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Abstract
Near-infrared spectroscopy (NIRS) techniques are sensitive to absorption and
scattering properties of biological tissue. NIRS and diffuse optical imaging have been
applied to breast tissue for decades to exploit the high absorption of tumors resulting
from their increased blood content. By developing methods focused on measuring the
inherent contrast of tumors, optical imaging can be used to identify, characterize and
monitor breast cancer.
Optical images of the human breasts were collected in this work using a spectrally
broadband (650-850 nm), continuous-wave, optical mammography instrument. A
diffusion-based model was implemented to process the spectra measured through the
breast to create maps of oxy-hemoglobin, deoxy-hemoglobin, water, and lipid
concentrations. Oxygen saturation of hemoglobin was also mapped, which indicates
balance between tissue perfusion and tissue metabolic rate of oxygen.
The work in this thesis details the methods to characterize breast cancer contrast
found on optical mammograms. Tumors (n = 26) exhibited increased hemoglobin and
water concentrations as well as decreased lipid concentration and oxygen saturation of
hemoglobin when compared to the surrounding healthy tissue. When considering the
appropriate healthy tissue to which the tumor region should be compared against, a
procedure was developed to provide a quantitative metric to evaluate the symmetry
between a patient’s right and left breast maps. The level of bilateral symmetry observed
in the oxygen saturation of hemoglobin breast maps for healthy patients (n = 27) and
patients with benign (n = 32) or malignant lesions (n = 21) was highest for healthy
patients maps, although a high degree of variability was found.
i

The use of optical mammography in assessing breast cancer response to neoadjuvant
chemotherapy is also demonstrated. By obtaining optical mammograms on ten patients
each time they received a chemotherapy infusion, the trends in the hemoglobin
concentrations and oxygen saturation of hemoglobin were examined throughout the
duration of treatment. The tumor pathologic response measured following surgical
excision was then correlated to the optically measured trends. It was found that for
patients achieving good response to treatment, the tumor oxygen saturation of
hemoglobin experienced a significantly larger decrease compared to the tumors in poorer
responding patients. Optical mammography has the potential to monitor patient response
to treatment and guide clinical decision making.
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Chapter 1: Introduction
1.1 Motivation
In 2016, there is an estimated 249,260 new cases of breast cancer that will be diagnosed
in the United States alone, and over 40,000 deaths will be caused by this disease [1].
Patients who present with advanced or inoperable breast cancer are candidates for
neoadjuvant, or preoperative, chemotherapy to downstage the tumor and to prevent the
cancer from further spreading. Depending on the neoadjuvant chemotherapy regimen, a
patient may receive treatment for 4-6 months. A patient’s pathologic response to
neoadjuvant chemotherapy cannot be assessed until after surgical excision, when
pathologists measures if there is any remaining cancer. In this work, we aim to use
optical mammography to characterize the contrast of chromophore concentrations
(namely, deoxy-hemoglobin, oxy-hemoglobin, water, and lipid) and oxygen saturation of
hemoglobin in breast cancer. Additionally, we look to determine if the trends in these
optical parameters measured throughout chemotherapy are able to predict the tumor
pathologic response. Optical mammograms were obtained on patients each time they
received a chemotherapy infusion and the changes in the tumor chromophore
concentrations and oxygen saturation of hemoglobin throughout therapy were examined
in patients achieving different levels of response. Being able to predict a patient’s
individual response at earlier time points will help identify patients who may benefit from
a change in their chemotherapy regimen and assist in individualizing and discovering
future treatments.
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1.2 Dissertation overview
The work in this dissertation aims to characterize the intrinsic breast cancer contrast that
can be measured using continuous-wave, parallel plate optical mammography. The
introduction section begins by describing the clinical procedures that take place when a
suspicious breast lesion is found. Details are then provided as to how the cancer is
diagnosed and then treated with chemotherapy. Next, near-infrared spectroscopy (NIRS)
is introduced and NIRS techniques used to image breast tissue are described and the
relevance of bilateral symmetry and monitoring patient response to neoadjuvant
chemotherapy is discussed. The methods chapter describes the instrumentation used in
this work and how to employ the continuous-wave, diffusion-based model to process the
breast transmission data. Then the procedures are outlined for three studies aiming to: 1)
find the chromophore concentration and oxygen saturation of hemoglobin contrast
between the tumor and background tissue, 2) measure the bilateral symmetry in optical
breast maps of healthy patients and patients with benign or malignant breast lesions, and
3) use optical mammograms to monitor the response of patients undergoing neoadjuvant
chemotherapy. The results section reports the findings on the three patient measurement
studies mentioned in the methods section and also provides individual data on all ten
patients who were measured throughout neoadjuvant chemotherapy. The discussion
chapter considers the value of optical breast measurements, in particular hemoglobin
saturation, and considers the physiological reasons to explain why optical parameters
change as a response to chemotherapy. This dissertation concludes with a summary of the
impact of these results and a description of the future directions that could come of this
work.
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1.3 Breast cancer: imaging, diagnosis, and chemotherapy
1.3.1 Breast tissue composition
Breast tissue is composed of fibroglandular and adipose tissue. The glandular tissue
consists of ducts and lobes, where a typical female breast has approximately 20 lobes.
Within these lobes, the lobules can be found [2], which are the glands that produce milk
for women who are breastfeeding. The ducts serve to carry the milk from the lobes to the
nipple. Adipose tissue accounts for the remainder of the breast volume that surrounds the
glandular tissue. The breast is supported by Cooper’s ligaments, which are fibrous strands
that go through the breast tissue and connect to the dermis [2].

1.3.2 Mammography
Mammography is the primary screening tool used for breast cancer. Mammograms are
x-ray images created by transmitting low dose ionizing radiation through compressed
breast tissue. A standard screening mammography procedure exposes the patient to a 4
mGy dose of radiation [3]. These x-ray images are sensitive to variations in tissue
density, where dense fibroglandular tissue is more attenuating compared to adipose
tissue. Recent advances have introduced full field digital mammography (FFDM), which
has replaced the traditional film-screen mammography due to the capabilities of offering
digital enhancement techniques to aid in breast cancer detection [3]. Currently, it is
recommended that women receive annual screening mammograms when they are over
the age of 45 [4]. These guidelines also state that after the age of 55, women with average
risk of breast cancer could undergo biannual screening mammograms, or chose to
continue with the annual screening process [4]. During a screening procedure, two
mammogram views of each breast are obtained: craniocaudal (CC) and mediolateral
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oblique (MLO). Suspicious findings in mammograms that may indicate cancer could
appear as masses, microcalcifications, or architectural distortion. The drawbacks of
screening mammography are the high false positive rates [5] and the limited sensitivity
for women with dense breasts [3].

1.3.3 Ultrasound
Ultrasound serves as an important diagnostic tool in breast imaging. Although it is not
used as a screening imaging modality, it is common practice to perform ultrasounds on
masses that are palpable or found in mammograms. Ultrasound uses non-ionizing
acoustic waves to image the suspicious tissue region to show if a mass is solid or fluid
filled. Additionally, ultrasound can provide information about the shape of the mass and
whether there are clear or indistinct margins [3]. Ultrasound also has the capabilities to
perform Doppler imaging to visualize macroscopic vasculature around a suspicious
lesion. Hypervascularized masses are typically associated with malignant findings,
however, some benign lesions have also been found to have increased vascular content
[3].

1.3.4 Magnetic resonance imaging
Magnetic resonance imaging (MRI) is used as a breast imaging technique for high-risk
screening and preoperative local staging. Typically, bilateral MR images are performed
using 1.5-T field strength with a gadolinium (Gd)-based contrast agent. Images are
acquired before and after the contrast agent is injected into the patient [3]. MRI provides
morphological and kinetic information about suspicious breast lesions. Increased
sensitivity has been found for high-risk screening purposes [6], however there are very
high costs associated with breast MRIs. Appropriate staging of the disease for patients
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diagnosed with breast cancer relies on knowledge of the size of the tumor, which can be
obtained from the MR image. By acquiring bilateral images, the radiologist can also
potentially screen for any suspicious lesions found in the contralateral, healthy breast
before the patient undergoes treatment [3]. Challenges arise for patients who cannot
receive the Gd-based contrast agent or for those who feel claustrophobic within the MRI
system.

