenous optical property 
contrast (i.e., absorption and scattering) between tumor and normal breast tissues 
[24-26]. By employing multi-spectral approaches, along with model-based analysis of 
NIR light transport in tissues, the concentrations of the 4 main chromophores in breast 
tissue, i.e. hemoglobin (oxygenated and deoxygenated), water and lipid, can be 
determined.  Increased hemoglobin concentrations in tumor relative to normal breast 
tissues have been widely observed in the literature; these increases are understood to 
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be a direct result of tumor angiogenesis [15, 27-31]. In addition to chromophore 
concentrations, optical indices have been developed to condense information content.  
For example, tissue hemoglobin saturation and total hemoglobin concentration, 
depending upon tissue oxy-hemoglobin and deoxy-hemoglobin concentrations, are 
hemodynamic indices that are widely employed.  Other functional indices, such as the 
tissue optical index (TOI) derived from the concentrations of water, lipid and deoxy-
hemoglobin have been developed in order to increase lesion-to-normal contrast [15]. 
 
In case of DOT, 3D absorption maps can be recovered for the (typically limited number 
of) wavelengths used. In case of broadband DOS, for each measurement point, 
absorption spectra are recovered for a spectral range. To recover the concentration of 
the main absorbers contained in the probed breast tissue, we assume that the total 
absorption of the sample is a summation of the absorptions by all the absorbers  
present in breast tissue and that absorption in breast is caused mainly by the following 
four absorbers: deoxy-hemoglobin (HHb), oxy-hemoglobin (HbO2), water and lipid. The 
concentrations of the main  chromophores of the breast can therefore be obtained 
with: 
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In equation (1),   ,ra  is the recovered absorption coefficient as a function of 

wavelength  and spatial location r , i refers to individual absorbers (HHb, HbO2, water 

or lipid), so   ,r
ia  is the attenuation contribution for a given chromophore as a 

function of wavelength and spatial location. The probed absorption is a linear 
combination of the chromophores absorption. Each chromophores absorption can be 

described as in equation (2), where  rci  refers to the concentrations of the given 

absorbers at the location r,  is the molar extinction coefficients of the given 
chromophores as a function of wavelengths, see Figure 3. The vector of concentrations 

of the 4 chromophores,  rc


, is then obtained by solving the matrix equation (3), 

where  )( is the matrix of molar extinction coefficient of the 4 chromophores per 

probed wavelengths. 
 
Since we assume that the breast is composed of 4 main absorbers, a minimum number 
of 4 wavelengths are required to recover the concentrations of these 4 absorbers. In 
case of broadband DOS, many more wavelengths are measured than chromophores 
and a least-squares fit is performed to recover the concentration of the absorbers. 
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Figure 3. Extinction spectra of the four main absorbers in breasts, i.e. deoxy-hemoglobin, oxy-
hemoglobin, water and bulk lipid [32] 

 
From the concentrations of deoxy-hemoglobin and oxy-hemoglobin, the total 
hemoglobin concentration (THb) and tissue hemoglobin oxygen saturation can be 
determined, using: THb = cHbO2 + cHHb, and stO2 = cHbO2/THb respectively, with c referring 
to concentration of the chromophore. A tissue optical index (TOI) representing the 
tissue metabolism can also be obtained: TOI = cHHb x cH2O/clipid.  In general, higher 
hemoglobin and water concentrations and lower lipid concentration are observed in 
tumors, resulting in high TOI values in malignancies. The TOI is typically used to 
identify the spatial location of tumors [15, 33]. 
 

1.5.4 Fluorescence imaging 
 
Some clinical studies have shown that for breast cancer detection, the intrinsic optical 
properties and chromophore concentrations in breast tissue are not sufficient for 
stand-alone lesion detection and for discrimination of malignant from benign tumors 
[34-37]. Indeed, the endogenous contrast from the increased vascularisation in small 
tumors or tumors in dense breast tissue is expected to be low. Besides, this 
endogenous contrast is nonspecific to cancer. Also, breast cancer mortality increases 
rapidly with tumors size whereas diffuse optical imaging has a known low spatial 
resolution (in the order of 5-10 mm). The low contrast and spatial resolution of DOI 
result in limited sensitivity and specificity for lesion detection and characterization, 
especially in case of small and non-palpable lesions or lesions in dense breast tissue. 
The use of fluorescent contrast agents may increase the sensitivity and specificity [38, 
39] of lesion detection and hence could provide better and earlier diagnosis. The 
injected fluorescent molecule may preferentially accumulate in diseased tissue 
because of increased blood content due to tumor angiogenesis [40] and leaky blood 
vessels in tumors due to damaged endothelial lining. Alternatively, the agent may have 
different decay properties in diseased tissue, which could be used to localize tumors 
independently of the concentration of the fluorescent molecule [41]. In addition, using 
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targeted contrast agents may significantly improve the contrast between tumors and 
surrounding healthy tissue. Indeed, targeted contrast agents target receptors specific 
to cancer cells [42, 43]. 
 
In breast cancer research, the fluorophore Indocyanine Green (ICG) is often used for 
fluorescence imaging. In [17], they found in 3 patients that the ICG contrast was 3 to 4 
fold higher than the total hemoglobin contrast in the tumor. [44] found that 3 different 
pathologies (fibroadenoma; adenocarcinoma; invasive ductal carcinoma) in 3 patients 
had different pharmacokinetics of ICG. This suggests that fluorescence imaging with 
ICG can improve the specificity of DOI. [45] succeeded in imaging the lymphatic 
drainage pathways and sentinel lymph nodes (which are the first lymph node to 
receive drainage from cancer) using ICG. In [46], they claim that they can discriminate 
benign from malignant lesions looking at their contrast to normal tissue in 
fluorescence signal after the dye is almost fully eliminated from the body. 
 

1.6 Thesis goals and outline 
 
The main focus of this thesis is the investigation of methods to improve breast lesion 
detection using optical imaging. The motivation was introduced in the first sections of 
this introductory chapter. The two main facts are that breast cancer mortality 
increases with tumors size and that breast cancer is difficult to detect in dense breast 
using conventional mammography [1]. Therefore, it is of importance to detect small 
tumors and tumors in dense breasts. Diffuse optical techniques utilize light in the near 
infrared spectral range to measure tissue physiology noninvasively and can be applied 
for breast cancer imaging. However, due to diffusion of light in tissue, the spatial 
resolution in optical techniques is rather low. Besides, the functional contrast of 
lesions in breast tends to be low as well, due to the presence of fibroglandular tissue. 
At last, in case of DOT, image reconstruction is using many approximations that result 
in limited image quality. Therefore optical imaging has low sensitivity and has not 
shown yet the potential to be a standalone imaging modality for lesion detection in 
breasts. This thesis aims at validating new methods to improve detection of breast 
tumors using optical imaging.  
 
Each of the result chapters 3, 4, 5, 6, and 7, are organized as individual papers in which 
there is an introduction, a description of the research methods, the presentation and 
discussion of the results and finally the conclusion.  Motivation for the specific studies 
is laid out in the introduction of each chapter.  The following will briefly describe each 
study and how it fits with the overall goal of the thesis. 
The second chapter of this thesis gives background information on the 3 optical 
instruments used to collect the data for this thesis. Their main applications and the 
results of clinical trials using these systems are also presented. 
Chapter 3 is an introductory study for the thesis. It describes a demographic study of 
the averaged optical attenuation of the female breast. The results of this study give 
insight into the biological variations between women that impact the sensitivity and 
specificity of diffuse optical techniques.  
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Chapters 4 and 5 are investigations of the effect of the combination of DOT and 
fluorescence imaging on lesion detection. Some clinical studies have shown that for 
breast cancer detection, the intrinsic optical properties and chromophore 
concentrations in breast tissue are not sufficient to discriminate malignant from 
benign tumors [34-37]. The use of a contrast agent may increase the specificity [38, 39] 
and hence provide differential diagnosis, i.e. allow the differentiation between 
malignant and benign tumors. Chapter 4 presents the results of a statistical analysis 
used to combine the absorption and fluorescence data. Phantom measurements 
mimicking breasts are used to validate the statistical method. In chapter 5, we 
investigate the combination of absorption, blood volume and the fluorescence signal 
into a graph, the scatterplot, both for phantom and patient measurements. In chapters 
4 and 5, we aim at enhancing the information contained in fluorescence and 
absorption images by combining these two sources of information. The goal of this 
exercise is to detect smaller lesions and better characterize the different structures in 
the breast for diagnostic purpose. 
DOS has proven its ability to quantitatively characterize breast tissue composition [15, 
47]. Recent advances have shown that broadband DOS can be used to image molecular 
disposition of water and lipid in breast tissue using a differential method. Molecular 
dispositions of water and lipid seem to be highly sensitive to malignancy and therefore 
may compensate for the frequent poor functional tumor contrast. The sixth chapter 
investigates the capability of broadband DOS to image specific tumor components of 
breast cancer using a self-referencing method. The published studies on lesion 
detection with optical techniques use the contralateral normal side for referencing. 
However, in certain case, the contralateral side cannot be measured or even used as 
normal tissue (e.g. in case of bilateral lesions). Chapter 6 focuses therefore on self-
referencing on the ipsilateral breast to image the specific tumor components. 
Chapter 7 gives a conclusion and an outlook on the different methods investigated in 
this thesis, to improve lesion detection of breast cancer using diffuse optical imaging. 
Finally, supplements 1 and 2 present the results of two additional studies, which are 
slightly out of the scope of this thesis, but present two other ways to optimize the way 
DOI is used. The feasibility of 3-D whole-breast ultrasound imaging is investigated in 
supplement 1. The goal is to combine the anatomical information from ultrasound 
with the physiological information of DOT to improve lesion visibility. Supplement 2 
presents DOSI in a different context than breast cancer detection. The self-referencing 
method presented in chapter 6 is used to investigate breast cancer spatial 
heterogeneity as a predictor to neoadjuvant chemoatherapy. 
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Chapter 2 

INSTRUMENTATION AND CLINICAL 

APPLICATIONS 

Abstract 
 
In this thesis, methods are investigated to improve detection of breast tumors using 
diffuse optical imaging (DOI). This chapter provides information on instrumentation 
and clinical application for which new analysis tools are developed and described in 
later chapters.  The first section gives an overview of the 2 instruments built by Philips. 
The first Philips’ instrument is a diffuse optical tomography (DOT) system. The second 
instrument combines DOT with fluorescence imaging. The second section describes the 
diffuse optical spectroscopy (DOS) instrument developed by the Beckman Laser 
Institute. For each of these 3 systems, experimental procedures are described. 
Information about the clinical trials from which the data of this thesis are obtained, is 
included. 
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2.1 Philips diffuse optical tomography systems for breast 
imaging 

 

2.1.1 The Mammoscope 
 
In the nineties, Philips Research developed and built an apparatus for breast cancer 
detection based on optical imaging, the Mammoscope. A description of this 
instrument has been previoulsly presented elsewhere [1]. 
Figure presents a picture of the breast scanner: it consists of a bed with in the middle a 
hole with the measurement cup. The subject can lie on the bed and let one breast 
hanging freely in the cup containing a matching fluid, described section Matching fluid 
in section 2.1.1, see Figures 1 and 2. The breast is illuminated sequentially from all 
sides via 255 optical fibres that are mounted on the surface of the measurement cup. 
Another 255 fibres are used for parallel probing of the light emanating from the breast 
for each illumination position. The system uses near-infrared light of continuous wave 
solid-state lasers to illuminate the breast at three different wavelengths (715 – later 
changed to 680, 780, and 867 nm). A complete measurement involves therefore 3 
breast scans in which transmission data are collected for the three wavelengths. The 
detected signals can be reconstructed into three-dimensional attenuation images –one 
image per wavelength. Attenuation images from high-risk patients have already 
investigating in the past [1]. In this thesis, we are interested in the measured average 
attenuation of the whole breast which can be obtained from the raw data, i.e. the light 
transmitted through the breast and collected by the detectors. A detailed description 
of the technology and the hardware can be found in [2]. 
 

 
Figure 1. The Mammoscope 

 



Instrumentation and clinical applications 

 

29 
 

 
 

(a) (b) 
Figure 2. (a) Measurement cup. (b) Schematic cross-section of the measurement cup with the 
positioning of the patient’s breast during the measurement procedure. 255 source-fibres and 
255 detection-fibres are mounted around the cup. The breast of the subject is hanging in the 
cup. The remaining space in between the breast and the cup is filled with a fluid of which the 
absorption and scattering were chosen to match to the properties of average breast tissue. 

 

Matching fluid 
 
A fluid matching closely the average optical properties of breasts has been developed. 
A measurement with the Mammoscope always starts with a scan of the cup filled 
completely with this matching fluid; this is referred to as the reference measurement. 
This reference measurement is later used in the reconstruction process. Then, the 
subject positions her breast in the measurement cup and the matching fluid is pumped 
inside the remaining space between the cup surface and the breast. During a breast 
measurement, the matching fluid prevents optical short-cut. If air was left between the 
breast and the optical fibers, then some of the light from the emission fibers would 
preferentially stay in the air medium and be detected by the closest detection fibers 
instead of going into the breast tissue. In addition, the matching fluid has to ensure 
optical coupling between the fibers, at the cup surface, and breast tissue. However, as 
concluded in chapter 3, the variations in average optical properties of breast between 
women are very large. As a result, the matching fluid hardly ever matches the average 
optical properties of the measured breast. As we will explain in section Reconstruction 
in section 2.1.2, this mismatch affects strongly the quality of the reconstructed 
absorption images. 
 

Experimental procedures 
 
A measurement session includes a reference scan, subject positioning and a breast 
scan. To minimize measurement errors, subject positioning has been studied and 
standardized, as described below. Because the chest is not flat, the subject lies slightly 
on her side, see Figure 3. Then, to ensure maximum contact of the chest to the bed, 
the subject’s arm on the side of the breast in the cup is stretched out along the body, 
see Figure 4. As the subject’s chest is turned on its side, the leg and arm on the 
opposite side of the measured breast are bent. This position can be comfortably held 
for the time of the measurement (about 10 minutes) by most of the subjects. Besides, 
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this position minimizes the motion of the breast in the cup, resulting in more 
successful measurements. 
 

 
Figure 3. Subject’s positioning: best way to place the chest on the bed for optimum fit of the 
breast in the measurement cup 

 

 
Figure 4. Subject’s positioning: best way to lie for comfort and optimum fit of the breast in the 
measurement cup 

 
Once the subject is correctly positioned on the bed, the matching fluid is pumped into 
the cup. The fluid is kept at around 31 °C for subject’s comfort. The breast is scanned 
per wavelength. A total scan lasts about 10 minutes. 
 

Clinical trial with the Philips Mammoscope 
 
In the course of 1999, a total of 328 women considered as high-risk or referred for 
further examination based on a screening mammogram have been scanned with the 
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Philips diffuse optical tomography system at the Academisch Ziekenhuis Leiden-AZL 
(now called Leids Universitair Medisch Centrum-LUMC). The study was approved by 
Institutional Review Board (IRB) and consent was obtained from each subject. 
 
Information about the subjects is reported in Table 1. The number of subjects 
categorized by menopausal status, (PRE – premenopausal, POST – postmenopausal 
subjects) and by breast disease is given. Because of measurement errors, such as for 
instance air-bubbles trapped between breast and cup wall and breast motion during 
the scan, data from 101 subjects were discarded for analysis. It has been noticed that 
the number of scan artefacts decreases with increasing breast size and age. Indeed 
large breasts favourably press out the remaining air in-between the measurement cup 
and the breast, leading to fewer occurrences of air-bubbles compromising the data. 
Besides, we noticed that large breasts can be brought into a more stable position in 
the cup and tend to move less when the subjects are breathing. Note that some 
patients had multiple lesions in their breasts. The breast volumes were estimated 
based on the bra size. 
 
Table 1: Subjects information (range depicted in brackets) 

Total number of scanned subjects 328 

Number of subjects with reliable data 227 
Average age 51 (22 - 81) 
Average estimated breast volume (ml) 387 (105 - 1150) 

Nr of premenopausal subjects 102 
Average age pre menopause 42 (22 - 62) 
Average estimated breast volume of pre 
menopausal subjects(ml) 

376 (105 - 935) 

Nr of postmenopausal subjects 125 
Average age post menopause 59 (30 - 81) 
Average estimated breast volume of post 
menopausal subjects(ml) 

399 (105 - 1150) 

Nr of subjects with a diseased breast 44 

Nr of cystic breasts 20 

Nr of breasts with benign lesion 15 

Nr of breasts with malignant lesion 19 

 

2.1.2 The fDOT system 
 
As mentioned in chapter 1, the low sensitivity and specificity of DOT for lesion 
detection can be improved using fluorescence imaging. In addition, as mentioned in 
section Reconstruction in section 2.1.2, the mismatch in optical properties between 
the fluid and the measured breast result in poor quality of the reconstructed 
absorption images. The breast-fluid interface is supposedly not seen as perturbation in 
the reconstruction of the fluorescence data. Performing fluorescence imaging would 
then overcome the issue of the mismatch, and hence provide better reconstructed 
images. 
A diffuse optical fluorescence tomography system has therefore been designed and 
developed by Philips Research and Philips Applied Technologies, the fDOT system. It is 
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an updated version of the Mammoscope, see section 2.1.1. It combines a DOT system 
and the fluorescent contrast agent Omocianine.  
 

  
(a) (b) 

Figure 5. The two modes of the fDOT: a) transmission – endogenous contrast due to different 
optical properties of the lesion as compared to the normal breast tissue, b) fluorescence – 
exogenous contrast due to the fluorescence emission of a dye; filters are used to prevent the 
transmitted light at the fluorescence excitation wavelength  from reaching the detectors. 

 
A description of the fDOT system is presented in [3]. As for the Mammoscope, during a 
measurement, the subject is lying on the optical bed, see Figure 6, with one breast 
hanging freely in a cup containing an optical matching fluid, see Figure 2. The breast is 
illuminated sequentially from all sides via 253 optical fibers that are mounted on the 
surface of the measurement cup. Another 254 fibers are used for parallel probing of 
the light emanating from the breast for each illumination position. The system uses 
near-infrared light of continuous wave solid-state lasers to illuminate the breast at four 
different wavelengths (690, 730, 780, and 850 nm). The wavelength 730 nm is used to 
excite the fluorescent dye. A complete measurement involves a total of five breast 
scans: transmission data are collected for the four wavelengths, and fluorescence data 
for excitation at one wavelength. For the fluorescence scans, the excitation light is 
filtered out from the fluorescent light emitted by the contrast agent, see Figure 5, (b).  
 

 
Figure 6. The fDOT system 
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Finally, the detected signals are reconstructed into three-dimensional absorption 
images –one image per wavelength, and into a three-dimensional image of the 
fluorescence emission by the breast. 
 

System improvement 
 
The fDOT system is the second generation of breast optical scanner of Philips, the first 
one being the Mammoscope, described in section 2.1.1. The fluorescence imaging 
capability has been added to the original scanner to improve lesion detection. The 
optical imaging part of the fDOT system is to a certain extend similar to the 
Mammoscope. Nevertheless, newer technology has been implemented in the new 
system. For instance, stronger and additional lasers are used, more appropriate 
wavelengths were chosen for the lasers in order to do spectroscopy. Amplifiers were 
replaced with better and more reliable devices. The computers used are faster, the 
reconstruction algorithm has been improved. A new matching fluid has been 
developed for better stability. The design of the measurement cup has been improved 
to have the optical fibers as close as possible to the breast tissue. Also, 5 variable size 
cups have been developed (75B, 80B, 80D, 80E and 80 F in the Dutch bra size system) 
to optimally match the subject’s breast size. The goal is to minimize the amount of 
matching fluid used during measurements to reduce the effect of the fluid in the 
reconstruction of the absorption images. 
 

Reconstruction 
 
After optical data acquisition, the detected signals are reconstructed into 3D 
absorption and fluorescence emission images. The reconstruction process of the 
absorption using a linear reconstruction algorithm based on the first-order 
perturbation theory has been described in [4, 5]. For each wavelength, 1 absorption 
image is reconstructed. Using the reconstructed absorption data at the 4 wavelengths, 
3-D maps of the chromophore concentrations can be obtained, see section 1.5.3. The 
3D fluorescence images are reconstructed using an algorithm based on the first-order 
perturbation theory [6, 7]. Per measurement, 1 fluorescence image is reconstructed, 
which depicts the fluorescence emission of the fluorophore after excitation. 
Because the CW methods employed in the scanner cannot separate scattering from 
absorption, scattering is assumed homogeneous over the whole breast in the 
reconstruction of the absorption images. In fact, endogenous variations in the 
scattering properties in the breast influence the reconstructed absorption images; in 
other words, features caused by variations in scattering within the breast appear in the 
reconstructed absorption images.  
As it will be shown in chapter 3, the inter-subjects variation of the average attenuation 
is high. It is therefore unlikely to obtain a match in optical properties between the 
breast and the fluid. Further, the average attenuation can vary up to a factor 2.5 
between women, resulting in a high attenuation mismatch between the breast and the 
fluid. As the absorption reconstruction method is based on a perturbation approach, a 
mismatch is interpreted as a perturbation in the reconstruction algorithm. In case of 
large mismatch, the perturbation from the malignancy will become negligible to the 
reconstruction process. In addition, the attenuation mismatch occurs in front of the 
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detectors while the lesion is deeper in the cup. The reconstruction is therefore more 
sensitive to the perturbation due to a mismatch than to the perturbation due to a 
malignancy. In this situation, it is very unlikely to observe the lesion in the 
reconstructed absorption images. 
 

Fluorescent contrast agent 
 
Omocianine is non-targeted fluorescent contrast agent, which has been tested for 
efficacy and safety but it is not yet FDA approved to be used in humans. Omocianine is 
an indocyanine based NIR fluorescent dye [8], provided by Schering. Figure 7 presents 
the absorption and emission spectra of omocianine:  It has favorable absorption and 
emission properties for in-vivo use in humans as both spectra are located in the optical 
window. The wavelength 730 nm of the fDOT system is used as excitation wavelength 
for the omocianine.  
After intravenous injection, omocianine is distributed via the blood stream through the 
body. Exogenous contrast between healthy and tumor tissue can be seen due to 
increased blood content in the tumor region. In addition, because of damaged 
endothelial lining resulting in leaky blood vessels in tumors, the fluorescent dye tends 
to accumulate and to remain longer at the tumor location. 

 
Figure 7. Normalized absorption, solid line, and emission, dotted line, spectra of Omocianine 
dissolved in human serum. The 730 nm wavelength used as excitation is indicated by the 
vertical line. 

 

Experimental procedures 
 
The experimental procedures followed for the fDOT system are very similar to that 
followed for the Mammoscope, see section Experimental procedures in section 2.1.1. A 
measurement starts with a reference scan in transmission (as for the Mammoscope) 
and a fluorescence calibration scan. The transmission scan is used as reference scan for 
the reconstruction of the fluorescence measurement. The fluorescence measurement 
is obtained by scanning the cup filled with a combination of matching fluid and 
contrast agent at a certain concentration. The measurement time required for a 
complete scan with the fDOT system amounts to 10 minutes. 
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Clinical trial with the fDOT system 
 
In the context of a collaboration between Philips and Bayer Schering Pharma (Berlin, 
Germany), the combination of optical mammography with the fluorescent dye 
Omocianine has being investigated in a clinical trial at the Utrecht Medical Center (the 
Netherlands). The goals of this study were to provide a first clinical evaluation in 
human of omocianine for breast cancer detection with DOT, and to validate the 
performance of fluorescence imaging capability of the fDOT system. 
 
A total of 11 patients was included in this clinical trial study. They all received an 
injection of omocianine after which breast imaging was performed with the Philips 
optical fluorescence tomography system. Baseline optical images were acquired for 
both breasts. Then the contrast agent Omocianine was injected intravenously in the 
patient. After injection, optical images were acquired up to 24 hours, with 8 and 5 
imaging time points for the ipsilateral and contralateral breasts, respectively. The 
ipsilateral breast was scanned immediately, 30 minutes, 1 hour, 1.5 hours, 2 hours, 4 
hours, 8 hours, and 24 hours after the dye injection. The contralateral breast was 
scanned 1 hour, 2 hours, 4 hours, 8 hours and 24 hours after dye injection. It has been 
chosen to image the ipsilateral breast at many time-points early after the injection of 
contrast agent at the expense of imaging the contralateral breast. 
 