1.3.5 Biopsy
For patients who remain to have suspicious breast findings after the various imaging
procedures take place, a biopsy must be performed to determine whether or not cancer is
present. Four biopsy procedures can be used: skin punch biopsy, fine needle aspiration
biopsy (FNA), core needle biopsy (CNB), and surgical biopsy. A skin punch biopsy uses
a device that samples the skin to measure if cancer is present. A FNA biopsy samples a
small volume of a palpable breast abnormality. FNA biopsies are fast procedures that use
thin needles (23-27 gauge) to obtain small amounts of tissue, however, FNAs may find
inconclusive results and require the use of another biopsy procedure [7]. CNB procedures
use local anesthesia to numb the breast area and sample the tissue several times with a
larger needle (7-14 gauge) [8]. Image guidance may also be used for CNBs, depending on
which imaging modality the suspicious lesion can be visualized. The preferred image
guided method uses ultrasound to place the needle in the tissue region of interest. When
the lesion is not visible on ultrasound, stereotactic biopsies are performed, which use
mammography to guide the needle to the correct tissue area. Lastly, surgical biopsies can
be utilized to excise tissue regions when the previous biopsy methods are not able to be
used or are inconclusive.
5

1.3.6 Types of breast cancer
A biopsy will determine the type of breast cancer that has been found in the sampled
tissue. As for precancerous and very early stage cancer findings, there are two types:
lobular carcinoma in situ (LCIS) and ductal carcinoma in situ (DCIS). DCIS and LCIS
have not spread outside of the ducts or lobules, respectively. When patients are diagnosed
with in situ carcinoma, chemotherapy is not a recommended form of treatment. However,
the majority of breast cancer diagnoses are invasive carcinoma, which refers to cancer
that has spread beyond the ducts or lobules. The most common type is invasive ductal
carcinoma (IDC), followed by invasive lobular carcinoma (ILC) [9]. A more rare, yet
extremely aggressive form of invasive cancer, is inflammatory breast cancer.
Inflammatory breast cancer is diagnosed when cancer cells have been identified in the
lymph vessels in the skin. In addition to the type of breast cancer, the biopsy also reveals
specific features that are critical factors for the oncologist when deciding the treatment
regimen. The grade is one element measured to determine the aggressiveness of the
cancer. Further details about cancer grading can be found in methods section (2.4.1
Breast cancer characterization). Hormone receptor status can also be measured to
determine if there are estrogen or progesterone receptors on the cancer cells facilitating
tumor growth. Additionally, a test to determine if cancer is HER2/neu positive is
performed. Often times it is also necessary to check to see if the cancer has spread
beyond the breast. Typically, lymph nodes are also imaged and a biopsy may be
performed to see if cancer cells have spread to the nodes. When cancer is found in the
lymph nodes, chemotherapy treatment is often recommended.
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1.3.7 Chemotherapy
Neoadjuvant chemotherapy (NAC) is administered to patients prior to surgery in an effort
to reduce the primary tumor size, whereas adjuvant chemotherapy is administered
following surgery in an effort to reduce the risk of residual disease and cancer recurrence.
Although neoadjuvant chemotherapy does not offer survival benefits over adjuvant
chemotherapy [10], the use of pre-operative treatment still provides some distinct
advantages. The greatest benefit of neoadjuvant chemotherapy is the ability to decrease
the size of a primary neoplasm, potentially allowing previously inoperable cancers to
become operable, or in the case of breast cancer, breast conservation surgery rather than a
mastectomy. Additionally, a patient’s response to chemotherapy can be assessed either
pre-surgically by imaging, what is termed the clinical response, or post-surgically, what
is termed the pathologic response, the latter of which is unique to cases undergoing
neoadjuvant treatment [10, 11]. The use of neoadjuvant chemotherapy may, however, be
high-risk, such as in those patients who do not have an effective response, subsequently
allowing for the index neoplasm to increase in extent and potentially metastasize during
the period of ineffective treatment.
The treatments in place for patients undergoing neoadjuvant chemotherapy
depend on the breast cancer subtype. The three breast cancer subtypes that typically
dictate the chemotherapy regimen are [12]:
1) Estrogen receptor (ER)-positive, HER2-negative (ER-positive/HER2-negative)
2) Human epidermal growth factor receptor-2 positive (HER2-positive)
3) Triple negative breast cancer (TNBC)
As the name indicates, ER-positive/HER2-negative tumors are estrogen-receptor-positive
and HER2 receptor negative. Triple negative (also called basal) tumors are those whose
7

cells are negative for estrogen receptors (ER), progesterone receptors (PR), and HER2.
And the HER2-positive tumors are positive for HER2/neu receptor. For patients with the
ER-positive/HER2-negative or TNBC subtypes, recently released guidelines [12] suggest
bi-weekly doxorubicin (60 mg/m2) and cyclophosphamide (600 mg/m2) for 4 cycles, and
12 weekly doses of 80 mg/m2 of paclitaxel. For TNBC, it is recommended to also
administer carboplatin during every 3rd weekly paclitaxel treatment. For patients with
HER2-positive breast cancer, trastuzumab (trade name Herceptin) and pertuzumab (trade
name Perjeta), are two targeted treatments that are suggested along with cytotoxic
chemotherapy agents. Carboplatin and docetaxel have been used with the targeted
therapies once every 3 weeks for 6 cycles total. Other cytotoxic agents may be used for
the treatment of different breast cancer subtypes and further details of the various options
are described in Sikov et al. [12]. As new drugs are being developed and tested in clinical
trials, the guidelines of the chemotherapy regimen recommended for various patients may
change.
To maximize the utility of neoadjuvant chemotherapy, methods must be
developed to monitor patients’ response during treatment. The ability to monitor response
not only aids in individualizing breast cancer treatment, but may also lead to developing
new therapies [13]. In 2014, the Food and Drug Administration (FDA) Center for Drug
Evaluation and Research (CDER) initiated a program stating that any drugs being tested
in the neoadjuvant setting that are shown to achieve a greater rate of pathologic complete
response compared to the current standard are eligible for accelerated approval [14].
Monitoring methods therefore may not only benefit an individual patient, but may
potentially aid in discoveries of new breast cancer treatments.
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1.3.8 Pathologic response
It is critical for response categories to be accurately defined when assessing the degree to
which breast cancer responds to chemotherapy. Traditionally, pathologic complete
response (pCR) has been considered the endpoint for patients who have achieved the
maximum benefit of treatment. The exact definition of pCR, however, has varied. An
analysis on over 6000 patients by Von Minckwitz et al. assessed patient outcomes
amongst various definitions of a pathologic response used in the literature, some of which
may include residual in situ disease or lymph node involvement [15]. Another issue
discussed by von Minckwitz et al. is that of determining whether pCR is an appropriate
endpoint for all breast cancer subtypes. The different subcategories of breast cancer, in
conjunction with other relevant clinical and pathological factors, determine various levels
of prognosis and risk [16]. Two key conclusions are drawn by von Minckwitz et al.: 1)
pCR should be defined to indicate no remaining invasive or in situ carcinoma in the
breast along with no lymph node involvement, and 2) pCR only retains prognostic value
for ER-negative/HER2-positive and TNBC subtypes [15]. Therefore, in studies assessing
breast cancer response to neoadjuvant chemotherapy, the definition of pCR must be well
justified and the patients breast cancer subtypes need to be considered in the analysis.