Results of the clinical trial with the Philips optical fluorescence tomography system and 
the contrast agent omociane have been presented elsewhere [3]. A total of 5 lesions 
were detected in the fluorescence images while only 3 lesions were detected in the 
absorption images. For the 2 lowest dose levels of omocianine, 5 out of 6 lesions were 
detected in the fluorescence images; the 6

th
 lesion was suspected to be located 

outside the measurement cup.  For the 2 highest dose levels, no lesion was detected. 
The reconstruction algorithm is based on the assumption that the absorption of the 
dye is negligible. Therefore, at high dose of omocianine, this assumption may not be 
valid anymore. The locations of the detected lesions were consistent with MRI. Very 
distinct pharmacokinetics of the dye in the lesion and in the normal tissue were also 
observed. The lesion-to-background contrasts were calculated in the absorption and 
fluorescence image, dividing the mean value in the lesion by the mean value of the 
background excluding the areola. The optimal lesion-to-background contrasts in the 
fluorescence images were obtained 8 hours after injection of the contrast agent. These 
contrasts ranged from 1.8 to 2.8 for the 5 detected lesions in the fluorescence images. 
In the absorption images, the mean lesion-to-background contrasts were found at 1.8, 
2.6, 1.6, and 1.4, for the wavelengths 690, 730, 780, and 850 nm, respectively. 
Summarizing the findings of the clinical trial, DOT using a low dose fluorescent agent is 
feasible and safe for breast cancer visualization in patients. At correct dose levels of 
the contrast agent, fluorescence imaging improves the sensitivity of optical imaging. 
 
 

2.2 Laser breast scanner 
 
In 1990, Bruce Tromberg developed a diffuse optical spectroscopy instrument at the 
Beckman laser institute at the University of California Irvine. The instrument was a 
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multi-frequency photon migration system and was used to recover the absorption and 
scattering coefficient of known phantoms. The technology of the system has been 
further developed and improved, and in 1998 the first prototype of the Laser Breast 
Scanner (LBS) was ready for clinical use. This first LBS system was using a handheld 
probe. In 2000, broadband spectra measurement was integrated in the system. The 
frequency domain photon migration (FDPM) component can provide quantitative 
optical properties for one single wavelength, while Steady-State (SS) spectroscopy can 
provide relative optical properties over a large range of wavelengths. Combining the 2 
methods allow them obtaining quantitative broadband optical properties.  
 

 
 

(a) (b) 
Figure 8. DOS instrument (a) with a zoom on the handheld probe (middle) and its schematic 
(b). The probe contains discrete frequency-domain and broadband steady-state 
spectrometers. 

 
Nowadays, the fifth version of LBS, LBS5, is in use at the Beckman Laser Institute. A 
picture of this handlheld, single spatial point spectroscopic imager based on 
broadband steady-state frequency domain photon migration (SSFDPM) method is 
presented Figure 8. The instrument  has been described in detail elsewhere [9, 10] and 
successfully applied to tissue optical property studies [11-16]. 
 

Data processing 
 
Photon transport theory is used to calculate μs’ and μa after detecting the phase delay 
and amplitude demodulation introduced by the tissue for each laser wavelength [10]. 
The optical properties derived from the FDPM measurement are used to scale the 
reflectance obtained from the steady state component. By fitting the μs’ to a scattering 
power law, the full spectrum μs’ in the region from 650-1000nm can be obtained [17]. 
The absorption coefficient spectrum can then be quantitatively calculated for the same 
wavelength region using a photon transport model knowing the μs’ spectrum derived 
from the FDPM data and a scaled reflectance obtained from SS calibration. So in 
comparison to the CW technique, we recover here independtly the absorption and the 
reduced scattering for each measurement location. Finally, by performing a linear fit of 
the tissue chromophore spectra in the near infrared range to the recovered absorption 
spectrum, concentrations of HbO2, Hb, lipid, and water in the tissue can be 
quantitatively obtained [10], see section 1.5.3. By acquiring data at multiple spatial 
locations, DOS can be used to form quantitative maps of local tissue concentrations of 
HbO2, Hb, lipid and water. 
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Experimental procedures 
 
A measurement session includes calibrating the instrument, positioning the subject, 
determining and drawing the measurement grid, and measuring the breast.  
 
The calibration consists of 2 steps: the FDPM sources calibration and the SS source 
calibration. The FDPM calibration is performed by measuring a solid phantom with 
known optical properties for each laser diode. The SS calibration is performed by 
shining the SS light into a reflectance standard (an integrating sphere) with known 
absorbance and reflectance. The calibration measurements are performed before and 
after each breast measurement. 
 
The subject is usually placed in a reclined position. Then, depending on breast 
morphology and area to be scanned, the subject’s arm may be lifted up behind the 
head and/or a pillow may be placed behind the subject’s back to tilt the chest.  
Until now, the LBS has never been used for breast lesion screening; only a known 
region of interest (ROI) was measured. After determination of the ROI, a measurement 
grid is drawn on the breast. Typically, in case of patients, measurement grids will be 
defined to cover as much as possible the tumor and normal surrounding breast tissue. 
The mirrored position on the contralateral breast will be scanned as well. An example 
is shown in Figure 9 with the lesion in red. Measurements were usually performed in 
10 mm (20 mm in case of time restriction) steps in x and y directions.  

 
Figure 9. Schematic of an example of a typical measurement situation. The blue dots represent 
the measurement grid that would be drawn on the breasts. The circular grey shape represents 
the areolas and the oval red shape represents a lesion. 
 

The breast scans are performed by taking a measurement at each grid point drawn on 
the breast. Therefore the time of a scan session depends on the lesion and breast size, 
and on the operator experience. The measurement time for one grid point can be 
manually changed during a session. It usually varies from 7 s to 10 s depending on the 
type of probed tissue; for instance, tumorous tissue absorbs more than fatty tissue, 
then more time will be required to detect enough photons for the data processing. 
Typically, an experienced operator can scan a ~ 100 mm x 100 mm grid in about 20 
minutes. 
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Clinical trial with the Laser Breast Scanner 
 
The LBS has been validated in many clinical applications. It has for instance been 
applied to study tissue optical properties, monitor the healing of tissue after biopsy 
taking, to investigate differences in lesions and healthy breast tissue, and to monitor 
chemotherapy response [11-13, 15, 16, 18]. The patient data used in this thesis were 
obtained within 2 IRB approved protocols (1995-563 and 2002-2306). The goals of 
these studies were to characterize normal and cancerous tissue, and to monitor neo-
adjuvant chemotherapy response. The patients were informed and consented. 
More details on the study populations can be found in the corresponding chapter, 
chapter 6. 
 
 

2.3 Conclusion 
 
The analyses presented in this thesis, are based on data collected with 3 diffuse optical 
imaging systems: one diffuse optical tomography system using continuous-wave 
techniques, one fluorescence diffuse optical tomography system using continuous-
wave techniques and one diffuse optical spectroscopy system using a broadband 
frequency domain photon migration method. 
The two CW systems used to obtain tomographic measurements of the female breast 
were similar. In addition to using newer and better technology, the latest scanner 
provides also fluorescence imaging. A drawback of the CW technique is that it cannot 
yet separate the scattering from the absorption, and therefore, only relative values of 
absorption and chromophore concentrations were obtained. On the other hand, these 
tomographic CW systems provide 3D maps of the breast using affordable technology.  
The third technique employed for the study described in this thesis, broadband FDPM 
spectroscopy, provides quantitative functional information from breast tissue by 
quantitatively separating light absorption from scattering. By adding a steady-state 
component, the full absorption and scattering spectra can be recovered. However, the 
spatial content is limited to a single measurement point as compared to the 
tomographic capability of the 2 Philips systems. 
The use of the different instruments in the outline of this thesis is as follows: chapter 3 
reports results from a study about the average tissue optical properties based on data 
acquired from more than 300 subjects collected with the prototype DOT system 
described in section 2.1.1. In chapters 4 and 5, data acquired with the fluorescence 
DOT system, described in section 2.1.2, are used to develop 2 different tools aiming at 
improving sensitivity and specificity for lesion detection. Finally, in chapter 6, data 
acquired with the DOS system presented in section 2.3 are used to validate the 
optimization of an algorithm for lesion identification. 
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Chapter 3 

AVERAGE ATTENUATION OF 

HEALTHY AND DISEASED BREAST 

TISSUE 

Abstract 
 
We have measured the transmission of the breasts of 328 high-risk subjects using the 
Philips Optical Mammoscope as a function of distance between the source and 
detector fibers for four wavelengths. Using the diffusion approximation of the light, 
the average attenuation (± standard deviation) in healthy breasts was calculated to be 
112 ± 21, 92 ± 17, 108 ± 19 and 122 ± 17 m

-1
 at 680, 715, 780 and 867 nm. Although 

the inter-subject variation of normal breast tissue optical properties in a large 
population is high, we observe that independently of breast size, the total estimated 
attenuation did not exceed a certain value. This finding suggests that we would always 
be capable of detecting NIR light through any size of breast. We also investigated the 
correlation of the average attenuation in normal breast with age and breast volume for 
all the subjects together and grouped by age, menopausal status and breast volume. 
We observed a decrease in average attenuation with age, increased breast volume and 
post-menopausal subjects (versus pre-menopausal subjects). Although trends were 
observed between the average attenuations in breasts with different lesion types, no 
significant difference in average attenuation was found between healthy breasts and 
breasts with cysts, benign solid lesions or malignancies. This finding suggests that 
when the whole breast is considered, our instrument is not capable of measuring 
differences in attenuation of diseased and healthy breasts. 
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3.1 Introduction 
 
The female breast is a heterogeneous organ in which anatomy and physiology vary 
tremendously over time, within single subjects and between subjects. Indeed, breast 
characteristics depend on many factors such as habits, diet, family, medical history and 
genetics [1]. For instance, depending on the body-fat content, the total blood content 
in breasts can vary up to a factor of 5 or more. Besides, anatomical and physiological 
changes are occurring in breasts during several phases of the women’s life, such as 
during development, menstrual cycle, pregnancy or menopause. For instance, due to 
an increase of vascularity and water content, breast volume increases by up to 40% in 
some women during the week before the menstruation [2-4]. In terms of radiology, 
differences in breast tissue seen on a mammogram are expressed in density. Women 
with dense breast tissue have less fat and more breast cells and connective tissue in 
their breasts. 
In the last decades, research of breast cancer imaging has been focused on the 
development of new imaging methods and technologies in order to provide additional 
information about the normal and the diseased breast tissue. As opposed to the 
current breast imaging methods, such as X-ray mammography, MRI or ultrasound 
which provide structural and vascular information, diffuse optical imaging (DOI) 
provides functional information. Owing to the sensitivity of near-infrared (NIR) light to 
the main absorbers constituting the breast, such as haemoglobin (in its oxygenated 
and deoxygenated states), water and lipid, the bulk composition of breast tissue can 
be assessed using NIR imaging [5-7]. 

 
Previous clinical studies investigated the basic average optical properties of the female 
breast and their possible correlation to demographic information, such as age, body 
mass index (BMI), and breast size. They used different technologies, frequency-domain 
or time-resolved optical systems, in different configurations, reflectance or 
transmittance geometry. [8] studied the spectral transmission of the breast of 30 
Japanese women in a parallel-plate geometry using a single wavelength time-resolved 
instrument. The results show that the absorption and scattering coefficients were 
significantly negatively correlated with age, BMI and the menstrual status. [9] studied 
28 normal subjects with a frequency-domain, photon migration instrument using 7 
wavelengths. They reported a decrease in scatter power with age related to a decrease 
of breast density. They observed also a slight increase in water and total haemoglobin 
in premenopausal women followed by a drop around the age of 40 and a decline after 
menopause in water content. [5] investigated the optical properties of 52 subjects 
using a 3 wavelengths frequency-domain instrument with parallel-plate transmission 
geometry. They found a weak correlation of blood volume and reduced scattering 
coefficient with BMI. They did not find any correlation with age. [6] acquired 
measurements from 113 breasts with their time-resolved optical mammograph. Their 
results show an increase in lipid content and a decrease in water content with age and 
higher BMI. [7] used a frequency-domain instrument to measure the optical properties 
in 60 subjects. They found statistically significant inverse correlations between water 
fraction and total haemoglobin and BMI. Also, age was inversely correlated to water 
fraction and scatter power while scatter amplitude was correlated to breast diameter. 
Even though these studies used different types of technology and measurement 
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configurations, their results were consistent. Most of these clinical studies have been 
performed on rather low cohorts and/or were probing only part of the breast. Here, 
we present the results of a clinical study including 328 high-risk subjects measured by 
diffuse optical tomography (DOT) using the Philips optical Mammoscope. The average 
attenuation coefficients for both breasts were determined by transmission 
measurements through the breast. Assessment of data quality was performed in order 
to obtain a reliable dataset: any data showing measurement errors, such as for 
instance trapped air in the measurement cup or patient movement during a 
measurement, was discarded from the study. Because of the large number of subjects, 
statistical relevance could still be obtained. First, we explore the typical average 
attenuation of the normal breast measured with our optical scanner and its possible 
correlation with demographic information. Then, as some of the subjects had a biopsy 
proven lesion, the average attenuation in diseased breast was investigated and 
compared to the average attenuation of healthy breast. The purpose of this analysis is 
to determine whether the average attenuation of the whole breast may be used as a 
marker of disease. 
 
 

3.2 Materials and methods 
 

3.2.1 Instrumentation – the Mammoscope 
 
The Mammoscope is described in section 2.1.1. Briefly, it consists of a bed where the 
subject is lying on, with one breast hanging freely in a cup containing a fluid matching 
the optical properties of the average breast. The breast is illuminated sequentially 
from all sides via optical fibres that are mounted on the surface of the measurement 
cup. The light emanating from the breast is detected simultaneously from all sides. The 
system uses near-infrared light of continuous wave solid-state lasers to illuminate the 
breast at three different wavelengths (715 – later changed to 680, 780, and 867 nm). A 
complete measurement involves therefore 3 breast scans: transmission data are 
collected for the three wavelengths. This collected data gives a measure of the average 
attenuation of the whole breast. 
 

3.2.2 Theory – the attenuation coefficient 
 
The light transmitted through the breast is collected by the detectors as light 
intensities. In this strongly scattering media, the diffusion approximation (valid only if 
source and detector are immersed in a medium of very large volume as compared to 
the diffusion and attenuation length) can be used as theoretical model to describe the 
light propagation. The light transmitted and detected at distance d is thus given by 
[10]: 

 

 
d

eI
dI

d )(0





   (1) 

 



Chapter 3 

 

44 
 

0I  is the injected laser intensity into the cup,  dI is the detected light intensity for a 

distance d, the smallest distance from the source to detector, and   is the 

attenuation coefficient. In practice, we plot 







 d

I

I d

0

ln versus d , and fit a straight 

line to the measured data-points, to determine   from the slope of that line, as 
depicted in Figure 1. 

 

 
Figure 1. Attenuation coefficient fit to the transmitted intensity data collected with the 680 
nm laser from the breast of one of the subjects. The fit indicates that the optical properties of 
the fluid surrounding the breast provide a good optical match. The deviation of the points at 
small separation is due to boundary effects. 

 
In case of the optical mammography cup, the source and detector fibres are placed at 
the surface of the cup wall, hence the infinite medium approximation does not hold. 
Therefore, depending on cup geometry and reflection coefficient, the shape and slope 
of the curve in Figure 1 may be different at low source-detector distance. In order to 
calibrate our measurement cup, measurements from a known calibration sphere, 
which was designed to minimize the boundary effects, were compared to our data. 
Our data were systematically 15% lower than measured in the know measurement 
tool. Therefore, in order to have more realistic quantification, we multiplied all the 
average attenuation values with a correction factor of 1.15. 
 

3.2.3 Human subjects 
 
The study population has been described in section 2.1.1. Briefly, in the course of 
1999, a total of 328 high-risk women and women referred for further examination 
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based on a screening mammogram have been scanned with the Mammoscope. The 
study was IRB-approved and consent was obtained from each subject. Information 
about the subjects is reported in Table 1 in chapter 2. The number of subjects 
categorized by menopausal status, (PRE – premenopausal, POST – postmenopausal 
subjects) and by breast disease is given. Because of measurement errors, such as for 
instance air-bubbles trapped between breast and cup wall and breast motion during 
the scan, data from 101 subjects were not included in this study.  
 

3.2.4 Statistical analysis 
 
Unpaired student t-test was used to calculate the difference in mean average 
attenuation between two population groups. Significance was assumed at a 

confidence interval of 95% ( = 0.05) for a two-tailed distribution. In case of 
comparison of more than 2 population groups, we checked significance using both the 
ANOVA test, which compares the variance of the whole population with the variance 
of each of the sub-groups, and the student t-test for direct comparison of the sub-
groups. All error bars are those for the population. 
To investigate the relationship between 2 variables (e.g. average attenuation 
coefficient and patients’ age), we used the technique of correlation and linear 
regression. 
 
 

3.3 Results and discussion 
 

3.3.1 Average attenuation of healthy tissue 
 
Table 1 reports the inter-subject average, standard deviation (SD) and range of the 
whole breast attenuation values in our 183 healthy subjects. Depending on the 
wavelength, the inter-subject variations ranged from 14 to 19 %. In addition, the 
maximum average attenuation values are up to 2.5 folds higher than the minimum 
average attenuation values.  
 
No statistical difference is seen in attenuation between the left and right breasts, 
which corresponds to previously reported results [6, 11]. Since no statistical difference 
in average attenuation was observed between the right and the left breasts, in the rest 
of this report we will show the results using the averaged attenuation over both sides.  

 
Table 1: Inter-subject average attenuation of healthy breast tissue and standard deviation 

 ± SD (m
-1

) 
(min-max)  

680 nm 715 nm 780 nm 867 nm 

Left side 113 ± 21 (66-163) 93 ± 17 (59-129) 108 ± 18 (66-159) 122 ± 17 (79-168) 

Right side 111 ± 20 (70-167) 92 ± 17 (60-120) 107 ± 19 (66-153) 122 ± 18 (78-166) 

Both sides 112 ± 21 (66-167) 92 ± 17  (59-129) 108 ± 19 (66-159) 122 ± 17 (78-168) 

 
While most research groups present their optical data as absorption and scattering 
values, in our case, because of the nature of our measurement technique, only 
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attenuation could be obtained from the data. Using as   '3
, we calculated 

the attenuation from the absorption and scattering values found in other groups’ work 
[5, 6, 12, 13]. In Figure 2, we compare these data with our attenuation values. Even 
though the optical techniques used to scan the breast were different, we found that 
our data are in agreement with the published data.  

 

 
Figure 2. Attenuation value of normal breast tissue taken from literature – the error bars 
represent the dispersion of the data over different subjects 

 

 
Figure 3. Attenuation coefficient () times the estimated breast diameter (b) versus the 

estimated breast diameter (b) at each attenuation wavelength and for each subject 
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Figure 3 presents the graph of the attenuation times the estimated breast diameter 
versus the estimated breast diameter at each attenuation wavelength and for each 

subject. We observe a maximum absorbance (.b value) of 20 independent of breast 
size. This means that the breast size is not directly correlated with the average 
attenuation suggesting that our optical breast scanner would be capable of detecting 
light transmitted through any size breast that fits in the cup of any age subject. This 
result can be explained by the fact that larger breasts tend to have higher adipose 
content than smaller breasts [14]. Therefore, even though light travels through more 
breast tissue in larger breast, the resulting average attenuation may not be higher than 
in smaller breasts.  
 

3.3.2 Demographic and optical properties of healthy tissue 
 
To investigate the correlation between optical properties of breast and demographic 
information, we plotted the average attenuation values as a function of age and breast 
volume of each subject for each attenuation wavelength. Linear fits to these graphs 
are plotted to investigate potential correlations. 
 

 
Figure 4. Average attenuation coefficient of the left and right breasts at 780 nm versus age for 
each subject. The line represents a linear regression of the data. The correlation coefficient r is 
0.24, the slope is -0.4 with a p-value of 0.008. 
 

As shown in Figures 4 and 5, the average attenuation coefficient at 780 nm tends to 
decrease with increasing breast volume and with subject’s age, a trend which is also 
seen for the other wavelengths. The correlations observed in Figures 4 and 5 are 
statistically significant (r(N=200)>0.117, p<0.05). As mentioned in the introduction, it is 
known that the breast density decreases with age; the adipose tissue progressively 
replaces the fibro-glandular tissue, resulting in overall lower attenuation. At age 30, 
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about 90 % of women have mammographically dense breasts. In contrast, around 65 
to 70 years of age, 60 % of women have mammographically fatty breasts [15]. 
 

 
Figure 5. Average attenuation of the left and right breasts at 780 nm versus the estimated 
breast volume for each subject. The line represents a linear regression of the data. The 
correlation coefficient r is 0.49, the slope is -0.04 with a p-value of 5.10

-11
.  

 
Similar trends were observed in other research groups. [6] found the main trends to be 
in lipid and water with age. According to their data, an increase of 0.52% of lipid 
content and 0.53% of water content is seen per year of age. [16] found that scattering 
power and scattering amplitude were significantly correlated with age and breast 
diameter, respectively. On the contrary, [5] did not find any correlation between 
reduced scattering coefficient and age or with blood volume and age. These groups as 
well studied the correlation of optical parameters with other demographic 
information, such as breast density or BMI.  

 
Even though our data show a statistically significant correlation between average 
breast attenuation and age or breast volume, the strength of these relationships is 
weak, with r-squared values of 0.06 and 0.24, respectively (which correspond to r 
values of 0.24 and 0.49, respectively). In order to further analyze our data, we 
investigated the average attenuation of the whole breast in subjects grouped by age 
(age<=40, 40<age<=60 and age>60), menopausal status and by breast volume 
(V<=200, 200<V<400 and V>=400 ml). We expect that by sub-sampling the subject 
population, the inter-subject biophysical variations within the same subjects’ group 
would be minimized. As the changes in breast physiology happen gradually over time, 
we categorized the women ages in 3 categories: young (<40 year old) with an expected 
high percentage of dense breast, old (>60 year old) with an expected high percentage 
of fatty breast and in between. To explore whether the step from pre-menopause to 
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post-menopause induces a change in the breast physiology that could be observed 
with DOT, the menopausal status was also investigated. 
 
Table 2: Average attenuation, standard deviation (SD) and range (minimum-maximum) of both 
breasts of healthy subjects, by subject’s age, menopausal status, breast volume and all 
subjects together 


Mean average attenuation and SD (min - max) (m

-1
)

 
680 nm 715 nm 780 nm 867 nm 

Age <= 40 
112 ± 21  
(75-121) 

95 ± 16  
(76-120) 

111 ± 17  
(77-150) 

125 ± 16  
(93-166) 

40 < Age <= 60 
115 ± 21  
(66-167) 

91 ± 15  
(66-121) 

109 ± 19  
(67-159) 

123 ± 18  
(81-168) 

Age > 60 
103 ± 13 
(69-125) 

95 ± 22  
(59-129) 

100 ± 15  
(66-131) 

115 ± 15  
(78-143) 

PRE 
118 ± 23  
(66-167) 

97 ± 17  
(71-121) 

114 ± 20  
(67-159) 

127 ± 18   
(81-168) 

POST 
107 ± 16  
(69-152)  

91 ± 17  
(59-129) 

103 ± 16 
 (66-144) 

118 ± 16  
(78-164) 

Breast volume <= 
200 ml 

125 ± 19  
(79-161) 

105 ± 15  
(75-120) 

121 ± 17  
(79-159) 

134 ± 15  
(94-166) 

200 < Breast 
volume < 400 ml 

115 ± 18  
(83-167) 

95 ± 18  
(66-129) 

110 ± 16  
(74-158) 

125 ± 15  
(89-168) 

Breast volume >= 
400 ml 

101 ± 19  
(66-153) 

90 ± 12  
(70-121) 

98 ± 16  
(67-150) 

113 ± 15  
(81-163) 

All 
112 ± 21  
(66-167) 

92 ± 17   
(59-129) 

108 ± 19  
(66-159) 

122 ± 17  
(78-168) 

 
Table 2 shows the mean average attenuation values of our healthy subjects 
categorized by age, menopausal status and breast volume. As expected, 
premenopausal subjects and subjects at young age (<40) and subjects with small 
breast volume (<400 ml) have higher breast attenuation than postmenopausal 
subjects, older subjects (>60) and subjects with large breasts (>=400 ml), respectively. 
Independently of age, the means average attenuation, for the 3 wavelengths 680, 780, 
and 867 nm, are found to be statistically different between the volume groups (Anova, 
p-value <3.10

-5
). Stratisfied by age groups, this result remains valid only for subjects 

between 41 and 60 year old (Anova, p-value <2.10
-3

) for the 3 wavelengths, and for 
subjects older than 60 (Anova, p-value <0.03) at 680 nm only. The results suggest that 
the breast volume is not a varying factor for the average attenuation for the 3 
wavelengths for subjects under 41  and for 780 and 867 nm for subjects above 60 year 
old. Using the student t-test, independently of age, the means average attenuation 
were statistically different between all groups (student t-test, p-value < 0.007). Then, 
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independently of breast volume, the means average attenuation, at 680 nm only, are 
found to be statistically different between the age groups (Anova, p-value <0.03). 
Stratisfied by volume groups, the means were not statistically different between age 
groups. This result suggests that age is not a varying factor for the average attenuation 
for the 3 wavelengths for subjects with any breast volume. Using the student t-test, 
independently of breast volume, the means average attenuation were statistically 
different between all groups (student t-test, p-value < 0.007) except between subjects 
from 40 to 60 year old and subjects younger than 40.  
Too little data at 715 nm is available for reliable statistics.  
 