1.3.9 Imaging modalities under investigation to monitor therapy
response
Imaging methods sensitive to functional tissue changes are being investigated for
monitoring breast cancer patients’ response to neoadjuvant chemotherapy. Functional
tumor changes are of particular interest due to the limitations found by using physical
examinations, ultrasound, or mammograms to assess tumor response [17]. Positron
emission tomography-computed tomography (PET/CT) scans using fluorine 18
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fluorodeoxyglucose (FDG) as a radiopharmaceutical agent have been used to image
patients prior to the start of treatment and typically at one point during chemotherapy. A
recent review by Mghanga et al. examined PET/CT studies published after year 2000 and
reported response criteria, timing of imaging, and how the standard uptake value was
used to differentiate response [18]. The standard uptake value (SUV) is a common
metabolic parameter measured by PET and a decrease in SUV corresponds to a good
tumor response [18]. Studies vary widely on the design approach (e.g., the imaging time
point during chemotherapy) and response criteria. However, overall sensitivity and
specificity were reported in the review to be 80.5% and 78.8%, respectively. A more
recent study has moved one step further and analyzed the tumor response for 169 patients
measured on PET/CT based upon the breast cancer subtype [19]. Since there have been
PET/CT studies reporting different baseline characteristics depending on the breast
cancer subtype [20], it may be appropriate to analyze these groups separately. The three
cancer subtypes considered in [20] were: 1) triple negative breast cancer (TNBC), 2)
HER2-positive, and 3) estrogen receptor (ER)-positive/HER2-negative. Different
PET/CT parameters measured at baseline and after the second cycle of chemotherapy
were found to distinguish response for the various breast cancer subtypes. The maximum
pixel SUV (SUVmax) and the total lesion glycolysis (defined as the metabolic tumor
volume multiplied by mean value of SUV) were the most significant parameters to
differentiate response for patients with TNBC or ER-positive/HER2-negative breast
cancer [19]. For HER2-positive breast cancer patients, the peak SUV was found to
correspond best with pCR [19].
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Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) with
gadolinium-based contrast agents has also been explored to image patients throughout the
course of chemotherapy in efforts to measure the level of tumor response. Multiple
studies have been designed to monitor tumor response by obtaining a baseline MRI scan
and typically one other scan during chemotherapy treatment [21]. Parameters sensitive to
angiogenic changes, such as the volume transfer constant (Ktrans) and early contrast
uptake (ECU) were found to correlate to tumor response in a review by Marinovich et al.
Changes in tumor volume also showed promise for predicting response [21]. Similar to
the literature available regarding PET/CT, assessing response by DCE-MRI based upon
breast cancer subtype has also been demonstrated [22]. Loo et al. reported that when
comparing the largest tumor diameter during late-gadolinium enhancement between the
baseline examination and a repeat examination six or eight weeks following initiation of
chemotherapy, significant correlations with tumor response were only seen in TNBC and
HER2-positive patients. This study consequently advises caution when interpreting DCEMRI changes in ER-positive/HER2-negative breast cancer patients in predicting a
response to treatment [22].
Although these imaging modalities are being used in an investigative setting to
follow breast cancer patients’ response to neoadjuvant chemotherapy, there are several
drawbacks to their potential use as a monitoring tool. Both PET/CT and DCE-MRI are
invasive, requiring peripheral injection of either a radiopharmaceutical or gadolinium
contrast to be administered to patients to obtain functional information. Also, both forms
of imaging require large facilities with expensive equipment and high-cost imaging
sessions. The need for invasive agents and costly measurements limit the frequency of
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PET/CT or DCE-MRI monitoring during chemotherapy. It is currently not known what
the ideal time points and imaging frequency during treatment are. This poses a
challenging question related to the optimal trade-off between allowing enough time for
treatments to become effective while providing information at an early enough time point
to potentially replace or interrupt ineffective treatments. Therefore, investigating other
monitoring techniques that can overcome these obstacles related to invasiveness and a
limited repetition frequency would be beneficial for measuring breast cancer patients’
response to neoadjuvant chemotherapy.

1.4 Near-infrared spectroscopy (NIRS)
1.4.1 Principles of near-infrared spectroscopy
Near-infrared spectroscopy (NIRS) uses light in the range of 650 – 1000 nm to sense the
absorption and scattering properties of biological tissue. NIRS and diffuse optical
imaging rely on the fact that light in the near-infrared (NIR) window can penetrate
through several centimeters of tissue. There are two processes that occur as light travels
through tissue: absorption and scattering. The absorption coefficient (μa) is the parameter
that represents the absorption of a given medium. The μa is reported in units of inverse
length (typically cm-1) and the μa of breast tissue can vary between 0.02 – 0.12 cm-1
depending on the concentration of chromophores in the tissue being measured [23]. The
primary absorbers of NIR light that are relevant to breast tissue are deoxy-hemoglobin,
oxy-hemoglobin, water, and lipid, denoted as [Hb], [HbO2], [water], and [lipid],
respectively [24]. Each of these chromophores has unique absorption spectra in the NIR
range, allowing for their concentration in tissue to be recovered. Photons traveling
through biological tissue also become scattered as the light propagates. The reduced
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scattering coefficient (μs′) factors in scattering anisotropy of the tissue and represents the
inverse of the mean distance that the photon travels during an isotropic scattering event
(given in units of inverse length, cm-1). The μs′ for breast tissue can take values between
6-15 cm-1 [23]. The diffuse nature of NIR light through biological tissue is due to the fact
that scattering properties are 1-2 orders of magnitude larger than the absorption
properties, which limit the spatial resolution able to be achieved with NIRS.

1.4.2 NIRS breast imaging instrumentation
Different forms of instrumentation and measurement techniques are used for diffuse
optical breast imaging. There are tradeoffs between information content available,
spectral resolution, and spatial sampling rate in the various optical breast imaging
systems, which can operate using time domain, frequency domain or continuous-wave
methods. Time domain systems [25-28] use pulsed illumination to obtain absorption and
scattering properties of tissue. Frequency domain systems [29, 30] acquire tissue
properties by employing sinusoidally modulated light. Continuous-wave (CW) systems
[31] are less complex and utilize sources with constant power over time. These CW
methods can measure a broadband spectrum, but are hindered by the inability to separate
absorption from scattering [32]. Time domain and frequency domain systems benefit
from not relying on any wavelength dependent assumptions for the unique absorption
spectra of chromophores and the scattering properties of tissue. However, these two
domains of investigations often feature limited spectral information. One exception is the
instrument developed by Taroni et al., which is a time domain system using Ti:sapphire
and supercontinuum fiber lasers to allow for extensive spectral sampling [33]. Some
instruments also use a combination of these domains, such as continuous wave sources
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along with laser diodes in the frequency domain [34-36]. Spatial configurations also
differ over various NIRS systems, which may feature either transmission [25-29, 31, 35,
36] or reflection [30, 34] geometries. Different spatial sampling rates may also be
employed, ranging from every 1 mm [28] to every 10 mm [34] or more. In this work, our
instrument uses a broadband continuous wave spectrum, a high spatial sampling (every 2
mm) and a transmission geometry to exploit a novel combination of NIRS imaging
features in an effort to investigate tumor-induced changes.

1.4.3 Breast cancer chromophore concentration contrast
When characterizing differences between breast tumors and healthy tissue using NIRS,
elevated levels of total hemoglobin concentration ([HbT]) have been consistently found
in cancerous tissue [25-30, 34-38]. This increase in hemoglobin concentration reflects the
known occurrence of angiogenesis. Although a fewer number of studies have investigated
the concentration of water and lipids in the breast, it has been found that tumors have
greater water content [26, 29, 30, 34, 36] and lower lipid content [34, 36] when compared
to non-cancerous tissue.