Figure 6 shows the graph of the average attenuation versus the estimated breast 
volume with the subjects grouped by age category. We observe a slight decrease in 
correlation between the average attenuation and the breast volume in case of subjects 
above 60. This result suggests that the variations of glandular tissue content with 
breast size in young women are larger than in old women, a result that has been 
reported before [11]. Furthermore, at equal breast volume below ~600 ml (Figure 6), 
the linear regression of breasts of young subject (<40) shows higher a attenuation than 
the linear regression of breasts of old subjects (>60). This finding suggests that breasts 
of young women have a mammographically higher density than breasts of old women 
at equal breast volume. 

 

 
Figure 6. Average attenuation of the left and right breast at 780 nm versus the estimated 
breast volume for all subjects divided over age categories. The lines represent the linear 
regressions of the data. For subjects with age<=40, 40<age<=60, age>60 and all subjects, the 
correlation coefficients r are 0.5, 0.4, 0.5 and 0.5, respectively; the slopes are -0.04, -0.04, -0.03 
and -0.04, respectively; the p-values are 10

-5
, 4.10

-12
, 2.10

-5
 and 5.10

-11
, respectively. 

 
Figure 7 shows the graph of the average attenuation versus the estimated breast 
volume with the subjects grouped by menopausal status. The variation of the average 
attenuation coefficient with the estimated breast volume is slightly stronger for the 
premenopausal subjects. As most subjects under 40 year old are premenopausal and 
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most subjects above 60 year old are postmenopausal, this trend was already observed 
in Figure 6. 
 

 
Figure 7. Average attenuation of the left breast at 780 nm versus the estimated breast volume 
for each subject divided over menopausal status categories. The lines represent the linear 
regressions of the data. For PRE, POST and all subjects together, the correlation coefficients r 
are 0.5; the slopes are -0.05, -0.03 and -0.04, respectively; the p-values are 2.10

-11
, 2.10

-12
 and 

5.10
-11

, respectively. 

 
Even though trends can be observed between the average attenuation and age or 
breast volume when the subjects are categorized by age, menopausal status or breast 
volume, the correlation remains similar to when all the subjects are considered. It 
seems that the average breast attenuation is influenced by many more factors than 
those investigated here. The knowledge of typical compositions of breasts depending 
on subject’s age and breast size would be of interest to improve the outcome of breast 
examination with DOT. 
 

3.3.3 Average attenuation of cancerous breasts 
 
In this section, we compare the mean average attenuation of normal breasts with the 
mean average attenuation of breasts containing a lesion. The purpose is to investigate 
whether diseased breasts can be distinguished from healthy breasts based on the 
average optical properties. 
 
As depicted in table 3, no significant difference in average attenuation was found 
between healthy breasts and breasts with cysts, benign solid lesions or malignancies. 
Even though the differences are not statistically significant, some trends were 
observed: cystic breasts and breasts with malignancy seem to have higher attenuation 
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than healthy breasts. The weakness of these trends could be explained by the fact that 
the whole breast is probed and not only a region of interest around the lesion. 
Differences in localized attenuation between cystic and malignant tissue and healthy 
tissue could probably be measured with our system. 
 
Table 3: Average whole breast attenuation and inter-subjects standard deviation for breasts 
with benign solid lesion, cyst, malignant lesion and for healthy breasts 

Mean average attenuation  and SD (min - max) (m
-1

) 

  680 nm 780 nm 867 nm 

Benign solid lesion 110 ± 18 (77-139) 109 ± 16 (82-136) 126 ± 18 (101-160) 

Cyst 125 ± 18 (82-158) 115 ± 15 (81-136) 130 ± 18 (95-167) 

Malignancy 115 ± 26 (76-178) 112 ± 20 (77-159) 126 ± 16 (92-154) 

Lesion free 112 ± 21 (66-167) 108 ± 19 (66-159) 122 ± 17 (78-168) 

 
 

3.4 Conclusion 
 
The average attenuation value of the whole breast was investigated using the 
Mammoscope. The mean average attenuations were 112, 92, 108 and 122 m

-1
 at 680, 

715, 780 and 867 nm, respectively, and with a standard deviation of 21, 17, 19 and 17 
m

-1
, respectively. Independently of breast size, the total estimated attenuation did not 

exceed a certain value, suggesting the possibility of the instrument to detect NIR light 
through any size breast. Statistically significant negative, but weak, correlations 
between the average attenuation and the subjects’ age, menopausal status and breast 
volume were observed. No significant difference in average attenuation was found 
between healthy breasts and breasts with cysts, benign solid lesions or malignancies. 
In conclusion, we gained insights into breast average attenuation, however for breasts 
considered as a whole, the instrument was not capable of measuring differences in 
attenuation of diseased and healthy breasts.  
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Chapter 4 

STATISTICALLY COMBINED 

ABSORPTION AND FLUORESCENCE 

The results on phantom measurement presented in this chapter were published in 
“Optical mammography: improved sensitivity by combined absorption and 
fluorescence analysis”, Anaïs Leproux, Marjolein van der Voort, Rik Harbers, Wim 
Verhaegh, Leon Bakker, Tim Nielsen, Bernhard Brendel, Martin van der Mark, proc. 
SPIE Photonics West, pp. 7174-37 (2009)  
 
 

Abstract 
 
We present a method to enhance tumor detectability in breasts imaged with our 
optical fluorescence mammography system. During a measurement, transmission data 
at 4 wavelengths and fluorescence data for excitation at 1 wavelength are collected 
after injection of an optical contrast agent. The data are reconstructed into 3D images 
of the absorption and fluorescence distributions. Using a statistical method, the linear 
discriminant analysis, we explore the existence of patterns in the datasets to 
characterize and separate various breast tissue compounds. Here, we first investigate 
the relevance of the statistical method in phantom experiments. We then apply the 
method to patients’ measurements. 
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4.1 Introduction 
 
Diffuse Optical Tomography (DOT) imaging is an emerging technique for imaging the 
body. It generates absorption images using measurements of visible or near-infrared 
light through rather large amount of biological tissue. A potential application of DOT is 
breast cancer imaging [1]. Besides, DOT imaging is used more and more by research 
groups in combination with modalities, such as X-ray mammography [2, 3], ultrasound 
[4, 5], MRI [6, 7] or fluorescence imaging [8, 9].   
Philips has recently developed a technology for imaging of breast cancer that exploits 
the combination of a diffuse optical tomography system and a fluorescent contrast 
agent [10]. A clinical trial has been conducted with the Philips system in order to study 
its clinical relevance and the performance of the contrast agent used. 
Here, a statistical method is investigated to enhance the sensitivity of the Philips DOT 
system. Therefore, a linear discriminant analysis tool is employed in which the 
combined data is used to detect suspicious regions. This article presents the results of 
the investigation with this statistical method on phantom and patient measurements. 
 
 

4.2 Materials and methods 
 

4.2.1 Instrumentation 
 
A description of the Philips scanner used in this chapter, fDOT system, is presented in 
[10] and in section 2.1.2. This scanner combines a DOT system and a fluorescent 
contrast agent. During a measurement, the patient who received an injection of dye, is 
lying on a bed, with one breast hanging freely in a cup containing an optical matching 
fluid. The breast is illuminated sequentially from all sides via 253 optical fibers that are 
mounted on the surface of the measurement cup. Another 254 fibers are used for 
parallel probing of the light emanating from the breast for each illumination position. 
The system uses near-infrared light of continuous wave solid-state lasers to illuminate 
the breast at four different wavelengths (690, 730, 780, and 850 nm). A complete 
measurement involves five breast scans: transmission data are collected for the four 
wavelengths, and fluorescence data for excitation at one wavelength. The excitation 
light is filtered from the fluorescent light emitted by the contrast agent. At last, the 
detected signals are reconstructed into three-dimensional absorption images –one 
image per wavelength, and into a three-dimensional image of the fluorescence 
emission. 
 

4.2.2 Fluorescent contrast agent: Omocianine 
 
The fDOT system and the fluorescent contrast agent omocianine have been used in a 
clinical trial with patients. This non-targeted contrast agent has been tested for 
efficacy and safety. The absorption and emission wavelengths ranges of the 
omocianine are in the near-infrared, see Figure 1. The wavelength 730 nm is used as 

excitation wavelength for the omocianine. [11] 
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Figure 1. Normalized absorption, solid line, and emission, dotted line, spectra of omocianine 
dissolved in human serum. The 730 nm wavelength used as excitation is indicated by the 
vertical line. 

 

4.2.3 Phantom measurements 
 
Figure 2 (a) shows the two hollow Delrin objects with a double-cone shape that were 
used as phantom-lesions in this study. The large phantom-lesion (L) has a diameter of 
20 mm and volume of 2.1 ml. The medium sized phantom-lesion (M) has a diameter of 
15 mm and a volume of 0.9 ml.  
 

 

 
(a) (b) 

 
Figure 2. (a) Picture of the phantom lesions, L and M of 20 and 15 mm diameter. (b) 
Representation of the measurement cup. The red spots are the fibers used as sources and 
detectors. The blue double-cone represents the phantom lesion at its measurement location in 
the cup. 

 
A phantom measurement is performed with the cup filled with a combination of the 
fluorescent dye and a fluid matching the optical properties of average breast. A 
phantom lesion (see Figure 2 (a)) filled with the optical matching fluid, mixed with the 
same dye at a different concentration is suspended by a thin thread in the cup at the 
position shown in Figure 2 (b). This measurement situation, a lesion in a background, 
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imitates the case of a diseased homogeneous breast with a size fitting the 
measurement cup. 
Each of the phantom-lesions shown in Figure 2 (a) is scanned with the fDOT system. To 
mimic the specific extravasation of the dye in the tumor, the phantom-lesions are filled 
with a solution of 25 nM concentration of dye, while the concentration in the 
background is 5 nM. Our model does not include the breast morphology and anatomy, 
such as nipple and glandular tissue, and other inhomogeneities present in the breast. 
The 2 datasets (each comprising fluorescence intensity and absorption values for 690 
nm, 730 nm, 780 nm and 850 nm) obtained scanning the 2 different phantom-lesions 
M and L will be called for simplicity dataset lesion M and dataset lesion L, respectively. 
In the analysis presented in this paper, the phantom lesons are assumed to be 
sphererical. For instance, for a double cone phantom of 20*20 mm size (height and 
diameter), a 20 mm diameter sphere was used in the analysis instead, an assumption 
that is realistic due to the low resolution of DOT imaging. 
 

4.2.4 Patients 
 
We investigated the data of 4 patients previously scanned with the fDOT system during 
a clinical trial, see chapter 2 section 2.1.2. The patients presented in this chapter are 
renumbered; they correspond to patients 2 to 5 in chapter 2 and chapter 5. The study 
protocol was approved by the ethics committee, and written informed consent was 
obtained from all patients. A total of 5 invasive ductal carcinomas were determined 
pathologically with core biopsy. Patient 4 had bilateral lesions. Patients’ information is 
shown in Table 1. Since the goals of the clinical study included the assessment of the 
diagnostic efficacy and target dose of the fluorescent contrast agent Omocianine, 
different doses of drug were administrated to different patient groups. 
 
In the 4 patients, baseline optical images were acquired for both breasts. Then 
Omocianine was injected intravenously in the patient. After injection, optical images 
were acquired up to 24 hours, with 8 and 5 imaging time points for the ipsilateral and 
contralateral breasts, respectively. The ipsilateral breast was scanned immediately, 30 
minutes, 1 hour, 1.5 hours, 2 hours, 4 hours, 8 hours, and 24 hours after the dye 
injection. The contralateral breast was scanned 1 hour, 2 hours, 4 hours, 8 hours and 
24 hours after dye injection. 
 
Table 1: Patients’ information 

Patient Age Contrast agent dose (mg/kg) Lesion type Largest lesion size on MRI (mm) 

1 81 0.01 ILC 29 
2 59 0.01 IDC 18 
3 74 0.02 IDC 24 

4* 40 0.02 IDC and IDC 74 and 10 
*Bilateral lesions; IDC – Invasive Ductal Carcinoma ; ILC – Invasive Lobular Carcinoma 

 

4.2.5 Data classification 
 
Data classification is a statistical tool to help categorizing data. Here, the so-called 
“supervised” classification is studied. “Supervised” classification means that each 
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object of the dataset (i.e. a voxel here) has a pre-assigned class-label [12]. Then the 
task consists of training the classifier to give correct data predictions. Ideally, the data 
classification would find the lesion without any prior information such as a selection of 
suspicious regions. 
The data classification is performed by the so-called Linear Discriminant Analysis (LDA) 
[13]. The purpose of Discriminant Analysis is to classify objects into one of two or more 
groups (or classes) based on a set of features that describe the objects. Here, the 
objects are the voxels, the groups are “lesion” or “non-lesion” (case of 2 classes-LDA) 
and the set of features that describe the objects, i.e. fluorescence and absorption 
values of each voxel.  
The LDA is applied for a relatively simple model as discussed in section 4.2.3 in case of 
the phantom measurements: it consists only of a lesion and a background as if the 
diseased breast was fitting entirely the measurement cup. Therefore, a 2 classes-LDA is 
used; only 2 groups are classified (“lesion” and “non-lesion”). In the case of a real 
breast measurement, a multiclass-LDA is more appropriate: other groups can then 
defined such as “areola” or “non-malignant structure”. 
Starting with various classes within a training dataset, the LDA finds a linear 
transformation defining a space where the projected classes would be the best 
separated. Figure 3 shows an example of Gaussian curves representing possible 

distributions of signal in the lesion and non-lesion areas, with lesion, non-lesion the 

centers and lesion, non-lesion the Half Width at Half Maximum of the curves. Training a 
classifier consists thus of maximizing equation (1). 
 

22

lesionnonlesion

lesionnonlesion












 (1) 

 

 
Figure 3. Two Gaussian curves defined by their center lesion and non-lesion and by their Half 

Width at Half Maximum lesion and non-lesion, and representing the distribution of the signal of 
the 2 classes in the training dataset: “lesion” and “non-lesion”. 

 
Once the classifier is trained, it is applied on the 2 (or more) classes of a test dataset. In 
other words, each class of the test dataset is projected into the space obtained during 
the training. With a perfect labeling of the test dataset, each class should be projected 
correctly on its corresponding dimension. In practice, part of the labeled voxels of the 
test dataset is classified in the wrong class, which means that the classifier predicts 
voxels in a different class than the labeling. 
In that perspective, the voxels labeled as “lesion” and predicted correctly as “lesion” 
are called True Positive (TP); the voxels labeled as “lesion” and predicted incorrectly as 
“non-lesion” are called False Negative (FN); the voxels labeled as “non-lesion” and 



Chapter 4 

 

60 
 

predicted incorrectly as “lesion” are called False Positive (FP); and the voxels labeled as 
“non-lesion” and predicted correctly as “non-lesion” are called True Negative (TN). The 
equations (2), (3) and (4) show the definition of the sensitivity, the specificity and the 
positive predictive value. 
 

Sensitivity 
FNTP

TP


  (2) 

Specificity 
FPTN

TN


  (3) 

Positive predictive value 
FPTP

TP


  (4) 

The LDA is studied here in 2 different ways. The prediction of test datasets is used to 
validate their labeling, which means that the labeled lesion of the test dataset is 
validated (or not) as being lesion in the prediction of the LDA. Another way of studying 
the results of the LDA consists of using the linear transformation calculated by the LDA. 
The absorption data at the four wavelengths and the fluorescence intensity data can 
be (linearly) combined with the coefficients of this transformation. The image resulting 
of this combination is called “combined image”. It is expected that combining the 
information from absorption and fluorescence data will help improving the sensitivity 
of the system. 
 

4.2.6 Lesion analysis 
 
To quantify the visibility of the phantom-lesion, the contrast-to-noise ratio (CNR) is 
determined: 

background

backgroundlesion II
CNR




  (5) 

With Ilesion the average parameter value inside a sphere of the lesion radius at the 
location of the center of the lesion, Ibackground the average parameter value in the 
background (i.e. area included in the measurement cup excluding the lesion) and 

background the standard deviation of the parameter value in the background. The size of 
the lesion is determined from the Full Width at Half Maximum (FWHM) measurement 
of the intensity profile along a line through the lesion center.  
The predicted lesion and non-lesion groups are defined by a certain amount of voxels. 
Therefore, the CNR is calculated a second time, in a slightly different way: using (5), 
but Ilesion is the average parameter value of the voxels predicted as lesion, Ibackground is 

the average parameter value of the voxels predicted as non-lesion and background the 
standard deviation of the parameter value of the voxels predicted as non-lesion.  
 

4.2.7 Procedure 
 
In this study we will perform the following procedure. First we will test the validity of 
the LDA on the phantom measurements data collected with the fDOT system, with the 
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purpose of improving the sensitivity of the system in 2 different ways: using the LDA as 
a statistical tool to validate the phantom-lesion seen in the absorptions or fluorescence 
images and using the LDA to combine in an optimized way the absorptions and 
fluorescence data to improve the lesion visibility (CNR). Thereto (see section 4.2.4), the 
classifier used for the data analysis needs to be trained. A dataset, the training dataset 
(M or L), is used for the training of the classifier. Then, the studied dataset, the test 
dataset (L or M), is classified with the trained classifier.   
In case that the LDA procedure does not improve the detection statistics or the 
visibuility of the lesions, an iterative method to optimize the training of the classifier 
can be utilized. The classifier is trained several times with a new definition of the 
classes at each training: the prediction of the classification of the training dataset is 
used as label for the training dataset of the new classifier. This process, depicted 
schematically in Figure 4, is repeated a couple of times. 
On the patient data set we investigate whether the tumor data contain specific 
information that can be recognized by a classifier. Therefore, from the datasets of each 
patient at 8 hours after dye injection, 75% of of the data voxels are used as training 
set, while the remaining 25% is used as testing the classifiers (tumor). Classifiers 
trained to recognize tumors should not predict the areola, normal structures and 
artefacts as tumors. To verify this, the areola and three non-malignant structures is 
tested for each patient at 8 hours after dye injection using a multi-class LDA. Finally, 
we investigate whether a LDA trained on a “standard” dataset can predict or confirm 
tumors from other datasets. Thereto, a two-class (“tumor” and “non-tumor” groups) 
LDA trained on patient 1 at 8 hours after dye injection is tested on patient 4 at 8 hours 
after dye injection. 

 
Figure 4. Process of the iterative training 

 
 

4.3 Phantom results and discussion 
 

4.3.1 Proof of principle 
 
This section studies the validity of the LDA on the phantom measurements data 
collected with the fDOT system. At first, the training dataset is the dataset lesion M 
and the test dataset is dataset lesion L.  Both datasets, training (dataset lesion M) and 
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test (dataset lesion L), are labeled: the voxels located in a respectively 15 mm and 20 
mm diameter spheres located at the center of the lesion are labeled as “lesion”, the 
rest of the voxels are labeled “non-lesion”. A classifier is then trained with the training 
dataset and applied to the test dataset. The prediction of this classification is studied 

and shown in Table 2. 

 
Table 2: Sensitivity, specificity and positive predictive value of the prediction of test dataset 
lesion L with a classifier trained with dataset lesion M 

 

Sensitivity 100% 

Specificity 98.7% 

Positive predictive value 10% 

 

The sensitivity of the prediction is 100%, which means that all the voxels labeled as 
lesion have been correctly predicted as lesion. The specificity is not 100%, which 
means that voxels from the non-lesion class have been predicted as lesion. However, 
due to the large amount of voxels in the non-lesion class as compared to the lesion 
class, the “few” non-lesion voxels predicted as lesion (FP) actually represent an 
important amount of voxels as compared to the number of voxels labeled and 
predicted as lesion (TP). Consequently, the positive predictive value is rather low. 
Because the number of FP is quite high compared to the TP, the sensitivity is 100% and 
this classification is able to validate the lesion as a lesion. Figure 5 shows 2 absorption 
images at 690 nm of the test dataset with in middle grey the voxels predicted as lesion 
and in dark grey the labeled lesion. The left image is at the lesion position. This image 
shows clearly that the classifier predicts the lesion around the labeled lesion inducing a 
predicted lesion larger than the labeled lesion. This could be indeed expected because 
it is the direct consequence of the low resolution of DOT. The right image is at the cup 
rim. It shows that some voxels, which represent image artifacts, are predicted as 
lesion.  
 

 

Figure 5. Absorption image at 690nm of the dataset with lesion L. The middle grey spots 
represent the voxels predicted as lesion; the dark grey spots represent the labeled lesion. On 
the left pane, cross-section located on the lesion, on the right pane, cross-section located at 
the cup rim where an accumulation of false positive corresponding to artifact stands. 

 

Next, the linear combination of the absorption images and the fluorescence image of 
the test dataset together with the transformation calculated by the LDA is performed. 
The combined image resulting from that combination is shown Figure 6. In table 2, the 
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CNR of the lesion is compared to the CNR found in the absorption and fluorescence 
images. 
 

 

Figure 6. Image of the linear combination if the absorption images and the fluorescence image 
of dataset lesion L.  

 

Table 3 shows that the CNR of the lesion calculated in the combined image is higher 

than the CNR of the lesion calculated in the fluorescence or absorption images and 
higher than the predicted lesion in the fluorescence or absorption images. By 
combining the absorptions and fluorescence data with the linear transformation given 
by the LDA, the CNR of the lesion increases slightly: it is in the range of the best CNR 
given by the single images. Albeit that it has no physical meaning, it should be noticed 
that the CNR of the lesion in the combined image is negative. 
 
Table 3: Table reporting the CNR (and its standard deviation (SD) when applicable) of the 
lesion in the combined image of the test dataset lesion L (classifier trained with dataset lesion 
M) and in the fluorescence and absorption images of the dataset lesion L. 

 CNR lesion  (+/- SD) CNR predicted lesion 

Fluorescence 4.6 (+/-0.2) 3.3 

Absorption at 690 nm 2.6 (+/-0.3) 1.7 

Absorption at 730 nm 5.5 (+/-0.2) 4.7 

Absorption at 780 nm 6.8 (+/-0.2) 6.3 

Absorption at 850 nm 5.9 (+/-0.2) 4.8 

Combined image -6.9 (+/-0.1)  

 
The investigation of the opposite situation (training dataset lesion L, test dataset lesion 
M) shows that the classifier cannot predict the lesion. In certain cases, the predictions 
are not reliable. Indeed either a high amount of artifacts are predicted as lesion or 
worse, the lesion is not predicted as lesion. On the other hand, the CNR of the lesion in 
the combined image is significantly higher than the CNR of the lesion in the absorption 
or fluorescence images. The sensitivity of the fDOT system is thus improved.   
 

4.3.2 Optimization of the data classification 
 
The use of iterative training of the classifier has been investigated using a situation 
where the classifier does not predict the lesion as lesion: training dataset lesion L and 
test dataset lesion M. The classifier has been trained six times. To look at eventual 
improvements, the six classifiers resulting from the six training steps were applied on a 
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test dataset, dataset lesion M. The results of the six predictions are shown in Figure 7. 
At the first iteration of the training, the classifier clearly does not give good 
predictions: even when the specificity is 100%, the sensitivity is almost null, which 
means that the classifier does not predict the lesion. At the second iteration, the 
classifier improves significantly: the specificity decreases slightly but the sensitivity 
increases above 90%. The lesion is almost entirely predicted as lesion by the classifier. 
Then at the third iteration of the training, the sensitivity reaches 100%, and the 
specificity decreases again slightly. At that iteration, the classifier is the best trained. 
Indeed, the fourth iteration degrades the classifier: it induces only a decrease in 
specificity, the sensitivity being already at 100% since the previous step. From the fifth 
iteration, the training does not induce anymore changes, neither in sensitivity nor in 
specificity.  
 