1.4.4 Breast cancer oxygen content
This work focuses on a NIRS measured parameter, the oxygen saturation of hemoglobin,
which is also referred to as tissue saturation and hemoglobin saturation in the diffuse
optics field. Here, to maintain consistency, we indicate oxygen saturation of hemoglobin
as hemoglobin saturation (SO2). SO2 is defined as the ratio of oxy-hemoglobin to total
hemoglobin concentration ([HbO2]/[HbT]) and reflects a balance between the amount of
oxygen delivered by the circulation per unit time per unit volume of tissue, and the
amount of oxygen diffused from the capillary bed to the tissue [23]. It is important to
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observe that SO2, as defined here, is an oxygenation measure that solely refers to the
oxygen bound to hemoglobin. By contrast, tissue oxygenation, which is related to but
different from SO2, is representative of the total oxygen content available for tissue cells
to use as a source of metabolic energy. This oxygen can come from intracellular,
interstitial and vascular compartments [39]. Since the intracellular and interstitial oxygen
is not bound to hemoglobin, tissue oxygenation cannot be directly measured with NIRS
methods. To directly measure tissue oxygenation, the gold standard is an Eppendorf pO2
histography system which uses microelectrodes to obtain the oxygen partial pressure
(pO2) of tissue in mmHg [39]. These two parameters, SO2 and pO2, are of interest in
cancer characterization because they serve as indicators of the metabolic activity in
malignant tumors. In the next paragraph, we provide a description of the tissue oxygen
content, in terms of SO2 and pO2, on the basis of tumor microenvironment studies.
Understanding how SO2 and pO2 change in tumors using direct, high spatial
resolution measurement techniques provides insight when interpreting SO2 values in
breast cancer found from lower resolution methods such as diffuse optical imaging. Low
tissue oxygenation, or hypoxia, has been reported in human tumors for decades [40-42].
Hypoxia occurs when there is a reduced amount of oxygen available which limits normal
cellular functions. This hypoxic condition is due to the tumor’s increased metabolic
demand in combination with the heterogeneously distributed perfusion from the chaotic,
tortuous, leaky tumor blood vessels formed during angiogenesis [40, 43]. The pO2 in
tumors has been measured directly using invasive polarographic microelectrodes where
lower pO2 has been found in breast cancer compared to healthy tissue [42]. An inverse
relationship was reported between pO2 and tumor perfusion; poorly perfused tumors had
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a greater amount of tissue hypoxia, whereas well perfused tumors had a lesser amount of
tissue hypoxia [44]. To quantify the oxygen in just the vascular compartment (SO2) of the
microenvironment of a tumor, cryospectrophotometric methods have been used. This
process examines the red blood cells in the microvessels of frozen tissue slices and finds
the concentration of deoxy-hemoglobin and oxy-hemoglobin using the optical absorption
of these chromophores. A cryospectrophotometric study found decreased SO2 in excised
oral cavity tumors, and, similar to pO2, the decrease of SO2 was dependent upon the level
of vascularization [45]. In addition to a lower average SO2 in tumors compared to healthy
tissue, a spatially heterogeneous distribution of SO2 was noted throughout the tumor [45].
Experiments have also been performed to simultaneously examine tissue hypoxia and
SO2 in the microenvironment as a tumor develops. Sorg et al. non-invasively examined
the hypoxic state of a mammary carcinoma tumor using fluorescent markers. They
measured the SO2 based on the light transmission spectra through the tumor in the dorsal
skin flap of a rat [46]. As the tumor grew over time, the cancerous tissue became more
hypoxic and, as a result of angiogenesis, new microvessels were created where lower SO2
values were observed. Overtime, a heterogeneous distribution of SO2 was also found [46].
Microenvironment techniques measure lower mean values of SO2 and pO2 in tumors
compared to healthy tissue [40-42, 44, 45].

1.4.5 Reference tissue
The selection of the reference tissue as the healthy control to which the tumor region is
compared against is not consistent across NIRS studies. The reference tissue varies from:
a) the average global background (excluding the tumor) of the same breast [25, 27, 29,
35, 36, 47] to; b) a localized area of healthy tissue in the cancerous breast [25, 26, 28] to;
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c) the mirror region in the contralateral breast [30, 34]. One study reported that regardless
of the tissue reference selection the discrimination between tumor and healthy tissue
remains the same [48]. However, depending on the tumor size and the heterogeneity of
the healthy tissue, the choice of reference area may impact the level contrast. This is
particularly important when assessing the contrast in SO2, because there have been
inconsistent findings in NIRS investigations in regards to how SO2 in breast cancer
compares to SO2 in healthy tissue. Some studies have reported decreased SO2 within
tumors [27, 29-31, 47] whereas others have found no significant difference in the SO2 of
cancerous and healthy tissue [25, 26, 28, 34-36]. It is also relevant to consider how a
significant difference in the SO2 is determined between tumor and healthy tissue. Group
comparisons have been made by averaging breast tumor properties across multiple
patients and evaluating these properties against the averages across the reference tissues
[26, 27, 34, 48]. This form of analysis has the potential to establish a cutoff value that
may differentiate cancer from healthy tissue. Relative changes have also been
investigated, where the averages across the cancer region were normalized to the
corresponding reference tissue and the contrast was examined [26, 35, 36]. Relative
values take into consideration the fact that there may be patient-to-patient variations and
require a reference measurement.

1.5 Spatial variation in breast properties
Optical imaging studies have examined the spatial variation in chromophore
concentrations and SO2 in the healthy breast. Using NIRS tomography and MRI,
Brooksby et al. investigated the variations in the different types of healthy breast tissue
by measuring the properties of fibroglandular and adipose tissue [49]. Significantly
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higher [HbT], [water], and scattering amplitude and power were found in fibroglandular
tissue when compared to adipose tissue. (Scattering amplitude relates to the absolute
value of the tissue reduced scattering coefficient, while scattering power refers to its
wavelength dependence). The average values of [HbT] and [water] in fibroglandular
tissue were reported to be 22.4 ± 7.3 μM and 60.3 ± 23.6%, respectively, whereas in
adipose tissue [HbT] and [water] were found to be 17.1 ± 3.1 μM and 46.8 ± 18.5%,
respectively [49]. The higher amount of [HbT] and [water] in fibroglandular tissue is
expected due to the increase in tissue density and vascularity. The only parameter that did
not show a statistically significant difference between the two types of tissue was SO2
[49]. Similarity in each of the four quadrants of one breast and bilateral symmetry, have
been investigated by Shah et al. when measuring 28 healthy patients with a handheld
optical probe [50]. The chromophore concentrations, SO2, and scattering parameters
within each breast quadrant and the nipple areolar complex were determined [50]. The
difference in the magnitude of the chromophore concentrations and scattering parameters
was reported between symmetric regions of the right and left breasts. The largest average
difference between any two of the four symmetric quadrants was 31% in [HbT],
indicating the inherent variations in hemoglobin concentration that may exist between a
patient’s two breasts [50]. Because of such intrinsic spatial variability in the breast optical
properties, Shah et al. expressed concern in using the symmetric region of the
contralateral breast as a reference for contrast measurements [50].

1.5.1 Mammography bilateral symmetry
Symmetry between right and left breasts is an important consideration when interpreting
breast images in x-ray mammography [51, 52]. A study investigating breast density
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patterns on mammograms reported symmetry between 30 women’s left and right breasts
using both subjective and objective measurements schemes [53]. Subjective measures of
symmetry were performed by radiologists grading the percentage of dense breast tissue in
six categories (none, 0-10%, 10-25%, 25-50%, 50-75%, 75-100%) and comparing the
grade given for right and left breast mammograms [53]. As for an objective bilateral
symmetry assessment, one method was to find the skewness parameter from the
histogram of the gray scale pixel values in the digitized mammograms for each breast
[53]. Bilateral symmetry was reported for both subjective and objective measurement
types, with a general result that the x-ray images of a woman’s two breasts show a
significant level of symmetry [53]. Making use of such symmetry in healthy breasts,
multiple mammography studies have implemented image registration techniques using
bilateral subtraction to attempt to improve the detection of suspicious masses [54-56].
Different registration and subtraction methods have been proposed, which vary in the
alignment technique, the complexity of image deformation approach, and the
segmentation process [54-56]. However, when asymmetric appearance is found between
right and left mammograms, it is considered to be a potential marker for cancer and is
carefully assessed by radiologists. In a study of over 8,000 mammograms, it has been
reported that only 3% of the cases were assessed by radiologists to have asymmetric
breast tissue [52], which indicates the high amount of similarity often seen between two
breasts mammographic appearances. This study did include asymptomatic and
symptomatic

women,

however,

any

mammograms

found

with

masses,

microcalcifications, or architectural distortions were omitted from the analysis [52].
Examining the symmetry in one breast over time is also performed in mammography and
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is used for identifying developing asymmetries [57]. Longitudinal comparisons with prior
mammograms offer the advantage of looking at changes occurring within the same breast
for screening and diagnostic purposes.

1.5.2 Thermography bilateral symmetry
Another imaging modality that relies on bilateral symmetry qualities in healthy patients is
breast thermography. Thermography is an imaging modality that measures the
temperature distribution over the breast, which is influenced by perfusion within the
tissue. Studies in breast thermography have introduced methods for segmentation and
symmetry analysis in efforts to distinguish healthy and diseased patients [58, 59].
Characteristics measured from the bilateral thermograms, such as mean temperature or
the histogram qualities of the temperature distribution within the thermogram, serve as
inputs to classification techniques to assess asymmetry for cancer detection purposes
[59]. Understanding and characterizing symmetric qualities between right and left breasts
in healthy individuals can provide useful indicators when developing symmetry-based
methods for disease detection.

1.5.3 Potential of bilateral symmetry in NIRS
Bilateral symmetry in optical mammograms can be examined for healthy, benign, and
cancer patients. Since SO2 has been found to not show a significant difference between
different types of healthy breast tissue [49], bilateral variations in this parameter could be
explored for disease detection purposes. Symmetry will not just take into account the
average SO2 value within the breast but also its spatial distribution. Therefore, even if
healthy tissue has a wide range of SO2 values, the similarity between the spatial
distributions in the patient’s two maps may prove to be an important indicator of health.
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The presence of a lesion may cause one breast to feature a localized perturbation and
therefore deviate from the spatial distribution of SO2 in the contralateral breast.
Additionally, examining the bilateral symmetry in optical images of healthy patients can
provide useful information to help determine if the contralateral breast is the appropriate
selection for the reference tissue when measuring lesion contrast. Characterizing the
spatial distribution of SO2 in the right and left breasts of healthy patients will help
quantify the level of bilateral symmetry. If healthy breasts’ SO2 maps are found to be
highly symmetric, this would validate the choice of the contralateral breast for reference
tissue selection when characterizing the SO2 contrast of a lesion. Otherwise, a lack of
symmetry between right and left healthy breasts would question such a choice, indicating
a potentially better choice of reference tissue within the same breast.

1.6 Monitoring response to neoadjuvant chemotherapy with NIRS
In the early 2000s, near-infrared spectroscopy methods were first introduced to monitor
breast cancer response to neoadjuvant chemotherapy, and case studies were published
demonstrating the potential of the technique [60, 61]. Patients with breast cancer
undergoing neoadjuvant chemotherapy typically have large, often palpable tumors, which
are well-suited for diffuse optical imaging techniques since the intrinsically low spatial
resolution is not a limiting factor under these conditions. Following the initial case
studies [60, 61], several groups have performed optical studies of patients with breast
cancer undergoing neoadjuvant chemotherapy in efforts to characterize and predict their
response to treatment [62-70].
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1.6.1 Studies predicting early response
Optical studies can be classified in two groups. A first group aims to predict therapeutic
response early in the treatment period by measuring patients within the first week after
the start of chemotherapy [62, 66]. These early-response studies were started by Cerussi
et al., who collected optical measurements with a handheld probe on 11 patients [62]. By
comparing data from before treatment to one week following the first chemotherapy
infusion, the most predictive single parameter able to distinguish response was [Hb]
concentration. The [Hb] concentration was found to decrease in patients achieving a good
response, whereas the non-responding patients did not exhibit a significant change in
[Hb] [62]. At an even earlier time point, Roblyer et al. found that by measuring 17
patients one day after the start of chemotherapy, those who achieved pCR or partial
response demonstrated an increase in [HbO2], compared to the non-responding patients
who had a drop in [HbO2] [66]. For both the studies by Cerussi et al. and Roblyer et al.,
the patients whose tumors shrunk by less than 50% in maximum dimension (measured
pretreatment by ultrasound and post treatment by pathology) were considered nonresponders.

1.6.2 Studies monitoring response throughout therapy
The second group of optical studies measure patients at various time points, typically
before starting treatment and then 2-4 times throughout the course of chemotherapy, to
determine when different therapeutic response levels can be distinguished [63-65, 67-70].
The primary focus of these studies has been on the chromophore concentrations measured
in the tumor overtime. When looking at studies that use the baseline tumor properties
(before chemotherapy starts) as the reference to which all sequential measurements
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(during chemotherapy) are compared, the earliest time points that significant differences
between responders and non-responders have been found are reported at 1 or 4 weeks
after the start of chemotherapy [65, 68], and after the first cycle of chemotherapy [69,
70].

In a study measuring 10 patients, Soliman et al. report that at 4 weeks into

chemotherapy, responders have a significantly greater decrease in [Hb], [HbO2], and
scattering power compared to the smaller drop found in non-responders [65]. Adding an
additional 5 patients to the analysis performed by Soliman et al., Falou et al. examined a
total of 15 patients and found significant differences between the response groups at
week 1 by examining the average properties taken over the entire breast (as opposed to
just the tumor volume as previously done) [68]. Using the whole breast volume approach,
[Hb] and [water] were found to be the best predictive parameters for distinguishing
response to treatment, where both [Hb] and [water] increased in responding patients and
decreased in non-responders [68]. Obtaining measurements after chemotherapy cycles,
Zhu et al. performed a study on 32 patients undergoing neoadjuvant chemotherapy, and
found that after the first cycle the responding patients had a significantly larger decrease
in total hemoglobin concentration compared to non-responders [69]. In another study,
Schaafsma et al. also found significant differences in response groups after the first cycle
of chemotherapy, where responding patients showed a decrease of 14% in [HbO2] and
non-responders exhibited an increase of 36% in [HbO2] [70]. Hemoglobin parameters
seemed to best differentiate response groups, however the particular type varied from
oxy-hemoglobin [65, 70], deoxy-hemoglobin [65, 67], and total hemoglobin [64, 69].
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1.6.3 Value in monitoring individual response to neoadjuvant
chemotherapy
The field has shown promise of optical techniques for monitoring breast cancer patients’
response to neoadjuvant chemotherapy. However, consistency in the characteristics of the
optical imaging studies needs to be improved in order to draw general conclusions from
the results in the field. Study goals must be explicitly stated and justified when selecting
the patient response categories. If optical measurements are being used to provide
information to clinicians to switch chemotherapy regimens when a patient is not
responding, it is crucial to know what differentiates “adequate response” from “poor
response”. If the ultimate goal of a study is to distinguish pathologic complete response
(pCR) at the earliest time point to guide the development of novel drugs, then the
definition of pCR must be well defined and aligned with the FDA definition [14]. Criteria
for categorizing patients’ response with optical parameters must also be defined to allow
other groups to compare their own results with previously reported findings.
Additionally, if response at an individual level is one of the primary goals for monitoring
treatment effectiveness, then individual patient data or sensitivity and specificity should
also be conveyed along with the typical group averages reported. Due to the limited
number of patients undergoing neoadjuvant chemotherapy, it is important that the details
of the study design are as explicit as possible when to provide adequate information to
help guide future work.
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Chapter 2: Methods
2.1 Optical mammography instrument
We have developed a broadband continuous-wave optical mammography system [31,
47]. A diagram of the optical mammography instrument is shown in Figure 2.1.1.
Imaging of the breast is performed in a parallel plate geometry where the breast is mildly
compressed between two polycarbonate plates. This mild compression is intended to
maintain tissue stability during the scan while also ensuring that the patient experiences
no discomfort. The plate separation distance, corresponding to the maximum breast
thickness in our measurement geometry, was recorded for each patient imaged. A
broadband light source (Xenon arc lamp, Model No. 6258, Newport Corporation, Irvine,
CA, for patients 19-167 or a quartz tungsten halogen lamp Model No. 66997, Newport
Corporation, Irvine, CA, for patients 168-173), with spectral filters in place to eliminate
ultraviolet (below 400 nm) and infrared (above 950 nm) wavelengths, is used to
illuminate the breast tissue. Illumination and detection optical fibers (3 and 4 mm in
diameter, respectively) scan collinearly, and data are captured every 2 mm in the x- and
y- directions of the plates (see Figure 2.1.1 for coordinate system). Transmitted light is
measured with a spectrograph (Model No. SP-150, Princeton Instruments, Acton, MA)
and a cooled CCD camera (Model No. DU420A-BR_DD, Andor Technology, South
Windsor, CT) with a 45 ms exposure time and a 12 ms readout time. Spectral data is
acquired from 650 nm to 950 nm, with an 8 nm wavelength resolution.
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Figure 2.1.1: Schematic of the optical mammography instrument. The breast is imaged in a
parallel plate, transmission geometry where source and detector fibers scan collinearly. The
illumination scheme depicts the lamp which emits broadband, continuous wave light, filtered
between 650 and 950 nm to the surface of the breast. The detected spectra are measured with a
spectrograph and cooled CCD camera.