 
Figure 7. Sensitivity versus (1-specificity) of the classifier trained six times on dataset lesion L 
and tested on dataset lesion M. 

 

From Figure 7, one can say that this iterative way of training improves considerably the 
classification. After investigation of different datasets classified by this iterative 
classification, it appeared that a minimum of 5 iterations are required.  
The absorption and fluorescence data of dataset lesion M and of the coefficient of the 
classifier trained with dataset lesion L is combined linearly for each iteration of the 

training. The CNR of the lesion in the resulting combined images for each training of 

the classifier follows the same trend as the sensitivity. It increases significantly from 
the first to the second iteration and then stabilizes for the rest of the iterations. Table 
4 shows that the CNR of the lesion in the “combined image” (at iteration 4) is higher in 
absolute value than the CNR of the lesion in the absorption and fluorescence images.  
 
The iterative training of the classifier improves the predictions of the classification. Too 
much training degrades the specificity of the classifier but it eventually converges to a 
point where the training has no more influence on either the specificity nor the 
sensitivity. The CNR of the lesion in the combined image is improved by the iterative 
training. 
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Table 4: CNR (and its standard deviation (SD)) of the lesion in the fluorescence and absorption 
images of the dataset lesion M and in the “combined image” of the test dataset lesion M 
(classifier trained with dataset lesion L) 

 CNR lesion  (+/- 
SD) 

Fluorescence 2.3 (+/-0.2) 

Absorption at 690 nm 1.5 (+/-0.3) 

Absorption at 730 nm 3.5 (+/-0.2) 

Absorption at 780 nm 4.4 (+/-0.2) 

Absorption at 850 nm 3.4 (+/-0.2) 

Combined image - Iteration 4 -5.0 (+/-0.1) 

 

4.3.3 Discussion 
 
A two-class LDA data classification approach has been investigated on phantom 
measurements obtained with the Philips optical mammography system, fDOT system. 
A known dataset trains the classifier, which then provides a prediction on a test 
dataset. The prediction shows how many voxels from the original labeled classes are 
indeed predicted as its class label by the classifier. In the first case studied (training 
dataset lesion M, test dataset lesion L), the classification is able to predict all the voxels 
from the labeled lesion as lesion. The labeled lesion of the test dataset is validated as 
being a lesion by the classifier. This case shows that there is a possibility that this 
method, when applied to patient measurement, could confirm suspicious features as 
being lesion in very inhomogeneous images. Moreover, training various classifiers with 
appropriate dataset including different lesion types would probably specialize the 
classification to different lesion types. It means that certain classifiers would be 
dedicated to a lesion type. The aim is to permit the discrimination between benign and 
malignant lesions by comparing the predictions of the different classifiers on the 
suspicious area. Furthemore, the coefficient of the trained classifier are used to 
linearly combine the absorption and fluorescence data of the test dataset. The CNR of 
the lesion in the resulting combined image is slightly higher than the CNR of the lesion 
in the single fluorescence or absorptions images. If the CNR of the lesion can be 
enhanced with the use of the LDA, the detection of difficult lesions that were not 
visible in the single fluorescence or absorptions images will be feasible. Consequently, 
LDA would help to detect small lesions or lesions in very dense breasts. This data 
classification is nevertheless not optimized yet. Indeed, the CNR of the lesion in the 
combined image is only slightly enhanced and for certain situations, for instance in 
case of the training dataset lesion L and test dataset lesion M, the classifier cannot 
predict the lesion.  
 
A method to improve the sensitivity of the classification has been investigated using 
the phantom measurements. The method consists of iterating the training of the 
classifier using the results of the prediction as label for the next training. It shows an 
important increase of the sensitivity of the classification for each iteration of the 
training; in the case showed in this article, the sensitivity reaches 100% at the third 
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iteration. This increase in sensitivity is unfortunately coupled with a decrease in 
specificity, i.e. an increase in number of FP. Fortunately, after a couple of iterations (in 
the case showed here, at the fifth iteration), these trends converge to a point where 
the training has no more influence on the classification. This optimization of the 
training of the classifier improves significantly the sensitivity of the classification: now, 
all lesions are predicted as lesion by any classifier. Moreover, the CNR of the lesion in 
the combined images is increasing especially at the first iteration of the training of the 
classifier. As a conclusion, this optimization of the training of the classifier significantly 
improves the sensitivity of the classification in phantom measurements. 
 
 

4.4 Patients results and discussion 
 
The proof of principle has been verified in phantom measurements. We investigate in 
this section the benefit of the method in patient data. 
 

4.4.1 Tumors and normal structures discrimination 
 
To determine whether tumor data contain specific information that can be recognized 
by a classifier, training and testing classifiers on 75% and 25%, respectively, of the 
datasets of each patient at 8 hours after dye injection was performed. As depicted in 
Table 5, all lesion voxels are classified as lesion in all patients. The low PPV reflects the 
fact that the predicted lesions are larger than the true lesion sizes. This result suggests 
that the tumor has a specific pattern within the fluorescence and absorption data that 
the classifier was able to isolate during the training and reproduce for the testing. 
 
Table 5: Mean, standard deviation and range of sensitivity, specificity and positive predictive 
value of LDA trained and tested on dataset at 8 hours after dye injection for all patients  

sensitivity 
100±0 

(100-100) 

specificity 
99.6±0.1 

(99.6-99.8) 

PPV 
15.5±12 

(5.7-32.9) 

 
Ideally, the LDA method would be able to validate tumors in heterogeneous breast. 
Classifiers trained to recognize tumors should thus not predict the areola, normal 
structures and artefacts as tumors. To verify this, the areola and three non-malignant 
structures were tested for each patient at 8 hours after dye injection using a multi-
class LDA. Figure 4 shows an example of the 3 artefacts tested by the classifier for 
patient 2. In patient 1, 2 and 3, all the non-malignant structures were predicted as non-
malignant. About 9% of a structure in patient 4 was predicted as malignant. This 
structure corresponds to the glandular tissue. The lesion appears to be connected to 
the glandular structure in the MRI. This may explain the difficult discrimination 
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between part of the structure and the lesion. For all patients, no lesion was predicted 
as any of the non-malignant structures.  
 

 
 

 
 

Figure 4. Patient 2: fluorescence images at 8 hour after dye injection. The arrows point at dark 
grey areas (fake colorscale) corresponding to three non-malignant structures used to test the 
specificity of the classifier. 

 

4.4.2 Lesion detection 
 
We want to investigate here whether a LDA trained on a “standard” dataset could 
predict or confirm tumors from other datasets. A two-class (“tumor” and “non-tumor” 
groups) LDA was trained on patient 1 at 8 hours after dye injection and was tested on 
patient 4 at 8 hours after dye injection. It was found that 63% of the background 
normal tissue of patient 4 was predicted as tumor. In addition, the areola and 3 non-
malignant structures were all 100 % predicted as tumor. The iterative training does not 
help optimizing the prediction.  
Random combinations of patient dataset were performed to train and test different 
classifiers. None of them were conclusive. The iterative LDA training and the use of 
multi-class LDA did not seem to improve the classification technique. 
 

4.4.3 Discussion 
 
The LDA in patient was first trained and tested within unique datasets. We observed in 
the 5 patients that a classifier trained on 75% of a dataset could validate a tumor in the 
25% of the dataset left with 100 % sensitivity and very high specificity. The high 
sensitivity indicates that there are underlying characteristics of malignancy that the 
classifier is able to use for discrimination. The PPV can be as low as about 6%; this is 
due to the fact that the predicted lesions are larger than the true lesion sizes. The LDA 
was able to accurately predict normal structures as non-malignant in the case of 
relatively fatty breast. We observe in patient 4, a 40 y.o. patient, that the performance 
of the LDA was limited in the presence of glandular tissue: part of the glandular tissue 
was classified as tumor. The use of a three-class LDA, (“tumor”, “glandular tissue” and 
“rest”) may improve the specificity of the classifier. This would be an interesting point 
to investigate further in more patients with dense breasts.  
The inter-patient classification was inconclusive. The data seemed to be uncorrelated 
from patient to patient. In the 5 studied patients, 2 different doses of contrast agent 
were administered. The patients’ age varied from 40 to 81, resulting in different 
normal physiology [14]. This may explain the failure of the LDA to classify patient with 
one another. By accounting for individual physiological variations, such as variations in 
breast density, a general pattern in the data should exist and would thus permit the 
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discrimination of tumors from background in any patients. More work and a larger 
patient population are required to achieve this, and before LDA can be used for lesion 
detection. 
 
 

4.5 Conclusion 
 
In this article, a two-class LDA data classification approach is investigated in phantoms 
in order to improve the sensitivity of the Philips DOT scanner. The LDA, with specific 
optimizations, can validate the presence of phantom-lesions. Besides, the linear 
combination of the absorptions and fluorescence data using the LDA coefficient 
increases the CNR of the phantom-lesion, enhancing the sensitivity of the system. 
Applied to patients, the LDA trained and tested on a unique dataset can validate 
tumors and rule out normal structures as malignant with high sensitivity and 
specificity. The performance of the LDA is limited for inter-patients classification. 
 
This work is supported by a European Commission Marie Curie contract MEST-CT-
2004-007832. 
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Chapter 5 

COMBINING OPTICAL AND 

FLUORESCENCE IMAGING IN 

SCATTERPLOTS 

Published as “Optical mammography combined with fluorescence imaging: Lesion 
detection using scatterplots”, Anaïs Leproux, Marjolein van der Voort, Martin B. van 
der Mark, Rik Harbers, Stephanie M.W.Y. van de Ven, Ton G. van Leeuwen, Biomedical 
Optics Express, Vol. 2, Issue 4, pp. 1007-1020 (2011)  
 
 

Abstract 
 
Using scatterplots of 2 or 3 parameters, diffuse optical tomography and fluorescence 
imaging are combined to improve detectability of breast lesions. Small or low contrast 
phantom-lesions that were missed in the optical and fluorescence images were 
detected in the scatterplots. In patient measurements, all tumors were visible and 
easily differentiated from artifacts and areolas in the scatterplots. The different rate of 
intake and wash out of the fluorescent contrast agent in the healthy versus malignant 
tissues was also observed in the scatterplot: this information can be used to 
discriminate malignant lesions from normal structures. 
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5.1 Introduction 
 
Breast cancer detection using optical imaging methods alone is hampered by a lack of 
specificity of the intrinsic optical properties and chromophore concentrations in breast 
tissue [1-3]. Indeed, the endogenous contrast from angiogenesis in tumors is 
nonspecific to cancer. Therefore, in case of small tumors or tumors in dense breast 
tissue this contrast is expected to be low. Furthermore, diffuse optical imaging has 
relatively low spatial resolution (on the order of 5-10 mm). This combination of low 
contrast and low spatial resolution of the diffuse optical methods results in limited 
sensitivity and specificity for lesion detection and characterization, especially in case of 
small lesions and lesions located in dense breast tissue. The use of fluorescent contrast 
agents may increase the sensitivity and specificity of lesion detection and subsequently 
could provide a better and earlier diagnosis [4-8]. In the case of a blood pool contrast 
agent, the intravenously injected fluorescent molecules may preferentially accumulate 
in diseased tissue, because of firstly, an increased blood content due to tumor 
angiogenesis and secondly, leaky blood vessels in tumors due to damaged endothelial 
lining. In addition, the agent may have different decay properties in diseased tissue 
compared to normal tissue. This pharmacokinetic behavior could be used to localize 
tumors independently of the concentration of the fluorescent molecule [9].   
 
In a clinical trial performed in 2007, a cyanine-based fluorescent dye (Omocianine) 
using the Philips Diffuse Optical Tomography (DOT) system, fDOT system, dedicated for 
breast imaging has been evaluated [10]. The fDOT system has been described in 
chapter 2. The fluorescent contrast agent, Omocianine, circulates in the blood stream. 
Thus, the concentration of the contrast agent in normal tissue can be assumed 
proportional to the blood concentration. Further, the absorptions of the four 
wavelengths that were used by the DOT system (690 nm, 730 nm, 780 nm and 850 nm) 
are sensitive to blood content. Hence, the more blood in breast tissue, the higher the 
absorption and the higher the concentration of the fluorescing agent. Since malignant 
tumors have a higher permeability of their blood vessel walls compared to healthy 
tissue, the contrast agent tends to accumulate at the tumor location. Therefore, at 
equal amounts of blood, and hence equal absorption by blood, the fluorescence is 
higher in tumors than in healthy tissue. The study showed that DOT was feasible and 
safe for breast cancer visualization in patients, using low doses of Omocianine [10]. 
However, a serious limitation was the fact that the contrast agent Omocianine is a 
non-targeted fluorescent dye, causing fluorescent enhancement of normal tissues. In 
addition, the reconstruction algorithms produced artifacts in the fluorescence and 
absorption data, which might lead to clinical misinterpretation of the DOT images. 
In this study, the goal is to increase the lesion visibility in DOT by combining 
fluorescence and optical absorption data at the voxel level in one single graph, a 
scatterplot. This concept was introduced by Chance et al. in optical imaging of breast 
cancer [11]. They plotted the mean percentage of oxygen desaturation of blood versus 
the mean blood volume of their patients into a graph. Due to angiogenesis and high 
metabolism of cancers, data from breasts with cancer were found at high blood 
volume and high percentage of oxygen desaturation of blood, corresponding to the 
upper right portion of the graph. Data from cancer free breasts accumulated in the 
lower left portion of the graph. Using this concept, we hypothesize that a scatterplot of 
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the fluorescence versus the absorption will improve the separation between malignant 
and normal tissue within one breast. In this scatterplot, a parameter space is shown in 
which each dot corresponds to a single voxel in the breast. It should be emphasized 
that the parameter space does not show an image of the breast.  Instead, the 
dimensions of the space correspond to physical parameters, fluorescence and 
absorption at a given wavelength. Then, the “grey level” of a voxel in the fluorescence 
image and the “grey level” of the same voxel in the absorption image together are the 
coordinates of the corresponding dot in the scatterplot. 
In addition, we aim to improve the specificity and sensitivity of the DOT procedure 
even further by adding a third dimension to the scatterplot, such as the absorption 
image of another specific wavelength or total hemoglobin concentration. The 
fluorescence and absorption datasets are reconstructed with 2 different algorithms. 
Therefore, the reconstruction artifacts in the absorption and fluorescence images are 
unrelated. Thus, in the fluorescence-absorption scatterplot, we hypothesize that the 
signal from cancerous tissue will be enhanced, while the signals from artifacts will 
remain unchanged.  
The aim of this paper is to validate a method for breast cancer imaging using 
fluorescence and optical absorption tomography combined in a scatterplot. The article 
is organized as follows: the DOT system, the phantom experiments and clinical 
measurements, and the scatterplot are described first. In the Results section, phantom 
measurements are used to validate the method under controlled circumstances. 
Phantom-lesions with a volume down to 0.9 ml and a dye concentration ratio between 
lesion and background down to 2 are studied. Next, the increase of lesion visibility and 
the discrimination of structures from tumors in 5 patients, 6 lesions, are investigated. 
Due to the physiology of breasts, more anatomical structures are visible than in the 
phantoms. The pharmacokinetics of the cancerous and healthy tissues are compared in 
scatterplots. Artifacts are discriminated from the lesions in the scatterplots. In 
conclusion, scatterplots provide a better way to combine fluorescence and absorption 
data, leading to improved lesion detection and better discrimination between 
malignant and other structures. 
 
 

5.2 Materials and methods 
 

5.2.1 Instrument 
 
The Philips DOT system, fDOT system, used in this study combines a transmission 
mode and a fluorescence mode [10,12]. It has been described in section 2.1.2. During a 
measurement, the patient, who received an intravenous injection of contrast agent, is 
lying in a prone position on the system bed with her breast suspended in a cup. A total 
of 507 optical fibers, 253 source and 254 detectors, were mounted alternatively on the 
surface of this measurement cup. The breast was illuminated sequentially from all 
sides with continuous wave light from solid-state lasers at four different near-infrared 
wavelengths (690, 730, 780, and 850 nm).The light emanating from the breast is 
detected simultaneously from all sides for each source position. To obtain optical 
coupling between fibers and breast and to prevent optical shortcuts around the breast, 
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the cup is filled with a matching fluid, whose optical properties (absorption and 
scattering) are similar to the average optical properties of breasts. 
In transmission mode, data are collected for the four wavelengths. In fluorescence 
mode, the fluorophore is excited at 730 nm and the fluorescent emission is collected 
by filtering out the excitation light in the detection path. The duration of the 
measurement is 9 minutes per breast; 4 minutes in total for the 4 transmission scans, 
and 5 minutes for the fluorescence scan. The detected signals are reconstructed into 
three-dimensional absorption images, one image per wavelength, and into a three-
dimensional image of the distribution of the fluorescent contrast agent. Both the 
reconstructions of the absorption and fluorescence images use algorithms based on 
first-order perturbation theory [13,14]. 
 

5.2.2 Fluorescent contrast agent 
 
Omocianine was injected intravenously. Immediately after injection, the agent 
circulates in the blood vessels and can then be found mainly in the blood. Over time, it 
is progressively washed out of the body by renal clearance. Since blood vessel walls in 
malignant tumors have a higher permeability compared to the blood vessels in healthy 
tissue, the contrast agent tends to permeate through the leaky vessel walls and to 
accumulate at the tumor location. The results of the clinical study showed lesion-to-
normal contrast ranging from 1.8 to 2.8 [10], with the contrast calculated by dividing 
the mean value in the lesion by the mean value of the background excluding the 
areola. 
The absorption and emission wavelength bands of Omocianine are presented in Figure 
1. The wavelength 730 nm is used as excitation wavelength for the Omocianine. 

 
Figure 1. Normalized absorption, solid line, and emission, dotted line, spectra of Omocianine 
dissolved in human serum. The 730 nm wavelength used as excitation is indicated by the 
vertical line. 

 

5.2.3 Phantom 
 
We used 3 different double-cone shaped phantom-lesions, with a diameter of 20, 15 
and 10 mm and corresponding volumes of 2.1, 0.9 and 0.3 ml. According to the Susan 
G. Komen Foundation, the usual lesion-size detected with mammography ranges from 



Combining optical and fluorescence imaging in scatterplots 

 

75 
 

12 to 37.5 mm. Our phantom-lesions are in the lower range of the usual detection size 
of the mammogram. During a measurement, the phantom-lesion is suspended by a 
thin thread, invisible for DOT, at about half way down the cup and slightly decentered. 
To obtain contrast and thus mimic the specific extravasation of the dye in the tumor, 
higher concentration of contrast agent is used in the phantom-lesion than in the 
background. This set-up mimics a homogeneous breast held in the measurement cup 
with a single lesion in which the contrast agent has accumulated.  
 
The 3 phantom-lesion sizes can have different dye concentration and phantom-lesion-
to-background concentration ratios, presented in Table 1. The highest concentration 
ratio, 5, is used for validation purposes as this ratio will enable clear lesion visibility in 
the images. The other ratios, 2.5 and 2, are in the range of the typical lesion-to-normal 
contrasts of 1.8 to 2.8 seen clinically with this scanner [10]. 
 
Table 1: Set of contrast agent concentrations in phantom-lesion and background for various 
lesion-to-background contrasts 

lesion-to-background concentration ratio 5 2.5 2 

Concentrations of contrast agent (nM) 
In lesion 50 25 10 25 10 

In background 10 5 2 10 5 

 

5.2.4 Patients 
 
We investigated the data of 5 patients previously scanned with the fDOT system during 
a clinical trial, see chapter 2 section 2.1.2. The study protocol was approved by the 
ethics committee, and written informed consent was obtained from all patients. A 
total of 6 lesions, 1 invasive lobular carcinoma and 5 invasive ductal carcinomas, were 
confirmed pathologically with core biopsy. Patient 4 had bilateral lesions. Patients’ 
information is shown in Table 2. Since the goals of the clinical study included the 
assessment of the diagnostic efficacy and target dose of the fluorescent contrast agent 
Omocianine, different doses of drug were administrated to different patient groups. 
 
In the 5 patients, baseline optical images were acquired for both breasts. Then 
Omocianine was injected intravenously in the patient. After injection, optical images 
were acquired up to 24 hours, with 8 and 5 imaging time points for the ipsilateral and 
contralateral breasts, respectively. The ipsilateral breast was scanned immediately, 30 
minutes, 1 hour, 1.5 hours, 2 hours, 4 hours, 8 hours, and 24 hours after the dye 
injection. The contralateral breast was scanned 1 hour, 2 hours, 4 hours, 8 hours and 
24 hours after dye injection. 
 
Table 2: Patients’ information 

Patient Age Contrast agent dose (mg/kg) Lesion type Largest lesion size on MRI (mm) 

1 81 0.01 ILC 29 
2 59 0.01 IDC 18 
3 74 0.02 IDC 24 

4* 40 0.02 IDC and IDC 74 and 10 
5 55 0.02 IDC 34 

*Bilateral lesions; IDC – Invasive Ductal Carcinoma; ILC – Invasive Lobular Carcinoma 
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5.2.5 Determination of total hemoglobin concentration 
 
For the spectral analysis, it was assumed that the total absorption of the probed 
sample is a linear combination of the different amount of absorption by the 4 main 
chromophores present in the breast: deoxy-hemoglobin (HHb), oxy-hemoglobin 
(HbO2), water and lipid. Their known absorption spectra allowed us to derive their 
concentrations from the 4 wavelengths. Then, the total hemoglobin concentration was 
determined by adding the calculated concentrations of oxy-hemoglobin and deoxy-
hemoglobin. 
 

5.2.6 Scatterplots 
 
In scatterplots, a parameter space composed of 3-D images of the same object is 
plotted in a graph. Each dot in the scatterplot will thus correspond to one voxel in the 
image. The dimensions of the parameter space are physical parameters; in this study, 
the fluorescence is first plotted as a function of the absorption at 690 nm. The 
accumulation of contrast agent at the tumor location likely increases the fluorescence 
signal in tumors, even in case of poor lesion-to-normal contrast in absorption due to 
angiogenesis. Hence, lesions are expected to correlate with high fluorescence, 
corresponding to the upper portion of the scatterplot of fluorescence versus 
absorption. The scatterplot can then be extended with additional information, for 
instance in the form of a color-scale. For this, the total hemoglobin concentration will 
be used in the scatterplot of patient measurements. Indeed, the main absorber in 
tumors is hemoglobin. In case of phantom measurements, hemoglobin is absent, and 
the increase in absorption is due to the higher concentration of contrast agent in the 
phantom-lesion as compared to the background. Figure 1 shows that the absorption 
peak of the fluorescent contrast agent is located around 760 nm. Of our available laser 
wavelengths, 780 nm is the wavelength that gives the highest absorption value of 
Omocianine. Hence, the reconstructed absorption at 780 nm is used as third 
parameter in scatterplots of phantom measurements. Following this approach, the 
third dimension in the scatterplots is then related to the most prominent absorber of 
the lesion, both for the patient and phantom measurements. For the use of 3 
parameters, the scatterplot will be named 3-Parameter (3-P) scatterplot. 
 
The scatterplot is a technique to compare different parameters from multiple 3-D 
images of the same measurement. However, the information of the spatial location of 
the voxels is not preserved in the scatterplot itself. Nevertheless, any areas from the 
scatterplot can be correlated to voxels in the 3-D images, and vice-versa. 
 
 

5.3 Results 
 

5.3.1 Materials and methods 
 
In Figure 2 (a), an example of the typical morphology of the scatterplot of fluorescence 
versus absorption at 690 nm from a phantom measurement can be seen. The dots 
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located in the upper right portion of the graph and in the form of a tail correspond to 
the phantom-lesion. As expected, they are located at high fluorescence and high 
absorption at 690 nm. Figure 2 (b) and (c) show the reconstructed fluorescence and 
absorption at 690 nm images, respectively, for the same phantom measurement. The 
arrow highlights that each dot in the scatterplot corresponds to one corresponding 
voxel in the 3-D images.  

 Figure 2. Measurement of the medium size phantom-lesion, with dye concentrations of 50 

and 10 nM for the lesion and background, respectively. (a) Scatterplot of the fluorescence 

versus the absorption at 690 nm. (b) Fluorescence image (arbitrary units). (c) Absorption 

image at 690 nm (mm-1). Every dot in the scatterplot, (a), corresponds to a voxel in the 

fluorescence and absorption images in (b) and (c), respectively. 

 

  
Figure 3. 3-P scatterplot of the fluorescence versus the absorption at 690 nm and with the 
absorption at 780 nm in a form of a color-scale, of the measurement of the medium size 
phantom-lesion, dye concentrations of 50 and 10 nM for the lesion and background, 
respectively. The dots corresponding to the lesion-voxels show high absorption at 780 nm. 

 
Figure 3 presents the 3-P scatterplot of the same phantom measurements. As 
expected, the dots corresponding to the phantom-lesion voxels show high absorption 
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at 780 nm. Similar results were observed for the large size phantom-lesions with any 
dye concentration and any concentration ratio between lesion and background.  
 
The scatterplots present the signal strength of one parameter per voxel as a function 
of the signal strength of another parameter measured for the same voxel. Hence, 
spatial information, and consequently information on lesion size is not present in the 
scatterplots. However, the location of the lesion in the breast can be determined from 
the scatterplots by correlating lesion dots in the scatterplot to the voxels in the image.  
In case of medium and small size phantom-lesions, similar results were observed 
except in four measurements. These 4 measurements correspond to 2 situations with 
both the medium and small phantom-lesions: first, with low lesion-to-background 
concentration ratio, i.e. 2, then with low dye concentration in lesion and background, 
i.e. 10 and 2 nM, respectively. In these 4 measurements, the scatterplot did not show a 
tail shaped extension pointing at high fluorescence and high absorption values. In  
 

 
Figure 4. Measurement of the small phantom-lesion, with dye concentrations of 10 and 5 nM 
for the lesion and background, respectively. (a) Scatterplot of the fluorescence versus 
absorption at 690 nm. (b) Absorption image at 690 nm (mm

-1
). (c) Fluorescence image 

(arbitrary units).  The green voxels in (c) correspond to the suspected area circled with the 
dashed line in (a). (d) 3-P scatterplot of the fluorescence versus the absorption at 690 nm and 
with the absorption at 780 nm in a form of a color-scale. The area with voxels correlating to 
the phantom-lesion position is encircled. (e) Fluorescence image (arbitrary units). The voxels in 
red show the phantom-lesion position and correspond to the dots circled in (d). 
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addition, the lesions were not visible in the fluorescence image or in the absorption 
images. Figure 4 shows an example of a lesion missed in the fluorescence versus 
absorption at 690 nm scatterplot, (a), and in the absorption, (b), and fluorescence, (c), 
images. An area with high fluorescence signal in the scatterplot and circled with the 
dashed line in Figure 4 (a) can be suspected to be the phantom-lesion. The voxels 
correlating with this area are shown in green in the fluorescence image in Figure 4 (c): 
they do not correspond to the pre-defined phantom-lesion position which is half way 
down the cup and slightly decentered. However, in the 3-P scatterplot in Figure 4 (d), 
an area is present with high absorption at 780 nm in the portion of the graph with 
relatively high fluorescence correlated. Indeed, the voxels correlated with this area in 
the 3-P scatterplot are located at the pre-defined position of the phantom-lesion in the 
cup in Figure 4 (e). All the phantom-lesions were detected using the scatterplots; Table 
3 summarizes the scatterplot in which the phantom-lesions were observed. 
 
Table 3: Summary of the lesion visibility in scatterplot of phantom measurements per lesion 
size.  

“lesion-to-background” concentration ratio 5 2.5 2 

Concentrations of contrast agent (nM) 
Lesion 50 25 10 25 10 

background 10 5 2 10 5 

Lesion visibility in scatterplot per lesion size 

Large 2-P 2-P 2-P 2-P 2-P 

Medium 2-P 2-P 3-P* 2-P 3-P* 

Small 2-P 2-P 3-P* 2-P 3-P* 

2-P – lesion visible in the scatterplot of fluorescence and absorption at 690 nm; 3-P – lesion visible only in 

the scatterplot of fluorescence, absorption at 690 nm and absorption at 780 nm; * the phantom-lesion is not 
visible in the fluorescence and absorption images. 

 

 
Figure 5. Measurement of the medium size phantom-lesion, dye concentrations of 50 and 10 
nM for the lesion and background, respectively. (a) Scatterplot of the fluorescence versus the 
absorption at 690 nm. (b) Fluorescence image. The red voxels in (b) correspond to the red dots 
selected in the scatterplot in (a). 

 
In Figure 5 (a), sparse dots around the main shape of the scatterplot are selected and 
highlighted in red. The corresponding voxels in the fluorescence image are shown in 
red in Figure 5 (b). These voxels are artifacts that were caused by the reconstruction 
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algorithm and occurred at the fiber positions. It can be observed in the scatterplot in 
Figure 5 (a) that the appearance of the fiber artifacts is very distinct from the 
appearance of the rest of the scatterplot: the dots do not seem to accumulate 
together unlike the lesion dots. 
  

5.3.2 Patients measurements 
 
In Figure 6, the scatterplots of the ipsilateral, (a), and contralateral, (b), breasts of 
patient 3 are presented. The corresponding fluorescence images of both breasts are 
shown in Figure 6 (c) and (d). The red and green arrows are pointing at the lesion and 
areola, respectively. The fluorescence data used in the scatterplots was acquired 8 
hours after the injection of the contrast agent. The lesion is observed in an extension 
of the scatterplot: the dots corresponding to the lesion voxels are highlighted in red. 
Compared to phantom measurements a new feature, highlighted in green and located 
at high fluorescence and high absorption at 690 nm, appeared in the scatterplot: the 
areola. Without the extension due to the areola, the scatterplot morphology is close to 
the morphology of scatterplots observed in phantoms. In patient 4 with bilateral 
lesions, a scatterplot similar to the scatterplot of Figure 6 (a) was observed for both 
breasts. 

 
Figure 6. Patient 3. Scatterplots of the fluorescence at 8 hours after dye injection versus the 
absorption at 690 nm of (a) the ipsilateral breast and (b) the contralateral breast. The dots 
corresponding to the lesion and areola areas are highlighted in red and green, respectively. 
Fluorescence image at 8 hours after dye injection of (c) the ipsilateral breast and (d) the 
contralateral breast. The red and green arrows point at the lesion and areola, respectively. 

 
Figure 7 presents the scatterplots of the ipsilateral and contralateral breasts of the 
same patient with fluorescence data acquired at different time points after the 
injection of contrast agent: 1 hour 30 minutes, 4 hours, 8 hours and 24 hours after 
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Figure 7. Patient 1. Scatterplots at different time points for the ipsilateral, middle column, and 
contralateral, right column, breasts. The fluorescence data of these scatterplots were acquired 
at the time after injection of contrast agent indicated in the left column. The lesion dots are 
encircled with the solid line and the areola dots with the dashed line. 

 
injection. It can be observed that at 1 hour 30 minutes, in Figure 7 (a), the dye has not 
yet accumulated in the tumor of the ipsilateral breast. Then, at 4 hours after dye 
injection, in Figure 7 (c), the lesion was visible in the scatterplot of the ipsilateral 
breast. The fluorescence signal from the areola was still increasing compared to the 1 
hour and half measurement. At 8 hours after dye injection, in Figure 7 (e), in the 
ipsilateral breast, the fluorescence signal from the lesion was similar to the 4 hours 
post injection measurement, while the fluorescence signal from the areola was already 
decreased. In the contralateral breast, the fluorescence signal in the areola seems to 
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increase until 8 hours after dye injection, in Figure 7 (b), (d) and (f). Finally, 24 hours 
after injection, in Figure 7 (g) and (h), the contrast agent was considerably washed out 
from both breasts. No structure similar to the lesion is observed in the scatterplots of 
the contralateral breast. From the scatterplots at the different time points, the specific 
pharmacokinetics of the lesion can clearly be observed. Note in Figure 7 (c) and (e) 
that the tail shaped extension corresponding to the lesion points at lower absorption 
values as compared to normal tissue. Out of the 5 patients, this patient stands alone by 
having this type of scatterplot morphology in the ipsilateral breast. 
 
Figure 8 presents the 3-P scatterplots, including total hemoglobin concentration, of the 
ipsilateral breasts of patients 2 and 5. The fluorescence data used in these scatterplots 
were acquired 8 hours after the injection of the contrast agent. For these patients, 2 
and 5, the signal from the areola was dominant over the signal from the lesion. 
However, the lesions were visualized in the 3-P scatterplot.  

  
Figure 8. 3-P scatterplots of the fluorescence at 8 hours after dye injection versus the 
absorption at 690 nm and with the total hemoglobin concentration (arbitrary units) as 
colorscale. (a) Ipsilateral breast of Patient 2. (b) Ipsilateral breast of Patient 5. The solid and 
dashed lines highlight the dots corresponding to the lesion and areola voxels, respectively. 

 

  
Figure 9. Patient 2. (a) Fluorescence image. Structures with high fluorescence are highlighted 
with the red and green squares. (b) Scatterplot of the fluorescence at 8 hours after dye 
injection versus the absorption at 690 nm. The dots corresponding to the voxels highlighted in 
a) are shown in red and green. 
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Figure 9 (a) shows an example of false positive structures in the fluorescence image, 
highlighted with the red and green squares. These structures were not located in a 
suspicious area of the scatterplot, as can be seen in red and green in Figure 9 (b); 
therefore, they can immediately be discriminated from the tumors in the scatterplot. 
 
 

5.4 Discussion 
 
Phantom measurements show that, first, 3-P scatterplots allow us to detect lesions 
that were not visible in the fluorescence and absorption images. Second, 
reconstruction artifacts are easily identifiable in the scatterplots. In patients, the 
lesions as well as artifacts and areola can be identified in specific areas of the 
scatterplots. The lesions could be discriminated from healthy tissue in scatterplots as a 
function of time. 
 

5.4.1 Phantom measurements 
 
In the 15 phantom measurements, all phantom-lesions were detected in the 2-P or 3-P 
scatterplots, while only 11 lesions were detected in the fluorescence images, see Table 
3. The 4 phantom-lesions visible only in the scatterplots correspond to a low ratio of 
dye concentration in the phantom-lesion and background, small phantom-lesion or 
low dye concentration. This suggests that scatterplots improve lesion detection in 
phantom measurements. 
 
Reconstruction artifacts in the fluorescence image located at the rim of the cup -
typically at the fiber positions- can limit the clinical interpretation of fluorescence 
images. However, these artifacts are seen as sparse dots and are very distinct from the 
dense area of dots corresponding to phantom-lesions in scatterplots. Therefore, they 
are easily identified in the scatterplots. 
 

5.4.2 Patients measurements 
 
The 6 investigated patient lesions were all identified in the 2-P or 3-P scatterplots, as 
shown in Table 4. In patients 1, 2, 3 and 5, we have observed in the scatterplot that the 
area corresponding to the lesion of the ipsilateral breast does not exist in the 
scatterplot of the contralateral breast. This confirms the absence of malignancy in the 
contralateral breast. Patient 4 has bilateral lesions and both lesions were seen in the 
scatterplots of the measurements of both breasts.  
In the scatterplots of all the 5 patients, the maximum absorption value at 690 nm was 
observed in the areola and the maximum fluorescence value in both the lesion and 
areola. Plotting the scatterplots for patient 1 over time, we have observed that the 
temporal variations of the dots corresponding to the lesion-voxels did not correlate 
with the temporal variations of the dots corresponding with healthy breast tissue, 
Figure 7. The fluorescence contrast agent was retained in the tumor location and was 
thus eliminated from the tumor after the healthy tissue. Therefore, using the specific 
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wash out rate of lesions in scatterplots can help discriminating cancer from healthy 
tissue. 
In the fluorescence images, many structures were visible, as seen for instance in Figure 
9. The areola is sometimes located close to the cup wall and the fiber artifacts can be 
misinterpreted as the areola in the fluorescence image. However, in the phantom 
measurements, we have seen that the fiber artifacts at the rim of the cup were easily 
discriminated from the lesion in the scatterplot. In the absorption images, other types 
of tissue structures can be expected in patient measurements due to the assumption 
in the reconstruction algorithm that the scattering is constant over the breast volume. 
Indeed, the variations of scattering present in breasts are compensated in the 
reconstructed absorption images. The artifact structures in the fluorescence and 
absorption images perturb the lesion visualization and therefore the clinical 
interpretation of the images. Previous research showed that 5 of the 6 investigated 
lesions were visible in the fluorescence images [10]. However, without the information 
from the MRI and the pathologic examination, these lesions may have been missed, 
because of the high number of non-malignant structures in the fluorescence images. 
Here, we showed that these non-malignant structures were clearly separated from the 
lesion area in the scatterplot. 
 
The contrast agent Omocianine used in this study does not specifically bind to a 
cancer-associated target. Therefore, enhancement of other normal tissues is also 
possible, as we have seen for the areola. Glandular tissue is vascularized and would 
show fluorescence enhancement that may mask signals from tumors. As we have seen 
in patient 1, whose breasts were mainly composed of fatty tissue, differences in 
pharmacokinetics are observed between tumors and normal tissue in the scatterplots 
plotted as a function of time, see Figure 7. This method implied acquiring multiple 
images over several hours. This would become a burden for the patients when using 
Omocianine which has an uptake of several hours. For patient comfort, the method of 
detecting lesion in the scatterplot as a function of time should be used preferably with 
a contrast agent with shorter pharmacokinetics. Note also that for known uptake of a 
contrast agent, this method would in principle require measurements at only 2 time-
points; one measurement after the dye injection and the other measurement at the 
expected maximum contrast in lesion. 
 
Scatterplots as a function of time could in principle be also used to discriminate 
between cancerous tissue and glandular tissue. For instance, Figure 10 presents the 
average fluorescence signal at 4 and 8 hours in the lesion, in red, and in suspected 
glandular tissue, in blue, in the contralateral breast for patient 2. The two regions of 
interest have different dye uptake; the fluorescence signal in the lesion increases from 
4 to 8 hours after dye injection, while the fluorescence signal in the suspected 
glandular tissue decreases. In patient 5, suspected glandular tissue was observed in the 
contralateral breast. However, we lacked data covering the washing out of the 
contrast agent, disabling the discrimination of the suspected glandular tissue from the 
malignancy. No more suspected glandular tissue was observed in the scatterplots of 
the other patients. In patients with dense breasts, tumors are frequently located in the 
glandular tissues. Moreover, it is known that mammography does not perform well 
with dense breasts. Here, our results suggest that we would be able to detect the 
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presence of an abnormality with the scatterplots as a function of time. Besides, with 
the knowledge of increased lesion visibility in case of low endogenous lesion contrast, 
as observed in phantom measurement, one can expect that scatterplots would have 
enhanced sensitivity for lesion detection in dense breasts compared to the separate 
absorption or fluorescence images. It would be of great interest to perform a study 
with dense breasts to further investigate the discrimination between glandular tissue 
and malignancies.  

  
Figure 10. Patient 2. Dye uptake at 4 and 8 hours after the injection of the fluorescent contrast 
agent in lesion, in red, and in suspected glandular tissue, in blue, of the contralateral breast. 

 
Generally, the lesions in the scatterplot were located at relatively high absorption as 
compared to the background tissue excluded the areola. In addition, they were 
pointing towards high fluorescence values. However, in patient 1, the lesion was 
located at high fluorescence but also at rather low absorption and it was pointing 
towards low absorption values, Figure 7. One may think that this effect is due to small 
lesion sizes for which angiogenesis is just starting or to low lesion-to-background 
absorption contrast. However, the lesion of patient 1 was not the smallest lesion of the 
study, see Table 2, and this effect was only observed in this patient. In addition, both 
lesions of patients 1 and 5 were missed in the absorption images, but the lesion of 
patient 5 was not located at low absorption values in the scatterplot, as shown in 
Figure 8 (b). Interestingly, histopathology reported ILC in patient 1 and IDC for the rest 
of the patients. While IDC is structured as a lump, ILC is usually diffuse and infiltrates 
to the surrounding connective tissue [15]. The tumor blood vessels in ILC are thus likely 
not as compacted as in IDC. While the fluorescent dye extravasates at the tumor 
location independently of the vessels structures, the increase in absorption due to ILC 
may then not be locally as strong as in the IDC. This could explain why in the 
scatterplot, the structure of the ILC was seen at equally high fluorescence value as with 
IDC but at lower absorption values. This would suggest a potential in lesion 
characterization of the scatterplots. 
 

5.4.3 Targeted fluorescent contrast agent and scatterplots 
 
Many research groups are now working on the development of targeted contrast 
agents. With this new type of contrast agents, only cancerous tissue is expected to 
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show fluorescence enhancement. The morphology of scatterplots of patients will then 
be certainly different: it might become similar to the morphology of the phantom 
scatterplots presented in this paper. Therefore, the issue of discrimination of healthy 
structures from malignancy can be overcome. However, problems with reconstruction 
artifacts and with small lesions or lesions deep inside the breast will remain. Therefore, 
the use of 3-P scatterplots has good potential for the next generation of contrast 
agents for breast cancer detection. 
 

5.4.4 Conclusion 
 
In conclusion, the combination of the scatterplots and the 3-D fluorescence, 
absorption and total hemoglobin concentration images improves the detection rate of 
lesions in DOT. 
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Chapter 6 

REFERENCE TISSUE FOR SELF-
REFERENCING DIFFERENTIAL 

SPECTROSCOPIC LESION DETECTION 

Published as “Impact of contralateral and ipsilateral reference tissue selection on self-
referencing differential spectroscopy for breast cancer detection”, Anaïs Leproux, 
Albert E. Cerussi, Wendy Tanamai, Amanda F. Durkin, Montana Compton, Enrico 
Gratton, Bruce J. Tromberg, Journal of Biomedical Optics (2011) 
 
 

Abstract 
 
We previously developed a self-referencing differential spectroscopic (SRDS) method 
to detect lesions by identifying a spectroscopic biomarker of breast cancer, i.e. the 
specific tumor component (STC). The SRDS method is based on the assumption of the 
exclusive presence of this spectroscopic biomaker in malignant disease. Although 
clinical results using this method have already been published, the dependence of the 
STC spectra on the choice of reference tissue has not yet been addressed. In this study, 
we explore the impact of the selection of the reference region size and location on the 
STC spectrum in ten subjects with malignant breast tumors. Referencing from both 
contralateral and ipsilateral sides was performed. Regardless of the referencing, we 
are able to obtain consistent high contrast images of malignant lesions using the STC 
with less than 13% deviation. These results suggest that the STC measurements are 
independent of any type, location and amount of normal breast tissue used for 
referencing. This confirms the initial assumption of the SRDS analysis, that there are 
specific tumor components in cancer that do not exist in normal tissue. Practically, this 
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also indicates that bilateral measurements are not required for lesion identification 
using the STC method. 
 
 



Reference tissue for self-referencing differential spectroscopic lesion detection 

 

91 
 

6.1 Introduction 
 
Diffuse Optical Spectroscopy (DOS) and Imaging (DOI) are techniques designed to 
measure functional and structural information content from deep below tissue 
surfaces.  Various forms of DOS and DOI, which employ near infrared (NIR) light, have 
been used extensively in breast cancer research. Disease detection and localization are 
enabled by strong endogenous optical property contrast (i.e., absorption and 
scattering) between tumors and normal breast tissue [1-5]. Multi-spectral approaches 
and model-based methods that account for tissue scattering are used to quantitatively 
measure the tissue concentration of hemoglobin (oxygenated and deoxygenated) and 
other chromophores such as lipid and water.  Increased hemoglobin and water 
concentration in tumors relative to normal breast tissue has been widely observed in 
the literature. These changes are understood to be a direct result of tumor physiology, 
including angiogenesis, cellular proliferation, and edema [2, 3, 6-8]. 
 
Promising results characterizing concentration differences between tumors and 
normal tissue for the 4 main breast chromophores (deoxy-hemoglobin, oxy-
hemoglobin, water and lipid) have been shown using DOS and DOI [9-11]. However, 
these components are not unique to malignant tumors. Normal physiological features 
may thus obscure the presence of malignancies, limiting lesion detection and 
differential diagnosis (i.e. distinguishing between malignant and benign tumors).  For 
this reason, we have investigated the use of high spectral bandwidth DOS approaches 
to characterize spectral shifts in tissue absorption features that reflect changes in the 
presence or disposition of intrinsic tissue components.  
 
Using this approach in pilot clinical studies we recently reported that NIR absorption 
spectra from invasive breast cancers have a “specific tumor component” (STC) that 
appears to be absent from normal tissues, and is distinctive from benign tumors [12, 
13]. The STC is detected using a self-referencing differential spectroscopic (SRDS) 
method that extracts subtle spectral shifts between reference and sample tissue 
volumes. The STC is determined by taking the difference between sample and 
reference tissue absorption spectra (first differential) and obtaining the residuals of 
the fit of this first differential to the 4-component basis chromophores of breast tissue.  
In this approach, spectral components not accounted for in the basis spectra that differ 
between sample and reference tissues are the only unaccounted components in the 
residuals. Importantly, the typically high inter-patient biological variations in normal 
tissues are canceled because for each patient the data are referenced to their own 
unique spectral-molecular profile.  
One important question that has not been addressed is the verification of the initial 
assumption of the SRDS analysis. If the STC component is truly unique to cancer, then 
we expect that the choice of reference tissue will not significantly impact the detection 
of the STC spectrum, provided it samples normal tissue.  In this paper, the 
exclusiveness of this imaging biomarker to malignant tumors was investigated by 
studying the influence of the choice of the reference (i.e., normal) tissue on the 
spectral shape and spatial distribution of the STC. 
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We report the results of an 10 patient study that assess the influence of the number 
and location of reference measurement points on the STC spectrum of malignant 
lesions. Both ipsilateral and contralateral tissues were investigated using tissue 
mapping methods that sampled up to 156 unique spatial locations on each breast with 
full absorption and scattering spectra (650-100) measured at each spatial location. To 
account for inter-patient variability, we show that the character of the STC images are 
minimally influenced by the choice of reference tissue sites from contralateral or 
normal ipsilateral breast. Our results support the idea that SRDS analysis can be used 
to identify specific tumor components in cancer regardless of the normal tissue 
reference location. This finding also implies that bilateral measurements are not 
required for lesion detection using the SRDS technique. 
 
 

6.2 Materials and methods 
 

6.2.1 Instrument 
 
A description of the basic components of our diffuse optical spectroscopic imaging 
(DOSI) instrument has been previously presented in section 2.3 and [14, 15]. Briefly, 
DOSI consists of a combined frequency-domain photon migration (FDPM) component 
and a broadband steady-state (SS) component integrated together to produce 
broadband absorption and scattering spectra of tissues from 650 to 1000 nm. The 
FDPM component uses 6 laser diodes at the wavelengths 658, 682, 785, 810, 830 and 
850 nm. The breast is illuminated sequentially by each laser diode, which is intensity 
modulated at 401 modulation frequencies swept from 50 to 400 MHz. The back-
scattered light is detected by an avalanche photodiode mounted inside a hand-held 
probe. The SS component uses a high-intensity tungsten-halogen source. The back-
scattered light is detected by a grating-based spectrometer that collects light from 650 
to 1000 nm (1024 pixels). The FDPM and SS sources are coupled by optical fibers 
mounted into the hand-held probe. The source-detector separation was 28 mm for 
both FDPM and SS components. 
 

FDPM and SS data are combined to provide broadband absorption (a) and reduced 

scattering (s’) spectra from 650 to 1000 nm.  Briefly, we start with the FDPM 
measurement.  The phase and amplitude as functions of modulation frequency are fit 

to a diffusive model of light transport (semi-infinite boundary conditions) to recover a 

and s’ at each of the 6 laser wavelengths.  SS broadband spectra were converted into 
absolute absorption spectra using two simple steps.  First, the spectral shape of the 

reduced scattering spectrum is assumed to follow a power law of the form s’ = A
-sp

, 
where A is the scatter amplitude and sp is the scatter power, or the exponent of the 
scattering spectrum.  The power-law fit to the FDPM discrete laser diode spectrum 
provides a scatter correction for the SS reflectance spectrum.  We then fit the SS 
reflectance intensity at each of the laser diode wavelengths to the reflectance 
calculated from the FDPM-measured absolute absorption values.  Thus, the SS 
reflectance spectrum intensity is scaled using the FDPM discrete laser diode 
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measurements.  The absolute absorption spectrum is then extracted by fitting the 
corrected reflectance spectrum to a diffusion reflectance model. 
 

6.2.2 Spectral analysis 
 
Spectral analysis is performed on the absorption data assuming that the absorption in 
normal breast is caused mainly by the following four chromophores: deoxy-
hemoglobin (ctHHb), oxy-hemoglobin (ctO2Hb), water (ctH2O) and bulk lipid. We 
recover these chromophore concentrations by fitting a linear combination of their 
molecular extinction coefficient spectra to the scatter-corrected absorption spectrum 
[10].  The STC is determined by taking the difference between sample and reference 
tissue absorption spectra and analyzing the residuals of the fit of this 1

st
 differential to 

the 4-component basis chromophores of breast tissue. Details of this SRDS method 
have been reported [16].  
 