2.2 Continuous-wave diffusion model
A continuous wave diffusion theory model was used to process the breast transmission
data. The model, based on work by Contini et al., uses the solution of the diffusion
equation in slab geometry [71]. A point source and extrapolated boundary conditions
have been applied, where the transmittance T (defined as the ratio of the transmitted
intensity to the incident power) at a wavelength λ, is given by [71]:

(2.1)
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where K is a dimensionless scaling parameter, μa(λ) is the wavelength dependent
absorption coefficient, μs′(λ) is the wavelength dependent reduced scattering coefficient
and z1,m and z2,m are coefficients of order m (m=0, ±1, ±2…), given as:

(2.2)
(2.3)
where s is the tissue thickness, z0 = 1/ μs′, is the depth of the effective point-source
location within tissue, and z=ze is the plane that defines the extrapolated boundary. In our
model we used orders up to |m|=6 which yield a truncation error less than 0.1% [71]. The
z-coordinate of the extrapolated boundary is defined by [71]:

(2.4)
where the reflection parameter A is defined in terms of integrals over the incidence angle
θi (between the incoming photons and the normal to the tissue slab interface) and the
Fresnel reflection coefficient R(θi) [71]:

(2.5)

The Fresnel reflection coefficient represents the fraction of reflected photons at the tissue
interface, and it depends on the incidence angle θi and the indices of refractions of the
external medium (nair) and diffusive medium (ntissue), which we set at 1.0 and 1.4,
respectively. As a result, the reflection parameter took the value A = 2.9, which we kept
constant in our calculations. The external medium could also be considered as
polycarbonate, where next = 1.58, which would be a suitable value to use in the A
27

parameter calculation where the breast is in contact with the plates. Although the choice
of the external index of refraction changes the magnitude of the A parameter, the relative
changes in chromophore concentration are minimally impacted (to within the standard
deviation of the data). The equations for the wavelength-dependent absorption coefficient
(μa) and wavelength-dependent reduced scattering coefficient (μsˈ), are given by:
(2.6)

(2.7)

The absorption coefficient is dependent upon [HbO2], [Hb], [water], [lipid], and their
corresponding extinction coefficients (εHbO2, εHb, εwater, εlipid). Equation (2.7) introduces a
reference wavelength, 𝜆0 (which is 650 nm in this work) and a scattering power, b, to
define the wavelength dependence of the reduced scattering coefficient.
Equation (2.1) is used as the forward solver in an inversion procedure based on the
Levenberg-Marquardt method [72]. This inversion procedure directly solves for the
concentrations of the chromophores by using Eq. (2.6) in place of μa in Eq. (2.1). The
variable K in Eq. (2.1) is used as a scaling factor to adjust the model-calculated
transmittance spectra (expressed in mm-2) in order to match the measured transmittance
spectra (expressed in arbitrary units). We first treated K as a variable which was fit
separately for the right and left breast of each patient. Then K was fixed as the average K
value of the healthy breast scans (see further details in section 2.2.2), and the final fits
were performed to find the chromophore concentrations in the breast.
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The measured breast transmission spectra, T(λ), were used as the input to the
inversion procedure. Due to the strong spectral features from the Xenon arc lamp, a
reference spectrum was measured in order to remove these features from patients’
transmission data. The reference spectrum was obtained through air after placing neutral
density filters at the source fiber end. The transmission spectra from the patient scans
were then divided by this reference spectrum to suppress the features of the Xenon arc
lamp. This same procedure was followed when the light source changed to a quartz
tungsten halogen lamp. Although data in the wavelength range of 650-950 nm were
collected, due to the low signal measured at the longer wavelengths (above 850 nm) the
reference spectrum was not always able to remove the spectral signatures. For this
reason, we did not use data beyond 850 nm when performing fits with the inverse model.
However, the relative intensity of the light at these higher wavelengths still provided
useful information for tissue thickness estimation (see section 2.3 and Eq. (2.8)). Since
absorption and scattering contributions cannot be separated with continuous-wave (CW)
data [32], we set the scattering parameters (μs′(λ0) and b) to values found in the literature
(namely, μs′(650 nm) = 10.8 cm-1 and b=1.0) [25] and assumed them to be constant
throughout the entire breast. By fixing these parameters, the stability and robustness of
the inverse model was improved compared to when the fit was finding the chromophore
concentrations and scattering parameters. The starting values for the chromophore
concentrations (the parameters being fit for) were re-initialized to the same values for
each pixel of breast data and the fit was performed. The fitting process was carried out on
a computer with 3.49 GB of RAM and a 3.20 GHz single core Intel Pentium 4 processor.
Depending on the number of pixels collected in a scan, the fitting procedure for one
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breast dataset, where six maps were produced, took one to three minutes. Although we
create six maps, only [Hb], [HbO2], [water], and [lipid] are independent ([HbT] and
[SO2] maps are derived from [Hb] and [HbO2] maps).
By using a broadband continuous wave system at wavelengths 650-850 nm, our
inverse model was able to recover the volume percentages (% v/v) of water and lipids in
the breast. Although other instruments often use longer wavelengths (sometimes
including the water and lipid absorption peaks at ~970 and ~930 nm, respectively), we
are able to capitalize on our broadband signal and still solve for all four chromophores on
the basis of their different absorption spectral shapes. Figure 2.2.1 shows the absorption
spectra of each chromophore and the total absorption spectrum for typical breast tissue
over our wavelength range. To verify the accuracy of this method to recover hemoglobin
concentration, water content, and lipid content, we computed data by using Eq. (2.1)
(K=1, [Hb] = 6 µM, [HbO2] = 15 µM, [water] = 20%, [lipids] = 55%) with 5% random
noise added to the transmission spectra and used it as an input into our inversion
procedure. The chromophore concentrations retrieved by the inverse model were within
5% of the actual values, which gave us confidence that our data analysis scheme was
accurate.
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Figure 2.2.1: Absorption spectra for typical concentrations of the four main chromophores in
breast tissue and the resulting total absorption coefficient. The different shapes of each
chromophore’s absorption spectrum portray how it is possible to recover unique concentration of
deoxy-hemoglobin, oxy-hemoglobin, water, and lipid.

2.2.1 Correlation among retrieved parameters
The continuous-wave, diffusion-based model solved for the tissue concentrations of the
four chromophores, and, additionally, for a amplitude parameter [47]. The amplitude
parameter, also referred to in the literature as amplitude factor [73], served as a scaling
factor to best match the magnitude of the measured breast transmission spectra to the
calculated data with the model. In the case of in vivo measurements, which deviate from
the ideal model conditions of a homogeneous medium and infinite slab geometry, a
positive correlation was observed between the amplitude parameter and the chromophore
concentrations. When we fit for the amplitude parameter, [Hb], [HbO2], [water], and
[lipid] for a breast cancer patient’s data, we consistently found that the recovered
amplitude parameter in the tumor region was smaller than the recovered amplitude
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parameter in the healthy tissue. This is because the amplitude parameter plays a role in
compensating for the violation of some of the model’s assumptions (i.e. slab geometry
and homogeneous tissue) in order to find a minimum of the cost function in the inversion
procedure. In addition to the inevitable partial volume effects from the analysis of a
localized absorber with a homogeneous medium model, the positive correlation between
the amplitude parameter and chromophore concentrations resulted in the recovered
absorption contrast of the tumor to be much lower than expected. This result prompted us
to fix the amplitude parameter in order to retrieve better estimates of the optical
parameters of breast lesions.
There are several measurable quantities that factor into the amplitude parameter:
the source power, the size and numerical aperture (NA) of the source and detector optical
fibers, the optical coupling efficiency between tissue and optical fibers, the level of fnumber matching between the detector optical fiber and the spectrograph, and the
sensitivity of the CCD camera. There are also variables that affect the amplitude
parameter that cannot be estimated at each scanned pixel. For example, the optical power
penetrating into the tissue at every pixel depends on the nature of the mechanical contact
and pressure between breast tissue and the imager plates. Due to the curved geometry of
the breast, this mechanical coupling is variable over the imaged breast area. The plate
coupling and breast geometry also impact the measured intensity at the detector, resulting
in another variable that affects the amplitude parameter. While all of these factors do
affect the amplitude parameter, a major effect is also due to the presence of optical
inhomogeneities within the breast.
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To understand what effect inclusions of various sizes and optical properties have
on the recovered parameters from a fit with a homogenous slab model, we used
transmittance data computed from a homogeneous medium model [71] and from a
perturbation model [74] (both in an infinite slab geometry, with slab thickness 6 cm) to
solve for the amplitude parameter and the chromophore concentrations. In the
perturbation case, we considered cubic perturbations (sides: 1.0 cm, 2.4 cm) aligned with
the source and detector, and embedded in the otherwise homogeneous medium 2 cm
below the surface. The optical properties of the homogeneous medium (which are also
the optical properties of the background medium for the perturbation case) at the
reference wavelength of 650 nm are: absorption coefficient μa = 0.05 cm-1, reduced
scattering coefficient μs’ = 9.9 cm-1, scattering power b = 1. The optical perturbations
considered, feature optical properties that are the same ( →), smaller (↓), greater (↑), or
much greater (↑↑) than those of the background medium. More specifically:
↑μa = 0.06 cm-1, ↑↑μa = 0.14 cm-1, ↓μs’ = 7.6 cm-1, ↑μs’ = 10.7 cm-1, and ↑b = 1.35. The
↑↑μa perturbations are intended to mimic breast cancer, whereas the ↑μa, ↓μs’, ↑b
perturbations are intended to mimic intrinsic tissue heterogeneities, such as represented
by the optical contrast between fibroglandular and adipose tissue [49].