In order to quantify the STC spectrum, an STC index was defined by the sum of all local 
residual variances Lk calculated over 5 specific spectral regions [16]: 
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The local variance Lk is a function of position on the breast given by x and y 
coordinates. The index k indicates a given spectral region and Nk indicates the total 

number of wavelengths in the spectral region. STCi(i ,x, y) is the value of the STC 
spectra at a given wavelength. The spectral regions are as follows: 650 to 665 nm, 730 
to 800 nm, 875 to 930 nm, 930 to 960 nm and 980 to 990 nm. They have been defined 
empirically to maximize the differences between tumor and normal: systematic 
differences were found in the STC spectra of tumor as compared to STC spectra of 
normal breast tissue in these 5 regions [16]. The biochemical origin of these features 
are broadly related to Hb, lipid and water. Then, calculating the STC index for each 
spatial measurement point of the breast (see below for measurement description), an 
STC index map can be obtained. As the STC index is based on wavelength regions 
sensitive to the tumor signature, STC index maps can be used for lesion visualisation or 
detection. 
 

6.2.3 Patients and measurement procedure 
 
Study protocols were approved by the Institutional Review Board of the University of 
California, Irvine, and written informed consent was obtained from all patients.  A total 
of 11 female breast cancer patients were investigated. Patients were excluded in this 
study in case of multiple unilateral lesions, big bilateral lesions, lesions smaller than 10 
mm, or non-invasive form of carcinoma. In addition, only datasets with available data 
from the contralateral breast, and performed as grid scan (and not line scan) were 
used in this study.  
The patients’ information can be found in Table 1. The patients’ ages ranged from 31 
to 64 years old, with an average age of 50, including 6 premenopausal (pre) and 5 
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postmenopausal (post) patients. Two patients had bi-lateral lesions; one patient had 
bilateral infiltrating ductal carcinoma and the other patient had infiltrating lobular 
carcinoma (ILC) and sclerosing adenosis in the left and right breasts respectively. In 
these two patients, only the lesion in the left breast was investigated. The lesion in the 
other breast (right breast) was small and was not in the measurement field of view. 
Therefore the right breast was referred to as the contralateral normal side for these 2 
patients. Two other patients were reported as having cystic breasts. For the remaining 
7 patients, the contralateral breasts were mass-free according to the diagnostic 
imaging reports. The current study included a total of 11 masses; 10 IDC, and 1 
invasive lobular carcinoma (ILC). Out of the 11 patients, 3 had a breast density of 
BIRADS 4 (75 to 100 % glandular tissue), 2 had BIRADS 3 (50 to 75 % glandular tissue), 4 
had BIRADS 2 (25 to 50 % glandular tissue) and the remaining 2 patients had unknown 
breast densities. 
 
Table 1: Patients’ characteristics 

Patient 
nr 

Age 
(year) 

Menopausal 
status 

BI-
RADS 

Histology 
TNM 
score 

Side 
Size at 

max (mm) 

1
i 

48 pre 3 IDC 9 Right 18 

2 31 pre 4 IDC 8 Right 50 

3 56 post 2 IDC 4 Right 14 

4
ii 

63 post 3 IDC 8 Left 29 

5 55 post NA IDC 7 Left 18 

6 61 post 2 IDC 8 Left 90 

7
iii 

37 pre 4 ILC 3 Left 25 

8 64 post 2 IDC 6 Left 26 

9 43 pre 4 IDC 9 Right 25 

10
iv

 38 pre NA IDC 9 Right 42 

11
iv 

49 pre 2 IDC 8 Right 26 

NA, not available; 
i
 lesion not visible in DOSI images; 

ii
 IDC in the right breast; 

iii
 

sclerosing adenosisis 
 
DOSI maps from both breasts were collected for each patient. Patient-specific 
measurement grids to define DOSI measurement locations were chosen based on the 
lesion size and location, and on the breast size. DOSI measurements were performed 
over the region of the lesion and over surrounding normal tissue, and in the same 
location mirrored on the contralateral side. The measurement grids were drawn in 10 
mm steps in both x and y directions. The dimension of the measurement grids ranged 
from 90 by 40 mm to 120 by 130 mm, resulting in up to 156 discrete measurement 
locations for each breast.  The specific details of patient positioning have been recently 
described [17]. 
 
In 1 out of the 11 patients, we were not able to visualize the lesion in the DOSI image. 
The lesion to background contrast was probably too low to be detectable with our 
scanner. The dataset of this patient was therefore not included in the data analysis. 
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6.2.4 Data analysis 
 
The areola was included, partly or entirely, in the field of view of the optical images in 
8 out of the 11 patients. For data analysis, the areolar regions were defined in the 
optical images based on a previously-described contrast function, the tissue optical 
index (TOI = ctHHb x ctH2O / ctlipid) and on the size of the areola in the clinical report. 
The tumor location defined in the optical images was based on the TOI and ultrasound 
information of the clinical report. The “normal” reference tissue in the ipsilateral 
breast was defined by excluding the tumor region and an additional ~1 cm wide zone 
around the tumor. Spectral analysis of tumors was performed on the tumor point 
showing the highest STC value. 
 

6.2.5 Statistical analysis 
 
The maps obtained using different referencing techniques were compared for 
similarity. To compare the equivalence between 2 methods, one must show that the 
difference between the data obtained using both methods is small enough to use the 
methods interchangeably. Statistically, one must reject the null hypothesis, which is 
the data obtained using both methods are not different, and a confidence interval of 
the subtracted data should lay within predefined equivalence limits. This range of 
equivalence is subjective and is defined a priori depending on the clinical/scientific 
context [18, 19]. Here, we want to obtain similar features in the STC index maps such 
that the lesion is visible in the maps obtained using any referencing method. We 
estimated that the main features of the map would be preserved with a 20 % 
maximum difference and hence clinical diagnosis would not be affected. Using this 
threshold, we statistically compared the STC index maps by computing the two one-
sided test for equivalence (TOST) using R (version 2.13.1) [20]. 
 
 

6.3 Results 
 

6.3.1 Impact of amount of reference points 
 
Random measurement points across the contralateral side have been selected and 
used as reference for the calculation of the STC. Figure 1 (a) presents the averaged STC 
spectra in the lesion of patient 6 calculated successively with 4, 9, 18, 27, 36, 45, 54, 63 
and 72 reference locations in the contralateral side. The locations were randomly 
selected 10 times and the resulting 10 spectra were averaged on the graph. We 
observe that the spectra overlap closely; 4 reference points produce the same STC 
spectrum as 72 reference points, i.e. almost the whole contralateral side. This result 
suggests that only a few measurement points in the contralateral normal breast are 
required to obtain a reliable STC spectrum. 
 
Figure 1 (b) presents the 10 averaged STC spectra in the lesion of patient 9 calculated 
with successively 6, 9, 20 and 30 random reference points in the contralateral side.  In 
this case, small fluctuations are seen between the spectra: they represent the biggest 
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Figure 1. Averaged STC spectra calculated using N number of reference locations, where all 
locations are randomly selected 10 times. (a) Patient 6. N=4, 9, 18, 27, 36, 45, 54, 63, and 72. 
(b) Patient 9: patient with the worst deviations among the results. N=6, 9, 20, and 30. 

 
deviations that were visualized in the 10 patients. For a more quantitative analysis, we 
compared for all patients the averaged STC spectra calculated with P= 6, 9, 20 and 30 
reference points, randomly selected 6 times, to the gold-standard STC spectra 
obtained using the whole contralateral breast. We observed that P=6 reference points 
results in the largest variance compared to the gold standard with an average 
correlation coefficient of 0.99 ± 0.01 (range 0.97 to 1.00) for all the patients. For 
spectra calculated with P>=9, the correlation coefficient r >= 0.99 ± 0.01 (range 0.97 to 
1.00). These small variations in STC have negligible impact upon the STC index and 
subsequently the STC index maps which were found to be statistically equivalent in all 
patients using the TOST analysis (p-value << 10-6). 
 

6.3.2 Impact of referencing on the ipsilateral side 
 
A key question is whether the information contained in the STC is preserved when the 
selected reference normal tissue shifts from the contralateral to the ipsilateral side. To 
address this issue, we performed comparisons of STC obtained from the 10 lesions 
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Figure 2. Normalized STC spectra: the solid line is the STC referenced on the ipsilateral side; 
the dashed line is the STC calculated using the contralateral breast as reference. (a) Patient 10, 
close STC spectra using the 2 different referencing approaches. (b) Patient 8, different spectral 
content in part of the spectra. 

 
calculated using reference locations on both sides, as shown in Figure 2. In 6 patients 
there were minimal differences between STC spectra (i.e., similar to Figure 2 (a)).  We 
found an average correlation coefficient of 0.98 ± 0.03 (range 0.92 to 1.00) between 
the spectra referenced on the areola compared with the whole contralateral breast for 
these 6 patients. These spectra produced negligible differences in the STC index maps.  
We found an average mean value of the subtracted maps (i.e., STC with ipsilateral 
reference vs. STC via contralateral reference) of 0.018 (ranging from 0.009 to 0.027) 
with an average SD of 0.013 (ranging from 0.007 to 0.023).  In the remaining 4 subjects 
(#’s 2, 5, 8, and 9) more noticeable variations were observed between STC spectra (i.e., 
similar to Figure 2 (b)) calculated with the contralateral breast and the normal healthy 
tissue in the ipsilateral breast for the reference. The STC spectra showed different 
magnitudes or small peak shifts around the spectral region 850 to 950 nm. We found 
correlation coefficients of 0.75, 0.88, 0.79, and 0.92 between the spectra referenced 
on the areola compared with the whole contralateral breast for patient 2, 5, 8, and 9, 
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respectively. Figure 3 presents the normalized STC index maps of these patients 
calculated with the contralateral breast and the normal healthy tissue in the ipsilateral 
breast for the reference, and their subtracted maps. Even though the STC spectra of 
these patients calculated with both referencing showed different spectral content, we 
observe here that the STC index maps are still similar: the lesion position and the main 
features of the image are preserved, as shown in Figure 3 (a), (b), (d), (e), (g), (h), (j) 
and (k). This result is confirmed by the subtracted normalized maps of the STC index 
maps in Figure 3 (c), (f), (i), and (l). The mean values (SD, minimum-maximum) of the 
subtracted maps of patients 2, 5, 8, and 9 were 0.006 (0.003, 0.000-0.014), 0.021 
(0.015, 0.000-0.056), 0.074 (0.045, 0.000-0.140), and 0.044 (0.028, 0.000-0.159), 
respectively. For all the patients, the maps were found to be statistically equivalent 
using the TOST analysis (p-value << 10-6).  
 

 
Figure 3. (a) and (b) STC index maps of patient 2. (c) and (d) STC index maps of patient 5. (e) 
and (f) STC index maps of patient 8. (g) and (h) STC index maps of patient 9. The STC index 
maps in (a), (c), (e), and (g) are obtained using the contralateral breast as reference. The STC 
index maps in (b), (d), (f), and (h) are obtained using the background tissue of the ipsilateral 
breast as reference. 
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6.3.3 Impact of referencing with areola tissue 
 
STC spectra calculated with the contralateral areolar tissue as reference were obtained 
for the 7 patients whose areolas were located in the field of view of the optical 
measurement. Similar STC spectra as the ones obtained using the contralateral breast 
as reference were obtained in 4 out of the 7 patients, as shown in Figure 4 (a) for 
patient 4. We found an average correlation coefficient of 0.98 ± 0.01 (range 0.97 to 
0.99) between the spectra referenced on the areola compared with the whole 
contralateral breast for these 4 patients. These spectra produced negligible differences 
in the STC index maps. The mean average (standard deviation, minimum-maximum) 
deviations of the subtracted maps was 0.033 (ranging from 0.007-0.059) with an 
average SD of 0.0210 (ranging from 0.005 to 0.039). In 3 patients (#’s 2, 9, and 11), the 
STC spectra calculated with the different referencing (i.e., contralateral areola vs. 
entire contralateral side) showed different spectral features, as shown Figure 4 (b) for 
patient 9. We found the following correlation coefficients: 0.56, 0.69, 0.80, between 
the spectra referenced on the areola compared with the whole contralateral breast for  
 

 
Figure 4. STC spectra in lesion calculated with reference normal tissue in the whole 
contralateral side, solid line, and in the areola of the contralateral side, dashed line. (a) Patient 
4. (b) Patient 9. 
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patient 2, 9, and 11, respectively. In these patients with different STC spectra, we 
observe visually similar STC index maps, as shown by the subtracted maps in Figure 5 
(a), (b), (d), (e), (g) and (h). The average (standard deviation, minimum-maximum) 
deviations of the subtracted maps, in Figure 5 (c), (f), and (i), were 0.035 (0.023, 0.000-
0.101) and 0.034 (0.020, 0.000-0.111) and 0.020 (0.014, 0.000-0.068) for these 3 
patients. For all the patients, the maps were found to be statistically equivalent using 
the TOST analysis (p-value << 10-6). 
 

 
Figure 5. (a) and (b) Normalized STC index maps of patient 2. (c) and (d) Normalized STC index 
maps of patient 9. (e) and (f) Normalized STC index maps of patient 11. The STC index maps in 
(a), (c), and (e) are obtained using the contralateral breast as reference. The STC index maps in 
(b), (d), and (f) are obtained using the areola regions of the contralateral breast as reference. 

 
 

6.4 Discussion and conclusion 
 
The impact of reference selection is a critical issue for spectroscpic methods that 
utilize differential techniques for material characterization.  In the case of in vivo tissue 
analysis, spatial variations in physiologic/biologic characteristics can potentially impact 
detection capability and reliability. In this study, we investigated both the number and 
location of reference measurements in order to determine their influence on the STC 
contrast function.  Multiple regions within both the contralateral and ipsilateral breast 
were evaluated in 10 patients as reference sites for STC calculation and image 
formation. 
 
Visual inspection and statistical results show that referencing on a few random points 
across the contralateral breast does not affect the STC spectra of the lesion, and 
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subsequently do not affect the STC index maps in all 10 patients. The study included 5 
premenopausal and 5 postmenopausal women, with various breast densities (3 
BIRADS 4, 1 BIRADS 3, 3 BIRADS 2 and 3 unknown). This suggests that the STC 
approach is not dependent on the type of tissue, density, or on the heterogeneity of 
the breast used as reference. These results confirm that the main elements of tumor 
contrast were absent from normal breast tissue in the 10 patients. Normal tissue 
contains regions of vascularized fibroglandular tissue and fat, with different optical 
properties [21]. Therefore, our results also imply that the STC is not determined by the 
contrast in chromophore concentrations but by shifts in absorption spectral features. 
This is a potentially important result for the problem of detecting tumors in young 
women and individuals with mammographically dense breast tissue. With the SRDS 
method, discrimination between malignant and healthy glandular regions could be 
improved by focusing on shifts in the absorption spectra, due to the presence of 
specific tumor components [13]. 
 
The selection of normal tissue reference locations from the ipsilateral (i.e. tumor-
containing) side has also been investigated. STC spectra calculated using the 
contralateral and ipsilateral sides as reference were compared. Out of the 10 patients, 
6 showed similar STC spectra in shape and magnitude, and 4 patients had differences 
in magnitudes or in shape within the spectral region 850 to 950 nm. Although these 
differences may reflect spectral heterogeneity of normal breast tissue, the origin of 
these signals is not precisely known. Recent studies have shown that malignant 
cancers alter lipid metabolism [22, 23]. As the main features are observed in the 
spectral region 850 to 950 nm, a reasonable hypothesis is that changes in hemoglobin, 
water and lipid metabolism may be responsible for these differences observed in STC 
spectra. Nevertheless, the STC index maps of all the patients referenced on the 
ipsilateral side were very similar and statistically equivalent to the STC index maps 
referenced on the contralateral side. In one patient, a feature absent in the STC index 
map referenced on the contralateral breast was observed in the STC index map 
referenced on the normal tissue of the ipsilateral breast, as shown in Figure 3 (d) and 
(e). The origin of these features are not understood. Nevertheless, as in the other 9 
patients, the main features of the maps remained unchanged and the lesions were 
clearly visible using the 2 referencing approaches. This shows in the 10 patients that 
the referencing on the ipsilateral normal breast tissue does not impact lesion 
detectability. 
 
The areola region was also tested as a reference location for the STC index in the 7 
patients with areolas in the field of view of the optical measurement. First, the STC 
spectra referenced on the areola contained unique spectral features. This suggests 
that the tumor biomarker was found in all lesions and was not cancelled by referencing 
to the areola. Further, we observed in 3 patients that some spectral features were 
different in STC spectra referenced on the contralateral breast and on the areola. This 
could result from the introduction of a specific marker of areolas during the 
referencing. Using both referencing on the areola and on the contralateral side, we 
obtained visually similar and statistically equivalent STC index images for all the 
patients. Referencing on the areola seems therefore to minimally impact the imaging 
of the STC for lesion detection. This suggests that the STC index is based on spectral 
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regions that are minimally influenced by the referencing on the areola and thus 
optimally chosen to specifically visualize the tumor signature.  
The areola is the highest vascularized region of the breast. Optical images are often 
overwhelmed by the high contrast of areolas which may result in masking of areolar 
tumors. Because of the presence of muscle in the areolar region, additional 
components, such as myoglobin, may not be fully accounted for in spectral fits. The 
residual of the mismatch between areola tissue absorption and the 4 chormophore-
spectra may thus be specific and unique to areola physiology. This would result in the 
existence of a spectral biomarker specific to this region and could explain STC features 
observed in areolas. 
 
In one patient, the lesion was not visualized in the DOSI images. This patient was a pre-
menopausal 48 year old woman with heterogeneously dense breasts. The lesion was 
located at 12 o’clock at 7 cm from the nipple according to the ultrasound report, which 
is the typical location for the glandular tree. The lesion might have thus been missed 
due to the high background noise from the glandular tissue. 
A single patient with a DCIS was excluded from this analysis to maintain a more 
consistent population. This DCIS lesion was still visible in the STC images. However, the 
STC spectra of non-invasive carcinomas (such as DCIS) have not been characterized and 
thus comparison to the STC spectra of invasive carcinomas is premature [13]. It is 
unknown whether the STC index as defined in this paper would be optimized to non-
invasive carcinomas. 
 
In this study, we investigated 1 patient with ILC. The lesion was visible in both the STC 
and STC index images. While the contrast in chromophores concentration values may 
be low in ILC, the STC signature may nevertheless be detected: the STC signature arises 
from changes in molecular disposition, not abundance. Previous studies have shown 
that we can observe 2 types of contrast using the STC: invasive malignant lesions 
versus normal tissue and invasive malignant lesions versus benign lesions [13, 16]. 
However, patients with ILC are not common and extensive analysis of the STC in ILC 
has thus not been achieved. It would be of interest to investigate a broader range of 
invasive and in-situ diseases, such as ILC, DCIS and LCIS, using SRDS/DOSI as they are 
often difficult to detect using common imaging modalities. 
 
In conclusion, our preliminary findings from a 10 patient study show the STC approach 
is independent of the number and location of the normal reference points obtained 
from the contralateral side. This suggests that the STC is absent and independent from 
any type of breast tissue in the normal breast. In addition, we have shown that 
referencing on the ipsilateral breast preserved the information contained in the STC 
index maps as compared to the current referencing on the contralateral breast. Finally, 
referencing on the areolar region minimally impacts the STC index maps.  In 3 patients, 
a presumed areolar biomarker seems to affect the STC spectra referenced on the 
areola. The results in the 10 patients suggest that any type of referencing does not 
affect lesion detectability, implying that the STC contrast is not contingent on the 
breast side, type, location and amount of normal breast tissue. This confirms in the 10 
patients the presence of NIR spectral components that are unique to cancer and 
absent from normal breast tissue. 
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Chapter 7 

CONCLUSION 

Diffuse optical imaging (DOI) non-invasively provides biochemical molecular 
information on in vivo biological tissue. DOI is sensitive to functional information, such 
as the amount of hemoglobin, water or lipid, contained in the probed tissue. In 
addition, it uses no ionizing radiation as compared to other imaging modalities, 
enabling repetitive measurement over time. Moreover, DOI is relatively inexpensive. 
These advantages make optical imaging an ideal candidate for population wide 
screening programs, following high-risk subjects or monitoring diseases. 
 
In this thesis, the application of DOI for breast imaging was investigated using 2 
techniques: tomography (diffuse optical tomography, DOT) and spectroscopy (diffuse 
optical spectroscopy, DOS). Tomographic imaging samples a high number of 
measurement points in space; spectroscopic imaging samples a large amount of 
spectral information in a single measurement point.  
 
Even though DOI has many advantages that make it suitable for clinical use, its 
application in breast imaging is still a challenge due to, among others, the complexity 
of human breast tissue. For instance, chapter 3 reports on the high inter-subject 
variability in breast tissue optical properties. Fibro-glandular tissue contains high 
vascularity, resulting in highly attenuated transmitted NIR light. On the contrary, fatty 
tissue does not absorb as much NIR light. The total average absorption of breasts will 
thus depend on the fat and glandular content of the breasts. In chapter 3, we showed 
that the average optical attenuation of breasts was statistically correlating to age and 
breast volume. However these correlations were not strong; the breast tissue optical 
properties vary highly between women. The mean average attenuation of breasts at 
780 nm was found at 108 m

-1
 (with a standard deviation of 19 m

-1
, minimum value of 

66 m
-1

 and maximum value of 159 m
-1

). In addition, the results show that the presence 
of a lesion did not statistically affect the overall average attenuation of breasts.  As the 
changes of chromophores content are an indication of malignancy, this means that no 
absolute threshold in the optical images can be used to detect lesions.  
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In addition to the high inter-patient variability reported in chapter 3, the changes of 
chromophores due to malignancy are not specific to malignancy, which makes lesion 
detection an even tougher task. Moreover, the low spatial resolution of DOI added to 
the low contrast of malignancies as compared to the background features results in 
low sensitivity and specificity for lesion detection. These limitations of DOI have been 
addressed in chapters 4 to 6. 
 
In chapters 4 and 5, we have investigated the use of fluorescence imaging to 
compensate for the limitation in sensitivity of DOT. Chapter 4 investigates a statistical 
method to combine fluorescence and optical tomography using phantom 
measurements. This combination improved the lesion contrast to noise ratio. In 
addition, by training adequately the statistical tool, the phantom-lesions were 
identified with sensitivity and specificity of nearly 100%. Then, chapter 5 investigates 
the combination of fluorescence and optical tomography in a scatterplot using 
phantom and patient measurements. Plotting the absorption, fluorescence and blood 
volume data in the scatterplot, improved lesion detection and better discrimination 
between malignant and healthy structures was obtained in patients. The work 
achieved in these 2 chapters shows that adding fluorescence imaging to DOT not only 
improves DOT sensitivity for lesion detection but also has a great potential to increase 
DOT specificity.  
One of the reasons of the low contrasts of lesions in the imaged breasts using the fDOT 
system is the use of a sub-optimal scattering fluid between the measurement cup 
surface and the breast. This scattering fluid, matching the overall average optical 
properties of breasts, is used to optimize the contact between the optical fibers and 
the breast. However, as observed in chapter 3, the average optical properties of 
breasts vary tremendously between women (about 18 % variations in absorption at 
780 nm). Consequently, the scattering fluid will not match the optical properties of the 
probed breasts. This mismatch creates high perturbations at the surface of the breast 
and close to the detectors, which becomes an issue as we are trying to detect tumors 
within the breast. For instance, a large mismatch in optical properties located at the 
breast surface can overwhelm small perturbation in optical properties due to a 
potential tumor, even if it is located in the middle of the breast. As a result of this 
mismatch, the reconstructed optical images will contain many artifacts and a low 
sensitivity for tumor detection. Therefore, we would recommend exploring the use of 
a patient specific scattering fluid. Optimizing the match in optical properties between 
the fluid and the breast would significantly reduce the noise level. Consequently, the 
perturbation due to lesions will show up in the whole measurement field of view and 
would result in better lesion detectability. The resulting increase in sensitivity might be 
comparable to the sensitivity of fluorescence imaging; the reconstruction of the 
fluorescence images is not influenced by the scattering fluid used between the optical 
fibers and the breast surface. 
 