2.2.2 Perturbation model with scattering contrast
To quantify the errors associated with the assumption of homogeneous scattering in the
presence of large tumors, we generated forward data from diffusion perturbation models
with defined scattering and absorption contrast. Initially, data from a model simulating a
cubic perturbation within a homogeneous slab was created where the light source and
optical detector were aligned in transmission geometry [74]. Table 2.2.2.1 lists the
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properties of the “background” slab medium, and the embedded “perturbation”, which
mimics the tumor. The slab thickness was set to be 6 cm and the side length of the
perturbation was 2.4 cm. The center of the perturbation was located 2 cm beneath the
surface of the slab. The forward data generated from this model was then processed using
the same continuous-wave, diffusion-based, homogeneous model and inversion
procedure as applied to the patient data. The scattering parameters were fixed to those of
the background properties, and the recovered chromophore concentrations were found.
Forward data was also generated in Nirfast to understand potential effects of
fixing scattering when even larger perturbations are present (as can be the case for the
tumors in breast cancer patients undergoing neoadjuvant chemotherapy) [75, 76]. Using
Nirfast, we created a mesh in slab geometry (width = 10 cm, height = 6 cm, depth = 6
cm) with the same background properties as listed in Table 2.2.2.1. A spherical anomaly
was then added with a 2 cm radius, where the center was placed 2.2 cm below the
surface. The anomaly was also set to have the same properties as the perturbation listed in
Table 2.2.2.1. The forward model transmission spectrum generated with a source and
detector aligned over the center of the anomaly was then processed with the continuouswave, diffuse-based, homogeneous model as stated above with fixed scattering
parameters.
Table 2.2.2.1: Parameters fixed in the forward perturbation model
Parameter
HbO2 (μM)
Hb (μM)
Water (%)
Lipid (%)
μs′@ 650 nm (cm-1)
b

Background
11
4
20
50
10.8
1

Perturbation
21
14
40
20
13.0
1.4

34

2.3 Breast tissue thickness compensation algorithm
To apply the continuous-wave, diffusion model to find chromophore concentrations, the
tissue thickness at each pixel must also be used as an input into the model. This method
requires the identification of a reference pixel where the tissue thickness is known. Since
the plate separation is recorded for each optical mammogram, and this distance (defined
as s0) corresponds to the maximum thickness of the breast, a reference pixel is defined as
the center pixel closest to the chest wall. By fixing the scattering properties, we input the
transmission spectrum of the reference pixel and its tissue thickness into the continuouswave, diffusion-based model mentioned above and recover the chromophore
concentrations in that pixel of the breast. Next, by assuming spatially uniform scattering
properties, the effective attenuation coefficient (

√

) can be found and this

coefficient is applied throughout the remainder of the breast. In order to estimate the
tissue thickness for all of the scanned pixels, we make two major assumptions: 1) that the
ratio of the transmitted intensities at two breast pixels corresponding to tissue thicknesses
s1 and s2, can be estimated by the ratio of intensities for source-detector separations s1 and
s2, in an infinite medium geometry, and 2) that the optical properties are spatially
homogenous throughout the entire breast. Even though these two assumptions are
violated in the in vivo setting, their application relies on the fact that variations in tissue
thickness will be the primary cause of changes in the transmission spectra (with
secondary effects from tissue inhomogeneities or boundary conditions). An optimal
wavelength, referred to as λ*, was determined by identifying the wavelength that
minimized the variation in μeff throughout the breast [47]. This wavelength, λ*, was
found to be 925 nm. We then use the solution of the diffusion equation in infinite
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medium geometry and take the ratio between the intensity at the reference pixel (I0) and
each additional scanned pixel (I) at λ* shown as:

(2.8)

and find the tissue thickness at a given pixel, s, by solving equation (2.8) using the fzero
function in Matlab (MathWorks, Natick, MA).
A homogeneous breast shaped phantom was used to experimentally validate the
thickness compensation algorithm. This phantom was made from a recipe described by
Ayers et al.[77.]. India ink and titanium dioxide were added to silicone as absorbing and
scattering agents, respectively. The breast shaped phantom mold that was used had a
semicircular shape with a maximum height (corresponding to the maximum breast
thickness) of 6 cm. At the center of the mold there was a semicircular flat region with a
radius of 4 cm. The curved edges of the mold took a half spherical shape, with a radius of
3 cm. The absorption and scattering properties at 690 nm were measured to be μ a
(690nm) = 0.04 cm-1 and μsˈ(690nm) = 4.9 cm-1. This phantom was then imaged with our
optical mammography instrument where a silicone block (15 cm x 8 cm x 6 cm) with the
same optical properties was placed alongside the flat edge of the phantom (mimicking
effects of a chest wall). The thickness compensation algorithm was then applied to the
breast shaped phantom and the found thickness was then compared to the known values
at each pixel. To investigate discrepancies between the known and found thickness at the
borders of the phantom (curved areas), computed data in spherical geometry [73] was
generated to understand how our thickness compensation algorithm may also be impacted
by the source fiber’s widening spot size on a curved surface (where the phantom loses
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contact with the parallel plates). We generated data by modeling a 6 cm diameter sphere
and varied the angle between the source and detector as shown in Figure 2.3.1. The 180,
150, and 120 sources correspond to local chord lengths of 6 cm, 5.8 cm, and 5.2 cm
between source and detector. This data was used to understand the mismatch between
actual phantom thickness and that one recovered by using Eq. (2.8).

Figure 2.3.1: A diagram of the 6 cm diameter sphere used in computed data, where S and D
indicate the source and detector location, respectively. The 180, 150, and 120 source-detector
locations correspond to chord lengths of 6 cm, 5.8 cm, and 5.2 cm.

Both estimated and known phantom thickness values were then used as inputs
into the continuous-wave, diffusion based inverse model to recover the absorption
coefficient throughout the homogeneous phantom (the scattering properties were
measured and set at fixed values in the model). We compared the absorption coefficient
maps for both the known thickness and the estimated thickness to determine which
thickness values resulted in a more homogenous absorption coefficient recovery. The
thickness compensation algorithm was then applied to data from an optical mammogram
taken of a breast cancer patient. We compared the chromophore concentration maps
using the thickness estimation at each pixel to the maps found when assuming uniform
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thickness throughout the breast (taken to be the recorded plate separation). We will
demonstrate how the contrast of a breast tumor is impacted by what tissue thickness is
used as an input into the continuous-wave, diffusion based model.

2.4 Patient measurements
This patient measurement section has been separated into three parts based off of the
three major studies that were completed in this work. Beginning with the breast cancer
characterization study, the procedure used when measuring the baseline characteristics of
patients diagnosed with breast cancer is described. Next is the bilateral symmetry study,
where the process used to assess right and left breast similarity in healthy patients and
patients with benign or malignant lesions is detailed. And lastly the neoadjuvant
chemotherapy monitoring study is outlined describing how each patient was imaged
during her treatment. The assigned patient index number upon study enrollment is shown
in a table in the appendix. This table also details the patient number given in each of the
three studies and general patient information.