A future improvement for DOI may be the combination of anatomical information 
obtained by other imaging modalities with the functional information of DOI. As a first 
attempt, to compensate for the low spatial resolution of DOT, the combination of a 
whole-breast 3-D ultrasound imaging system and optical tomography was explored in 
the work presented in Supplement 1. A bed system using three 3-D transducers and 
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resembling an optical tomography bed used for DOT only was developed. The 
frequency of the ultrasound transducers was tuned to image the breast shape for 
registration with the optical images and to visualize also the content of the breast as 
much as possible. Furthermore, a clinical trial was conducted to explore the potential 
performance of the ultrasound system to detect lesions. Over the 19 benign lesions 
and the 10 malignant lesions, 12 and 2, respectively, were visualized in the ultrasound 
images. In addition to detecting a low number of lesions, the ultrasonic image quality 
was low. This result can be partly explained by the fact that, to achieve sufficient 
penetration depth, the frequency of the transducers was chosen relatively low as 
compared to the conventional ultrasound breast transducer, resulting in a loss of 
image resolution. The transducers cannot be used at the same frequency for detecting 
the breast surface (high frequency) and imaging the content of the breast (low 
frequency). Thus, instead of using the ultrasonic data for lesion detection, we 
recommend 3-D whole-breast ultrasound imaging in combination with DOT to 
construct co-registered images of anatomical structure and optical absorption. 
Ultrasonic data could also support DOT by incorporating the anatomical information 
from ultrasound as prior constraints into the DOT reconstruction algorithm.  

 
Chapter 6 addresses the issue of the low contrast in chromophores concentration 
between tumor and normal breast tissue; increased blood and water, and decreased 
lipid is non-specific to malignancy. Chapter 6 explores minute shifts in the absorption 
spectra of tumor containing breast tissue. These shifts originate from different 
molecular dispositions that are specific to malignancy. They are isolated by taking the 
residual to the fit of the absorption spectrum of tumor breast tissue to the known 
basis spectra for the breast chromophores. The residual is also corrected for individual 
biochemical variations in normal tissue. In this chapter, the assumption of the 
uniqueness of the shifts to malignancy was tested in 10 patients. In order to account 
for the inter-patient variability, the tumor absorption spectrum was subtracted from 
the normal tissue absorption spectrum. We showed that any type of normal breast 
tissue, for instance fatty, dense or normal tissue from the ipsilateral breast, used to 
reference the tumor absorption spectrum does not affect the shifts observed in the 
tumor absorption spectra. It was confirmed in these 10 patients that the shifts 
observed in the tumor absorption spectra are specific for malignancy. The results also 
suggests that lesions located in dense breast tissue could be detected using this 
method.  
By looking at the residual of the fit of the tumor absorption spectrum to the 
chromophores spectra, we assume that an additional component is present in the 
breast tissue. By accounting for normal breast tissue, we isolate the tumor part of this 
component. This quantity is therefore called specific tumor component (STC). It is 
associated with molecular disposition. While in chapters 4 and 5 the abundance of 
chromophores was used to identify tumor contrast, in chapter 6 the tumor contrast is 
given by the molecular disposition of these chromophores. Similar work as the STC is 
performed in the MRI community using the water component [1]. Even though the 
chromophore abundance is not as specific to malignancy as the molecular disposition 
is, more work still needs to be achieved on the STC to accurately quantify (and thus 
image) it, and to understand what it means biologically. 
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The current DOS system presented in this thesis measures breasts at single locations. 
The system uses a handheld probe that an operator moves along a grid drawn on the 
breast to take subsequent point measurements. The method has thus far not been 
adapted for screening application. A solution to this problem would be a continuous 
measurement with potentially a tracking device to record the probe position. This 
technique is currently being tested and shows promising results. 
 
DOI has the ability to image breast cancer. However, to make a difference, DOI needs 
to be able to deal with low contrast lesions whose detection is still critical using the 
current imaging modalities. Different issues of DOI were addressed along this thesis 
with the primary goal of enhancing the optical contrast for lesion detection. In 
addition, two different DOI instruments, using DOT and DOS, were used for this 
purpose. Both instruments have their own benefits and limitations. Ideally, a newer 
prototype based on these 2 instruments would bring better lesion contrast. For 
instance, a multi-chanel broadband FDPM instrument would generate multi-view, 
quantitative, high resolution absorption and reduced scattering spectra. Various 
source-detector distances on the different channels would provide depth imaging, and 
parallel data acquisition would permit quicker and wider breast tissue area imaging. 
Such device would provide quantitative tomographic maps of tissue volume when 
combined with image reconstruction techniques. This would certainly offer better 
insight on the probed breast tissue. 
 
Recently, research groups have been focusing on the development of new contrast 
agents that would bind to cancer-associated targets. Such targeted contrast agent 
would optimize tumor enhancements and reduce non-specific enhancements from 
surrounding normal tissue. This would result in very high contrast images. However, 
other clinical applications in breast cancer will always certainly benefit from DOI 
without the use of a contrast agent. For instance, DOS has showed its potential for 
differential diagnosis: using the technique described in chapter 6 in another study, DOS 
was able to discriminate benign from malignant tumors in 40 patients with a sensitivity 
of 91% and a specificity of 94% [2]. Furthermore, because it is relatively inexpensive, 
fast and non-invasive, DOI is the perfect candidate for measuring subjects repeatedly 
and for monitoring lesions, for instance during chemotherapy. Some research groups 
already showed the potential predictive value of DOI for neo-adjuvant chemotherapy 
response [3-5]. Supplement 2 describes also a pilot study that investigates the pre-
chemotherapy spectral heterogeneity of the tumor as an indicator for chemotherapy 
response. Baseline DOS measurements seem to provide enough information on the 
biology of the tumor tissue to predict the response of the neo-adjuvant chemotherapy. 
Finally, broadband DOS has been shown to detect components unique to cancer and 
potentially specific to the cancer type [2], possibly allowing for differential diagnosis. 
DOI is thus a very promising technique that has the potential to make a difference in 
the breast cancer field. 
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SUMMARY 

 
In this thesis the results of a research project on diffuse optical imaging of breasts are 
presented. 
 
Breast cancer is worldwide the most frequently diagnosed cancer in women and is the 
second leading cause of cancer death in women. Studies have demonstrated that early 
detection of breast cancer through mammography greatly improves treatment options 
and prognosis for recovery. X-ray mammography is currently the main screening tool 
used to detect breast cancer. However, this technique has several drawbacks. First, it 
uses ionizing radiation; regular check-up of women who have an increased risk to 
develop breast cancer is therefore not possible with X-ray mammography. Further, 
breasts are compressed during examination, which is often experienced as 
uncomfortable. Another problem is the high number of false positives, resulting in a 
large number of negative biopsies.  

Diffuse optical imaging (DOI) is a non-invasive technique that provides functional 
information on haemoglobin, bulk lipids and water concentration by measuring near-
infrared (NIR) tissue optical properties. As DOI is fast, relatively inexpensive, non-
invasive and harmless, it could become an alternative or supporting technique to 
detect lesions and/or distinguish between malignant and benign lesions. 

Philips has developed and built 2 generations diffuse optical tomography (DOT) 
systems for breast imaging using near infrared light, the Mammoscope and the fDOT 
(fluorescence diffuse optical tomography) system. Both generations of prototype 
scanners are in form of a bed with a cup in which a woman can position her breast. 
The space between the breast and the cup surface is filled with a fluid, which closely 
matches the average absorption and scattering properties of breasts. During a 
measurement, the breast is sequentially illuminated from about 250 source positions 
on all sides. Light emanating from the breast is detected by another set of detectors 
(about 250) surrounding the breast. Both systems use near-infrared light of continuous 
wave solid-state lasers to illuminate the breast. The detected signals are reconstructed 
into three-dimensional absorption images per wavelength. By combining the 
absorption images, information on functional properties, such as blood volume, water 
and lipid content, of the breast tissue can be obtained. The fDOT system can be used in 
combination with a fluorescent contrast agent. The contrast agent is injected 
intravenously. Because the blood vessels in tumors are leaky, the contrast agent tends 
to accumulate in tumors. The emitted fluorescence is detected and reconstructed into 
three-dimensional fluorescence images. 
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Beckman Laser Institute has developed and built a diffuse optical spectroscopy system 
(DOS) for breast examination, the LBS (laser breast scanner). It uses a handheld probe 
that measures the scattering and absorption spectra of a small volume of tissue in 
front of the probe over a large range of wavelengths (650 to 1000 nm). Using the 
absorption spectra, blood volume, water and lipid concentration can be quantified. By 
manually scanning the probe over the breast, maps of these functional properties can 
be produced. 

In the first chapter of this thesis, an introduction on breast cancer and optical imaging 
is given. The second chapter presents a description of the instruments that have been 
used to collect the data that have been analyzed in this thesis, i.e. the Mammoscope, 
fDOT system and LBS. An overview of some of the clinical studies performed with 
these instruments is presented in the same chapter.  

In chapter 3, the average optical properties of breast tissue are investigated in order to 
give insight into the optical properties of breast tissue. Using the data collected with 
the Mammoscope, the average attenuation of healthy breasts is compared to 
demographic information and the average attenuation of healthy and diseased breasts 
are compared. Statistically significant but weak negative correlations between the 
average attenuation and subjects’ age and breast volume were observed. The breast 
tissue optical properties vary highly between women. The results show also no 
significant difference in average attenuation was found between healthy breasts and 
breasts with cysts, benign solid lesions or malignancies. This suggests that diseased 
breasts cannot be distinguished from healthy breasts based on the average optical 
properties of the whole breast measured with the Mammoscope.  

Then, in chapters 4 and 5, 2 techniques to improve lesion detection for the data 
collected with the fDOT system are investigated. The first described technique uses a 
statistical method to combine the absorption and fluorescence data from phantom 
measurements. With an optimized training of the statistical algorithm, voxels of test 
datasets were classified as healthy or malignant and phantom-lesions were therefore 
detected. Chapter 6 described a technique to combine absorption and fluorescence 
data into one graph, the scatterplot. Phantom-lesions that were missed in the 
fluorescence images were detected in scatterplots. Applied to 6 patients, all lesions 
were observed in the scatterplots. Other normal structures, such as areola, glandular 
tissue were identified in the scatterplot. The different rate of uptake and wash out of 
the contrast agent in the healthy and malignant tissues was also observed in the 
scatterplot. 

In chapter 6, an algorithm for lesion detection was tested with data collected with the 
LBS. The results show that lesion detection using this algorithm is independent of any 
type, location and amount of normal breast tissue used for referencing. This suggests 
that bilateral measurement is not required for lesion detection. This also suggests that 
lesions can be detected in both fatty and dense breasts. This is an important result as 
breast lesions are difficult to detect in young and mammographically dense breast 
women. 

The conclusions obtained from this work are summarized in chapter 8. Outlook for DOI 
in breast cancer research is also given. 
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SAMENVATTING 

 
Dit proefschrift presenteert de resultaten van een onderzoeksproject over het 
afbeelden van borstweefsel met behulp van licht, met het doel om borstkanker te 
detecteren. Wereldwijd  is borstkanker de meest gediagnostiseerde vorm van kanker 
bij vrouwen en nummer 2 als oorzaak voor het overlijden aan kanker bij vrouwen. 
Onderzoeken hebben aangetoond dat vroege detectie van borstkanker met röntgen 
mammografie de overlevingskans verbetert. Mammografie is tot nu toe de meest 
gebruikt afbeeldings methode voor bevolkingsonderzoek. Maar mammografie heeft 
enkele nadelen. Ten eerste gebruikt het schadelijke röntgenstraling: vrouwen met een 
hoog risico voor borstkanker kunnen daarom niet te vaak gecontroleerd worden. Ten 
tweede wordt de borst platgedruktijdens het onderzoek, hetgeen pijnlijk kan zijn. . Een 
ander probleem is het grote aantal vals positieven, dat in heel veel biopten resulteert.  

“Diffuse optische afbeelding” is een veilige afbeeldings methode, die informatie over 
de licht  absorptie en verstrooiings eigenschappen van het weefsel geeft, en over de 
hoeveelheid hemoglobine, vet en water in het weefsel.  Als “diffuse optische 
afbeelding” veilig, snel en relatief goedkoop is, zou het een alternatieve of aanvullende 
methode voor borstonderzoek kunnen worden, met het doel om afwijkingen te 
detecteren en/of de kwaadaardige van goedaardige afwijkingen van elkaar te 
onderscheiden. 

Philips Research heeft 2 typen “diffuse optische tomografie” scanners ontwikkeld en 
gebouwd , die van rood en infrarood laserlicht gebruik maken. De 2 scanners lijken op 
een bed met een cup waar een vrouw haar borst in kan leggen. De ruimte tussen de 
cup en de borst is met een vloeistof gevuld. De optische eigenschappen van de 
vloeistof, ook wel  koppelingsvloeistof genoemd, lijken op  die van borstweefsel. 
Tijdens een meting wordt de borst achter elkaar belicht door ongeveer 250 (bron) 
fibers. Het licht (4 verschillende lichtkleuren) gaat door de borst heen en wordt dan 
gedetecteerd door weer ongeveer 250 andere (detector) fibers. De bron en detector 
fibers zijn rondom, aan de binnenkant van de cup gemonteerd. Op de meet data wordt 
beeldreconstructie uitgevoerd: per lichtkleur worden driedimensionale absorptie 
beelden lichtkleur gereconstrueerd. Door combinatie van de absorptie beelden voor 
de verschillende lichtkleuren kan de weefsel samenstelling (bloed, water en vet) van 
de borst bepaald worden. Borsttumoren kunnen worden gevonden doordat ze zich 
onderscheiden door een verhoogde hoeveelheid bloed. 

 Een van de 2 Philips optische scanners kan gebruikt worden in combinatie met een 
fluorescerend contrastmiddel. Het contrastmiddel wordt in de bloedbaan geïnjecteerd. 
Vervolgens  accumuleert het in de tumor, ten gevolge van de  afwijkende doorbloeding 
van tumoren.  Met de scanner kan een driedimensionaal beeld van de verspreiding van 
het fluorescente contrastmiddel worden gemaakt.  
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Het Beckman Laser Institute heeft een “diffuse optische spectroscopie” systeem 
ontwikkeld en gebouwd. Het gebruikt een sonde die met de hand over de borst wordt 
gescand. Het meet de licht verstrooiing en absorptie van een punt locatie tegelijk over 
een groot spectrum aan lichtkleuren (650 nm to 1000 nm). Uit het absorptie spectrum 
kan de weefsel samenstelling (bloed, water en vet) bepaald worden. 

In hoofdstuk 1 van dit proefschrift wordt een introductie over borstkanker en optische 
afbeelding gegeven. In hoofdstuk 2 worden de 2 scanners van Philips en het systeem 
van het Beckman Laser Institute beschreven. De klinische testen die met de systemen 
zijn uitgevoerd worden daar ook beschreven. In hoofdstuk 3 van dit proefschift zijn de 
gemiddelde optische absorptie van gezond borsten en  van borsten met afwijkingen 
onderzocht. Dit hoofdstuk geeft inzicht in de grote biologische variaties van borsten. In 
de hoofdstukken 4 en 5 heb ik 2 verschillende methoden om de absorptie en de 
fluorescentie metingen te combineren onderzocht. De eerste manier is statistisch met 
een “Linear Discriminant Analysis” methode en de tweede manier is met behulp van 
een speciaal soort grafiek, de “scatterplot”. Vervolgens heb ik in hoofdstuk 6 een 
verbetering van een algoritme voor detectie van tumoren onderzocht. Het initiële 
algoritme maakt gebruik van de andere gezonde borst als referentie; in het verbeterde 
algoritme hoeft de referentie niet meer uit de gezonde borst te komen en hangt niet af 
van het type borstweefsel. Dit betekent dat metingen aan een enkele borst genoeg zijn 
om een afwijking te detecteren. Dit impliceert ook dat lesies in zowel vet weefsel of 
compact klierweefsel gedetecteerd kunnen worden. Tot besluit geeft hoofdstuk 7 de 
conclusies van het werk van dit proefschrift en een visie over het gebruik van  diffuse 
optische beeldvorming  binnen het borstkanker onderzoek. 
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Abstract   
 
We present the first clinical results of a novel fully automated 3D breast ultrasound 
system, the CUPidUS. This system was designed to match a Philips diffuse optical 
mammography system to enable straightforward co-registration of optical and 
ultrasound images. During a measurement, three 3D transducers scan the breast at 4 
different views. The resulting 12 datasets are registered together into a single volume 
using spatial compounding.  
In a pilot study, benign and malignant masses could be identified in the 3D images, 
however lesion visibility is less compared to conventional breast ultrasound. Clear 
breast shape visualization suggests that ultrasound could support the reconstruction 
and interpretation of diffuse optical tomography images. 
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Introduction 
 
Early-stage breast cancer detection is still a challenge, especially in dense breast. The 
current gold standard for breast imaging, X-ray mammography, is widely used for 
screening and diagnostics examinations. Ultrasound imaging is as well extensively used 
in breast screening as an adjunct to mammography and helps differentiating solid from 
cystic mass. Studies showed that in dense fibroglandular breast tissue, 
ultrasonography detected masses that were invisible in the mammogram [3-10]. Thus, 
there might be a role for ultrasound screening of young women with dense breast. 
 
X-ray mammography has the disadvantages of using harmful ionizing radiation for both 
the patients and the radiologist, applying painful compression to the breast and having 
a high number of false positives resulting in a large number of unnecessary biopsies. As 
a future possible solution, Diffuse Optical Tomography (DOT) is a non-invasive and 
harmless method for breast imaging. It uses near-infrared light to assess the optical 
properties inside the breast. Maps of concentration of water, lipid, hemoglobin and 
deoxy-hemoglobin can then be derived from these optical properties. These functional 
breast images can be used to discriminate different tissue and thus detect breast 
cancer at localized area where high contrast of hemoglobin and oxygenation compared 
to surrounding tissue is found. However, DOT has low spatial resolution and similarly 
to mammography has low sensitivity in dense breast tissue. Ultrasound imaging, with 
good spatial resolution and with potential to image lesions in dense breast, could thus 
help DOT to achieve high sensitivity screening of breast. One of the main drawbacks of 
the current ultrasound examination is the use of hand held probes which gives 
operator-specific outcomes and a success rate depending on the skills of the operator.  
To replace harmful and painful mammography by DOT and to take advantage of rather 
good detection of ultrasound in dense tissue, we developed an automated 3D whole-
breast ultrasound imaging system, designed to match the Philips diffuse optical 
mammography system, the fDOT system described in chapter 2 of this thesis and [1]. 
Our prototype uses three 3D transducers in a fixed geometry to image the whole 
breast: no more interaction with the operator is then required. Combination of 
ultrasound and optical imaging can be achieved at different levels. First, to 
compensate for low spatial resolution of Diffuse Optical Tomography (DOT), ultrasonic 
data can be used to construct co-registered images of anatomical structure and optical 
absorption. Furthermore, ultrasonic data can support DOT by incorporating the 
anatomical information from ultrasound as prior constraints into the DOT 
reconstruction algorithm. 
 
In this paper, we investigate the clinical feasibility of automated (operator-
independent) whole-breast ultrasound and discuss the added value of combining 
ultrasound imaging with diffuse optical tomography (DOT).  
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Automated 3D whole-breast ultrasound imaging system 
 
The aim was to develop a 3D whole-breast ultrasound imaging system that could be 
combined with the Philips optical mammography system, the fDOT system described in 
chapter 2 and [1], see Figure 1 (a). To compensate for low spatial resolution of Diffuse 
Optical Tomography (DOT), ultrasonic data can be used to construct co-registered 
images of ultrasonic anatomical structure and optical absorption. A typical optical 
image is shown in Figure 2: the nipple (dotted arrow) and the lesion (solid arrow) are 
visible in the images. However, it is difficult to know their exact localization due to the 
non-visibility of the breast surface, and their exact shape and size, due to the low 
spatial resolution. This missing information could be obtained with ultrasound imaging. 
Furthermore, ultrasonic data can support DOT by incorporating the anatomical 
information from ultrasound as prior constraints into the DOT reconstruction 
algorithm. In previous work, it has been shown that the use of a correct breast shape 
estimation to initialize the reconstruction of the DOT images significantly improves the 
reconstruction [1]. 
 

 
(a) (b) 

Figure1. (a) Photograph of the Philips diffuse optical tomography system for breast cancer 
imaging, the fDOT system. (b) Photograph of the ultrasound prototype 

         

 
(a) (b) 

Figure 2. Optical absorption at 780 nm image of an 81 years old patient. (a) Ipsilateral breast. 
The solid arrow points to the 29*22*28 mm

3
 malignant lesion. (b) Healthy breast. The dotted 

arrow points to the nipples. The measurement cup wall is shown by the white dashed line. The 
breast shape is not visible in this optical image and the spatial resolution of the lesion is low. 
Anatomical information from ultrasound imaging would be useful for the interpretation of the 
optical images. 
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The prototype ultrasound scanner has thus been designed similarly as the optical 
scanner: a bed where the patient can lie down in a prone position with one breast 
hanging in a cup, in combination with a standard Philips iU22 ultrasound system, 
Figure 1 (b). Three standard transducers 3D9-3v, see Figure 3 (a), are mounted in the 
cup wall, Figure 3 (b), which is covered with a lining to minimize acoustic reflections. 
The lining is a FDA compliant Vinyl/Buna-N rubber sheet of 1/32 inch thickness. The 3D 
curved array transducers have been chosen for several reasons. First they must image 
deep in order to see as close as possible to the chest wall: the frequency of the 
transducers has then been set at 3.5 MHz. Conventional 2D breast ultrasound probes 
image on the contrary at high frequency, varying from 9 to 12 MHz. Secondly, the 3D9-
3v transducers were chosen because they have a relatively small cross-section. The 
integration of the ultrasound transducers in the optical measurement cup must indeed 
as little as possible perturb the original geometry and the optical scanning. Figure 3 (b) 
shows the placement of the transducers in the cup: they are localized at the lower part 
of the cup where the breast is expected to touch the cup wall the least, but not fully at 
the bottom to be able to image the breast surface with minimized angle and to reduce 
shadowing artifacts from the nipple. Incidentally, to image the breast surface, the 
scanning area of the transducer is located at the surface of the cup. It is not intended 
to get the probes closer to the breast. The transducers have an electrical scanning field 
of view of 130° in the azimuth plane, i.e. B-scan plane, and a mechanical scanning field 
of view of 85° in the elevation plane, i.e. plane normal to the B-scan plane. 
Furthermore, each transducer can be rotated around its axis by an electromotor which 
is controlled by a PC. Automated operation of the prototype was realized by running 
the iU22 in diagnostic mode with WinRunner software to simulate normal user 
interactions. During a scan the iU22 communicates with the PC to enable 
synchronization of the image acquisition and the rotation of the transducers. When 
the patient is lying on the bed with one breast in the cup, the space between the 
breast and the cup wall is filled with an ultrasound matching liquid consisting of a 
mixture of purified water, glycerin and polysorbate 20. The cup is filled and emptied 
using a fluidic system inside the bed.  
 

 
(a) (b) 

Figure 3. (a) Transducer 3D9-3v. (b) Measurement cup with the 3 transducers 3D9-3v. 
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Spatial compound imaging 
 
In normal ultrasound B-mode scan, the object is imaged along a single direction which 
is perpendicular to the surface of the transducer. Spatial compound imaging is an 
improved technique to obtain better image quality: the object is imaged under 
different views and the resulting images from the different views are then combined 
together. We decided to proceed in 2 levels, explained as follows, to perform spatial 
compound imaging with the images of our prototype. During a measurement, each of 
the 3 transducers successively acquires a partial volume of the breast at 4 different 
views. For the first volume the transducer array is in the vertical plane. For each 
subsequent volume the transducer is rotated over 45 degrees clockwise (looking top 
down to the cup). A set of 12 3D images can thus be collected and processed into a 
single volume. The first level of compound imaging consists of combining the 4 
volumes for each transducer, resulting in a set of three 3D images, one image per 
transducer. Then, the second level of compound imaging would consist of combining 
these 3 resulting volumes together. A mask can be applied to this final single image to 
remove artefact outside the measurement cup caused by residual cup wall reflections.  
Figure 4 shows an ultrasound image of a phantom, without and with compounding of 
the 4 views seen by a single transducer. This shows some of the advantages of 
compound sonography over standard B-mode sonography: reduced speckle, increased 
resolution (especially lateral resolution), increased field of view, reduced echoes from 
air-bubbles and particles in fluid and symmetric point spread function (PSF). 
      

 
(a) (b) 

Figure 4. (a) Standard B-mode ultrasound image of a phantom. (b) Compound ultrasound 
image of the same phantom scanned in 4 views from the same transducer; the 4 views were 
acquired by rotating 4 times the transducer on its axis over 45 degrees. Notice the reduced 
speckle, increased resolution, increased field of view, reduced echoes from air-bubbles and 
particles in fluid and symmetric PSF.  

 

In our study, spatial compound of the 3 transducers was achieved successfully in 
phantoms, as seen in Figure 4. In patients, due to variations in speed of sound and to 
less overlap of tissue for registration, the image quality of spatial compound of the 3 
transducers was reduced. Therefore the patient’s and volunteer’s scans were 
processed in 3 volumes; one volume per transducer. To be able to register the 3 
different volumes from the 3 transducers with patient data, an algorithm with elastic 
transformation will need to be developed and the issue of limited overlapping tissue 
available for the registration will need to be solved. 
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Clinical trial 
 
The clinical feasibility of automated whole-breast ultrasound imaging with our 
prototype has been investigated by assessing the mass visibility in the images of our 
prototype, helped by the images from the conventional ultrasound probe.  
 
A first pilot study with 23 patients (mean age 46, range 20 to 74) was performed at 
Leiden University Medical Center. The study protocol was approved by local IRB 
(Institutional Review Board), and written informed consent was obtained from all 
patients. The inclusion criteria for this study were patients with visible mass in the 
conventional 2D ultrasound image, with breast size similar or smaller than cup, and 
who could bear prone position.  This study included 29 masses visible with the 2D 
handheld ultrasound probe. Of these 29 masses, 10 were confirmed as malignant (8 
adenocarcinomas, 1 papillar carcinomas, 1 ductal carcinoma in situ (DCIS)) by 
histopathology and 19 as benign masses (10 cysts, 8 fibroadenomas, and 1 old 
hematoma). Breasts of patients were imaged with both conventional ultrasound and 
automated whole-breast 3D ultrasound. With the prior knowledge of the mass 
positions and dimensions from the 2D ultrasound, the masses were identified in the 3D 
images of our prototype, i.e. in each compound image from a single transducer, and 
were assessed as visible, maybe visible or non visible. The result of this visibility study 
presented here is thus the number of masses visible in a compound image from at 
least one of the 3 probes. Lesion visibility was assessed for both imaging modalities in 
collaboration with an ultrasound radiologist. 
 
 

Results - Clinical feasibility of automated whole-breast 
ultrasound 
 
Table 1: Results of the visibility study  

Mass  hystopathology 

 

# visible 
lesion 

# maybe 
visible lesion 

# non visible 
lesion 

total 

Benign mass hematoma 0 1 0 1 

Cyst 7 1 2 10 

fibroadenoma 5 1 2 8 

Malignant 
mass 

adenocarcimona 2 0 6 8 

papillar 
carcinoma 

0 1 0 1 

DCIS 0 1 0 1 

 

The result of the visibility study is shown in Table 1. Among the benign masses, 5 out of 
8 fibroadenomas were visible and 1 maybe visible, 7 out of 10 cysts were visible and 1 
maybe visible, the old hematoma was maybe visible. Among the malignant masses, the  
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(a)                        (b) 

Figure 5. Cyst visible with the automated 3D whole-breast ultrasound prototype. Dimension of 
11.5*12.6*10.6 mm

3
 and location at 10 mm from nipple assessed in the 2D image. (a) 

Conventional 2D ultrasound image. (b) Image from the automated 3D whole-breast ultrasound 
prototype 

 

  
(a) (b) 

Figure 6. Fibroadenoma visible with the automated 3D whole-breast ultrasound prototype. 
Dimension of 27*17*20 mm

3
 assessed in the 2D image. (a) Conventional 2D ultrasound image. 

(b) Image from the automated 3D whole-breast ultrasound prototype 

 

  
(a) (b) 

Figure 7. Adenocarcinoma visible with the automated 3D whole-breast ultrasound prototype. 
Dimension of 14*11*12 mm

3
 and location at 50 mm from nipple assessed in the 2D image. (a) 

Conventional handheld ultrasound image. (b) Image from the automated 3D whole-breast 
ultrasound prototype 
 



CUPidUS 

 

130 
 

papillar carcinoma was maybe visible, 2 out of 8 adenocarcinomas were visible, and 
the DCIS was maybe visible. The detected lesions were located at less than 50 mm 
from the nipple and had a minimum volume of 0.4 cm

3
. The mean size of malignancies 

based on conventional handheld ultrasound was 2.2 cm
3
, and the mean size of benign 

lesions was 3.8 cm
3
. The mean distance nipple-mass of malignancies was 38 mm, and 

the mean distance of benign lesions was 26 mm. 
  

Figures 5 to 9 show the images obtained with the conventional handheld ultrasound 
and with the automated 3D ultrasound scanner for respectively a cyst, a 
fibroadenoma, an adenocarcinoma, a papillar carcinoma and a DCIS. 
 

  

(a) (b) 
Figure 8. Papillar carcinoma maybe visible with the automated 3D whole-breast ultrasound 
prototype. Dimension of 26*17*20 mm

3
 and location at 50 mm from nipple assessed in the 2D 

image. (a) Conventional 2D ultrasound image. (b) Image from the automated 3D whole-breast 
ultrasound prototype 

 

 
 

(a) (b) 
Figure 9. DCIS maybe visible with the automated 3D whole-breast ultrasound prototype. 
Dimension of 16*9*1 mm

3
 and location at 40 mm from nipple assessed in 2D image. (a) 

Conventional 2D ultrasound image. (b) Image from the automated 3D whole-breast ultrasound 
prototype 
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Discussion 
 
An automated (operator-independent) whole-breast 3D ultrasound system has been 
described: three 3D transducers in a cup scan the breast at 4 different views. The 4 
volumes from a single transducer are registered together and spatial compound 
imaging can be performed on the volumes from the three transducers in order to 
obtain one final high quality image. 
 
In our study, spatial compound of the 3 transducers was achieved successfully in 
phantoms. In patients, the image quality of spatial compound of the 3 transducers was 
reduced. The spatial compound imaging of breast needs to be done with a very 
accurate registration, based on non-rigid anatomical transformation algorithm [6]. 
Indeed, the resolution of structures depends on the scanning direction; scanning 
perpendicular to an object will result in high resolution and scanning almost parallel to 
the object will result in very low resolution. Besides, elastic transformation based on 
various speed of sounds of the different types of breast tissue must be included in the 
registration algorithm. At last, the issue of limited overlapping tissue available for the 
registration needs to be solved in case of breast data. Therefore the patient’s scans 
were processed in 3 volumes; one volume per transducer. 
 

The feasibility of 3D ultrasound has been investigated with our system in a clinical pilot 
study. Automated 3D whole-breast ultrasound images have been obtained in patients. 
The lesion visibility study of the images shows that 63% of the benign masses and 20% 
of the malignant masses were visible. The detected lesions were located at less than 
50 mm from the nipple and had a minimum volume of 0.4 cm

3
. The malignant lesions 

are clearly less visible than the benign lesions. This is probably due to the difficult echo 
pattern of the malignancies and by the fact that in this study group the malignant 
lesions were on average smaller in size and deeper in the breast than the benign 
lesions. Indeed the mean size of malignancies based on conventional handheld 
ultrasound was 2.2 cm

3
, while the mean size of benign lesions was 3.8 cm

3
. The mean 

distance nipple-mass of malignancies was 38 mm, while the mean distance of benign 
lesions was 26 mm. For use in lesion detection, our prototype needs a higher 
sensitivity and higher penetration depth. The quality of the compound images from a 
single transducer was less than the quality of the images from a conventional handheld 
ultrasound probe. It has nevertheless been shown in literature that compounding 
increases image quality [5]. Here, the system design and the hardware of the 
prototype are limiting the image quality. Indeed, while in the conventional ultrasound 
the handheld probe is pushed inside the breast to get close to the masses, with the 
automated 3D system the probes are at a fixed position in the cup. Besides, as 
mentioned in the description of the system, the transducers are imaging at 3.5 MHz to 
achieve sufficient penetration depth, which is lower than the frequency of the 
conventional handheld breast ultrasound probe, usually varying from 9 to 12 MHz. This 
difference in frequency results in a loss of axial resolution of about a factor 3 for the 
automated 3D scanner. The design of the system compensates this issue by using 
three 3D transducers and combining these images from 3 different views together 
resulting in higher image quality with better spatial and contrast resolution. However, 
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as explained earlier, this compound imaging was not yet performed on our images of 
patients. 
 
The breast surface and the nipple are clearly visible in the 3D ultrasound images.  
Because spatial compound imaging of the 3 transducers has not been performed on 
patient’s data, breast surfaces are not uniformly sharp. Nevertheless, the quality of the 
images is already sufficient so that DOT imaging could in principle benefit from it. In 
previous work, it has been shown that the use of a correct breast shape estimation to 
initialize the reconstruction of the DOT images significantly improves the 
reconstruction [1]. Figure 10 (a) shows an example of the cross-section of an 
ultrasound image from a volunteer: the skin and nipple are visible. The breast shape 
used in the reconstruction of the optical images for the same volunteer is shown 
Figure 10 (b). Comparing the ultrasound and optical images of the same breast in the 
same view, it is clear that the optical image is not representative of the real breast 
shape. These results suggest that ultrasound has the potential to significantly improve 
DOT by either co-registering both images to help interpretation or including the 
ultrasound anatomical data as prior information in the reconstruction. 
 

 
 

(a) (b) 
Figure 10. (a) Axial view of the ultrasound compound image of a single transducer from a 
volunteer. The imaging transducer is located at the left top of this image. (b) Axial view of the 
breast shape estimation from the optical scan of the same volunteer. 

 

Currently, the registration of the ultrasound and optical images would not be trivial to 
perform because of the positioning of the breast in the cup. Indeed, even though an 
assistant person guides the patient to lie on the bed and place her breast in the cup, 
the positioning of the breast inside the cup is hardly repeatable. For an effective 
registration, the ultrasound part should be integrated in the optical scanner. The 
measurement cup of the optical scanner has not been designed originally for this type 
of combination: 512 fibers are mounted on its surface. Half of the fibers are used to 
illuminate the breast sequentially from all side and the other half are used for parallel 
probing of the light emanating from the breast surface. The transducers have been 
therefore chosen partly for their small cross section; it minimizes the number of optical 
fibers that would have been removed for the integration of the probe. However, the 
ideal situation would be to keep all optical fibers and to integrate the ultrasound 
probes between them. This could be achieved with for instance a 2D matrix 
transducer, see Figure 11. This solution has the advantage of an increased numerical 
aperture, resulting in an increased resolution: a lower frequency can thus be used to 
achieve deeper imaging. Furthermore, in both optical and ultrasound modalities, the 
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space between the breast and the cup needs to be filled with a fluid. For the optical 
scanner, a scattering fluid matching the average optical properties of the breast is used 
to ensure good optical contact between the breast and the fibers. For the ultrasound 
scanner, a fluid with a speed of sound of 1610 m/s is used for good penetration of the 
sound in the breast and for minimizing the skin reflection. Combining ultrasound and 
optical imaging implies designing a matching fluid capable of working with both 
modalities.  

 

Figure 11. A 2D matrix transducer is implemented between the optical fibers in the optical 
measurement cup  

 
These above results on lesion detection and breast surface visibility show the added-
value of combining ultrasound imaging with diffuse optical tomography with our 
systems. We expect that compound imaging would enable better lesion detection and 
easier breast surface extraction to be used as support information for optical imaging. 
Optimization of the design and hardware, for instance on the transducers, geometry of 
the transducer or use of contrast ultrasound fluid, are also considerable but not the 
first priority for further study. 
 
 

Conclusion and future work 
 
The first, to our knowledge, automated 3D whole-breast ultrasound scanner using 3D 
transducers has been presented. The objective of this study was to investigate the 
clinical feasibility of automated (operator-independent) whole-breast ultrasound and 
discuss the added value of combining ultrasound imaging with diffuse optical 
tomography (DOT). A prototype ultrasound scanner has been developed with three 3D 
transducers in a cup. During a measurement each transducer scans the breast at 4 
different views, enabling spatial compound imaging. The shape of the cup matches the 
fDOT system to enable straightforward co-registration of optical and ultrasound 
images. Indeed, ultrasound has a clear potential to improve DOT by either co-
registering both images to support interpretation or by including the ultrasound 
anatomical data as prior information in the reconstruction.  
 
Spatial registration of the 4 images from single transducers has been achieved. Spatial 
compound imaging of the 3 transducers was performed in phantoms shown in this 
paper and not yet in patients. A pilot study with 23 patients has been performed: 
breasts of patients were imaged with both automated 3D ultrasound and with 
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conventional ultrasound. Lesion visibility was assessed for both imaging modalities in 
collaboration with an ultrasound radiologist. Automated 3D whole-breast ultrasound 
images have been obtained. The study of these images has validated the potential 
performance of lesion detection of the prototype: individual benign and malignant 
masses could be visualized in images from patients. Besides, breast surfaces were 
clearly visualized in the ultrasound images. These results show the added value that 
our automated 3D ultrasound system would have in combination with DOT. Lesion 
visibility and image quality were less compared to conventional breast ultrasound.  
A major next step is the optimization of the spatial compound imaging. In this study, 
spatial compound imaging has been performed on single transducer by rotating it 
around its own axis. A second level of compound imaging can be performed by 
combining together the 3 compound volumes from the 3 transducers. This needs to be 
done with a very accurate registration, based on non-rigid anatomical transformation 
algorithm. It is expected that spatial compound imaging of the 3 transducers will 
provide high quality compound images enabling better lesion detection and easier 
breast surface extraction.  
 
In conclusion, this paper presented the first validation of our 3D whole-breast 
ultrasound scanner using 3D transducers. Automated 3D whole-breast ultrasound 
images have been obtained in patients. An improved spatial compound imaging needs 
to be performed for further studies. 
 
This work is supported by a European Commission Marie Curie contract MEST-CT-
2004-007832. 
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Abstract 
 
We describe an algorithm to calculate an index that characterizes spatial differences in 
broadband near-infrared (NIR, 650 to 1000 nm) absorption spectra of tumor-
containing breast tissue. Patient-specific tumor spatial heterogeneities are visualized 
through a Heterogeneity Spectrum function (HS). HS is a biomarker that can be 
attributed to different molecular distributions within the tumor. To classify lesion 
heterogeneities, we built a Heterogeneity Index (HI) derived from the HS by weighing 
the HS in specific NIR absorption bands. It has been shown that neoadjuvant 
chemotherapy (NAC) response is potentially related to the tumor heterogeneity. 
Therefore, we correlate the heterogeneity index obtained prior to treatment with the 
final response to NAC. From a pilot study of 15 cancer patients treated with NAC, 
pathological complete responders (pCR) were separated from non-pCR according to 
their HI (-44±12 and 43±17, p=3∙10

-8
, respectively). We conclude that the HS function is 

a biomarker that can be used to visualize spatial heterogeneities in lesions, and the 
baseline HI prior to therapy correlates with chemotherapy pathological response.  
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Breast cancer accounts for more than 20% of all newly diagnosed female cancers [1]. 
New treatment regimens and early detection have reduced mortality rates. Patients 
diagnosed with locally advanced breast cancer are considered to be at increased risk of 
disseminated disease. As a result, many of these patients now receive neoadjuvant 
chemotherapy (NAC), even if the tumor is primarily operable. Although there is no 
evidence to suggest that there is a survival benefit of neoadjuvant chemotherapy 
when compared with adjuvant treatment, some studies have shown an overall survival 
benefit for those patients who achieve a pathologic complete response (pCR) after 
neoadjuvant chemotherapy compared with patients without a complete response 
(non-pCR) [2]. Breast cancer is a heterogeneous disease that comes in several clinical 
and histological forms. Its clinical progression is difficult to predict using current 
prognostic factors and treatment is therefore not as effective as it should be [3-7]. The 
prediction of the efficacy of chemotherapy would potentially select good candidates 
who would respond well while excluding poor candidates who would not benefit from 
treatment. This would prevent many patients from experiencing unnecessary side 
effects. Several studies have been performed using conventional radiologic imaging 
techniques to investigate predictive factors for various chemotherapeutic modalities in 
breast cancer, but many of them have been found to be unsatisfactory [8-10]. A 
previous study [11] was able to predict chemotherapy response based on specific 
histological features of breast cancer. In this work we investigate the possibility of 
noninvasively predicting chemotherapy response prior to treatment based on 
biomarkers obtained from tumor spatial heterogeneities of spectral features measured 
using Diffuse Optical Spectroscopy (DOS). 
 
DOS is a noninvasive, bedside technique that is commonly used to provide biochemical 
information on hemoglobin, bulk lipids and water concentration by measuring near-
infrared (NIR) (650–1000 nm) tissue absorption and scattering [12]. DOS does not 
require exogenous contrast, and rapidly (e.g., tens of seconds) provides quantitative, 
functional information about tumor biochemical composition, making it desirable from 
a patient perspective. Multiple pilot studies have shown the utility of DOS in predicting 
early tumor response to neoadjuvant treatment [13, 14]. These studies correlated 
changes in tumor optical properties with tumor final pathological response; thus 
multiple time points were required to predict therapeutic response. There are inherent 
limitations in this approach as therapies are often multi-stage and the optimal timing 
of the post-treatment measurements is unknown. Furthermore, hormonal status and 
age introduce high interpatient variability in absorption spectra and might contribute 
additional functional changes independent of tumor response [15]. 
 
Using a self-referencing differential spectroscopy (SRDS) method that accounts for 
interpatient variability, metabolic differences were previously observed between 
malignant and normal tissues. These differences are assumed to be the result of subtle 
changes in molecular disposition, i.e. the location, concentration, and environment of 
a molecular species of NIR absorbers in tissues [16]. The SRDS method exploits the 
presence or absence of a unique endogenous spectral absorption fingerprint, called 
the specific tumor component (STC), which has been shown to separate malignant 
disease from benign tumors in a 40 breast lesion study [17]. The STCs are patient-
specific signatures derived from scatter-corrected absorption spectra. We have 
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observed that these spectra can vary spatially within the same lesion and hypothesize 
that STCs may contain specific information on tumor heterogeneity. It has been shown 
that NAC response is potentially related to tumor cellular and structural heterogeneity 
[11]. These heterogeneous domains could be clustered by histological type or more 
homogeneously distributed throughout the tumor. Since heterogeneous clustering 
likely reduces therapeutic efficacy, our goal was to determine whether pre-therapeutic 
spatial variations of STCs could be correlated with NAC response.  
 
We first introduce an algorithm for calculating the tumor spatial Heterogeneity 
Spectrum (HS). Then using the HS, a Heterogeneity Index (HI) is developed to quantify 
the amount of heterogeneity. Further the HI is correlated with NAC pathologic 
response in 15 patients. This suggests that noninvasive scatter-corrected absorption 
spectra could be used to predict neoadjuvant chemotherapy response in patients prior 
to therapy.  
We used a DOS instrument to measure broadband NIR absorption and scattering 
spectra [18]. Absorption spectra were obtained at 1 cm spaced locations on grids over 
both tumor-containing tissue and normal tissue. The amount of points in a grid varied 
(from a minimum of 6 to a maximum of 15) depending on the dimension of the tumor. 
The lesion-free region in the contralateral breast served as patient-specific reference 
for the calculation of the STCs [16]. Tissue absorption and scattering spectra were 
calculated using custom software in MATLAB™. The resulting absorption spectra were 
analyzed by in-house Elantest software (Laboratory for Fluorescence Dynamics – 
University of California, Irvine) to calculate the STC spectra. Custom software for the 
calculation of the HS and HI was developed using MATLAB™. 
First, we considered the STC spectra in the locations within the lesion for each patient 
[16]. We hypothesized that the variations of the lesion STC spectra are due to tumor 
heterogeneity. In order to mathematically characterize tumor spatial heterogeneity for 
each patient using the normalized STCs spectra, we defined the HS as follows: 
 

 

Where λ are the different wavelengths used during the measurements, i is the location 
within the lesion, Ni is the number of spatial points sampled within the lesion and Nλ is 
the number of wavelengths.  
 
The HS, computed for a single subject, shows a biomarker obtained from variations of 
the STC spectra at each wavelength (Figure 1). The HS provides information on spatial 
absorption variations, likely resulting from regional differences in lipid, hemoglobin, 
and water disposition. Specific wavelength domains contain information on the lesion 
heterogeneity in that particular range. For instance, it has been shown that the water 
absorption peak around 975 nm undergoes red shifting and broadening in vivo due to 
macromolecular binding [19]. The heterogeneity in the absorption spectra may provide 
additional insight regarding tissue pathophysiology. Further investigation of 
biochemical/histological origins of the heterogeneity spectra will be the subject of 
future work.  
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(a) 

 
(b) 

Figure 1. (a) STC spectra within the lesion, 2 x 3 cm grid containing 12 points. (b) HS of the 
lesion computed from normalized (a). The HS represents changes variations of the STCs 
spectra at each wavelength. 

 
Hypothesizing that spatial STCs variations are associated with heterogeneous lesions, 
the amplitude of the HS would be correlated with treatment effectiveness. In other 
words, a highly variable HS would suggest that the subject will respond poorly to NAC. 
To verify this assumption, we investigated 15 patients, ranging in age from 31 to 71 
years, seven pre- and eight post-menopausal, with pathologically confirmed diagnosis 
of invasive ductal carcinoma (IDC) (ranging from 1.1 cm to 9.8 cm). We performed pre-
treatment absorption and scattering measurements. Final treatment pathological 
response was determined from standard pathology. Pathological complete response 
was defined as absence of invasive cancer and non-pCR defined as residual invasive 
tumor of any size, regardless of the presence of ductal carcinoma in situ (DCIS). Among 
the 15 patients 6 were pCR and 9 were non-pCR. Data were acquired in compliance 
with an institutionally approved human subjects research protocol (University of 
California, Irvine (UCI) 02-2306). 
 
A weighted wavelength analysis method was used to exploit the HS to discriminate 
between pCR and non-pCR. The algorithm separates two types of spectra by using the 
‘distance’ of a given spectrum from the average spectrum of each type.  To account for 
spectral differences across the full wavelength region, the distance is calculated at 
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each wavelength point at which data were obtained, i.e. every half nanometer in the 
650-1000 nm range. Furthermore, to maximize the differences, wavelength regions are 
weighted. Weighting factors for HS of non-pCR and HS of pCR are determined by an 
iterative process that calculates what combination of values for each wavelength 
region would best separate the coordinates of the pCR from the non-pCR patients. For 
every patient (or HS), the “similarity” between the HS and the average HS spectrum of 
a pCR and a non-pCR lesion was calculated and translated into an index, the 
Heterogeneity Index (HI). The HI quantifies the amount of heterogeneities in the HS. 
The HI ranges from -100 to 100, where negative and positive values would describe a 
homogeneous and heterogeneous lesion, respectively. 

 

Where  is the average distance of the considered HS from the average HS of all 

the pCR and  is the average distance of the considered HS from the average HS of 

all the non-pCR (the factor of two is used to convert it from ±50). 
We investigated a subset of 15 patients with IDC (6 pCR and 9 non-pCR) to optimize 
the weights for building the HI. The average HI values obtained for pCR and non-pCR 
tumors were -44±12 and 43±17 (p=3∙10

-8
), respectively. As observed in Figure 2, the HI 

values for all patients clearly separate the two groups. The HI was positive for non-pCR 
tumors and negative for pCR tumors. A negative HI would describe a homogeneous 
lesion. The results confirm the hypothesis that spatially varying lesions, with a positive 
HI, result in a partially or non effective therapy.  
 

 

Figure 2. Distribution of the heterogeneity index. The pCR patients are clearly separated from 
the non-pCR patients. 

 
The data set was subjected to a round-robin analysis to determine the dependence of 
the classification of the patients’ HS on the particular group. Each patient was 
systematically removed from the set and for each of the reduced sets, the weighting 
factors were optimized. The HI of the omitted patient was calculated according to the 
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new weights as a test patient. We found that the HI changed slightly for each patient. 
However, the classification remained unchanged from the round-robin analysis.  
We were able to obtain two additional subjects, both non-pCR, whose measurements 
have been used to further test the classification algorithm.  The lesions were correctly 
classified with a HI of 33 for one subject, and 40 for the other subject.  
 
In conclusion, we have introduced a method for visualizing and analyzing the spatial 
heterogeneity of non-invasive, scatter-corrected tumor absorption spectra based on 
self-referencing differential spectroscopy (SRDS). We present an application of the 
method that, for the first time, relates tumor spatial heterogeneity to the pathological 
response of neoadjuvant chemotherapy. Preliminary results in 17 patients reveal that 
a spatial heterogeneity index (HI), calculated from the HS, can separate pathologic 
complete responders (pCR) from non-pCR patients. These results show that the SRDS 
technique is a promising approach for potentially predicting NAC outcome prior to 
therapy. 
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