2.4.1 Breast cancer characterization
A total of 29 breast cancer patients were imaged during the breast cancer characterization
study. Three of the patient data sets were not included in the analysis (two cases were
excluded due to technical problems with the optical imaging system and one case because
the cancer was located outside of the imaged area) leaving 26 patient datasets for
investigation. The associated patient demographics and relevant clinical information are
shown in Table 2.4.1.1, including the patient age, cancer size and type, and maximum
breast thickness. The cancer size was taken as the maximum dimension measured by the
radiologist from the x-ray mammogram. The table categorizes the number of patients
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within given ranges for each of these parameters by the tumor grade, namely the
Nottingham histologic score. This score is a histopathologic measure of the
aggressiveness of breast cancer based on 3 parameters: the percent of tubule formation,
the mitotic count, and the nuclear pleomorphism of the tumor. Each of these parameters
is then given a score from 1-3, and the scores are then added together to create integer
values between 3 and 9. Scores of 3-5 are defined as low grade (grade 1), 4-7 as
intermediate grade (grade 2), and 8-9 as high grade (grade 3) [78]. The Nottingham
histologic score was not available for 5 of the 26 patients, as 3 of the patients had ductal
carcinoma in situ only and 2 of the patients with invasive ductal carcinoma were
diagnosed by needle biopsy and have not had their definitive surgery and final pathology.
Patients were recruited and imaged either before biopsy, based on suspicious findings on
the x-ray mammogram (n= 13), or after biopsy (n= 13). Patients who had a biopsy before
the optical mammogram were imaged at least one week after the invasive procedure,
which was reported to be an adequate amount of time to wait in order for there to be no
significant differences in the contrast of the optical parameters when compared to patients
who were imaged before biopsy [35]. To ensure there was no difference between the two
groups, our analysis was also performed separately on the patients who received a biopsy
before their optical mammogram and the patients who had their biopsy after the optical
mammogram to determine if the results differed between the two groups. Imaging was
performed on both breasts of the patients using a cranio-caudal view (axial plane). The
scan time was dependent on the breast size and varied between 4 and 10 minutes. The
study was approved by the Institutional Review Board at Tufts Medical Center. Each
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recruited patient read and signed an informed consent form before participating in the
study.
Table 2.4.1.1 Patient demographics and relevant clinical information.
4
Cancer Cases
Age (years)
Average ± std

Tumor Size
(cm)
Average ± std

26
57 ± 11
36-45
46-55
56-65
66-76

2.0 ± 1.4
0.5 – 0.9
1.0 – 1.9
2.0 – 2.8
3.0 – 5.5

1

1

1

Nottingham Histologic Score
6
7
8
No Score
Available
4
11
3
2
5
5

1
5
1
4

2
1
1

2
1
1

3
6

1
2

1
1

2
1

1

2

1

3
1
1

1
2
2

Cancer Type
DCIS
IDC
IDC/DCIS
IDC/DCIS/
LCIS
ILC
ILC/LCIS
Max. Breast
Thickness (cm)
Average ± std

6.7 ± 1.1
4.3 – 5.5
5.6 – 6.5
6.6 – 7.5
7.6 - 9.2

1

1

2
1

3
5
1

1

1
1

2
2

2
1
6
2

1
2

3
2
2

2
1

1
1

1
1
2
1

2.4.1.1 Tumor localization
The identification of tumor pixels in the optical images was done using the map of
deoxy-hemoglobin concentration, based on a report that [Hb] is highly sensitive to breast
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tumors [34]. First, a broad tumor region was determined from the known tumor location
on the x-ray mammograms and the morphological similarity of the optical and x-ray
breast images in the cranio-caudal view. Because the level of compression and exact
breast placement differ between the optical and x-ray imaging modalities, an exact
geometrical co-registration was not possible. Furthermore, the varying sources of contrast
between x-ray images (tissue density and morphology, microcalcifications, etc.) and
optical images ([HbT], [water], [lipid], SO2, tissue scattering, etc.) and the spatial
resolution differences between the two imaging modalities may account for a different
size and precise location of breast tumors in the images generated by the two techniques.
Therefore, we only used the corresponding x-ray image to guide the placement of a
rectangular area to where we would then identify the tumor region in the optical images.
The pixel having the maximum [Hb] within this rectangular tumor region was found and
all the pixels, within this same region, with [Hb] of at least 75% of the maximal
concentration were assigned to the tumor region of interest (ROI). The choice of a 75%
threshold was found to retain a relatively large number of pixels for the tumor ROI.

2.4.1.2 Tumor difference parameters
In order to characterize the difference between tissue properties in tumors and in
surrounding healthy tissue, we first found the average value for each chromophore over
the identified tumor ROI. Then the average background was determined by taking the
mean over all the pixels outside of the initially identified rectangular tumor area. The
differences between the average values in the tumor and background tissue were then
considered. The contralateral (healthy) breasts for each cancer patient were used as
controls for this study to determine if any significant changes were observed in the
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mirrored tumor location compared to the corresponding background tissue. The
contralateral calculations were performed by reflecting the tumor rectangular area and the
corresponding ROI of the cancerous breast onto the healthy breast to identify a region in
the healthy breast that is symmetrical to the tumor ROI in the cancerous breast. The
average over the background pixels (determined the same way as in the cancerous breast)
was then found in the contralateral breast and the difference in chromophore
concentrations between the tumor ROI and background tissue were calculated.

2.4.1.3 Statistical analysis
To determine the significance of the difference between the measured quantities at the
tumor location and the background tissue, we carried out a group analysis over the 26
subjects by using the Wilcoxon signed rank test. A non-parametric test was well suited in
this case where the nature of the statistical distribution of the results, in particular its
Gaussianity, is unknown. The signed rank test was used to determine whether the means
of the chromophore concentrations within the tumor ROI were higher or lower than the
average of the global background within that same breast. All the tumor ROI means were
paired with their corresponding background means and one-tailed tests were performed
with a significance level of 0.05. This test was also used to determine if any significance
was found between the symmetrical tumor ROI in the contralateral breast and the
corresponding background tissue. This contralateral comparison was carried out to ensure
that there was no bias in the cancerous breast data (possibly from geometrical artifacts
due to the breast thickness variability and deviations from the assumed slab geometry as
the optical scanner approaches the edge of the breast projection). The contralateral test
also served as a control in the statistical calculations when comparing the significance
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level of the signed rank test. All of the statistical calculations were performed in R
software.

2.4.2 Bilateral breast symmetry
We imaged the right and left breasts of 80 patients. Twenty-seven patients were classified
as healthy, with no breast abnormalities found on x-ray mammography. A total of 32
patients had benign lesions identified by mammography, and the remaining 21 patients
had biopsy proven breast cancer. We required at least one week to go by before imaging
patients who had already received a biopsy (n = 9) to minimize effects the procedure may
have on the optical mammograms [35]. This study was approved by the Institutional
Review Board at Tufts Medical Center. Written informed consent was obtained from
each patient before participating in the study.

2.4.2.1 Image registration
Using the 2D optical breast images from healthy patients and from patients with benign
and malignant lesions, we investigated the bilateral symmetry of the hemoglobin
saturation maps. A linear registration was performed using a patient’s left and right breast
SO2 maps by first mirroring the left breast image so that the medial and lateral sides
corresponded in both breast maps. Then the same number of rows in each image,
beginning with the top edge of the nipple region and extending towards the chest wall,
were kept. Next, the center pixel of the row closest to the chest wall for each map was
aligned and any remaining pixels along the outside borders that did not overlap were cut
from the maps. The two SO2 maps for the right and left breast then had the same number
of pixels and the same shape. The average percentage of pixels that were kept from the
two maps was 84.1%. An example of a healthy patient’s map registration is shown in
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Figure 2.4.2.1.1, where the gray pixels are cut from each image and the black pixels are
kept. The benign and cancer patients only had unilateral lesions. The 32 patients with
benign lesions were then grouped into three different risk categories as described in
Guray and Sahin [79]. Risk category 1 corresponds to non-proliferative lesions [79] or
lesions that had been assessed as benign because of their stability on the mammogram
(over 2 years). Risk categories 2 and 3 correspond to benign proliferative lesions without
and with atypia, respectively [79]. The demographic for patients within each category are
shown in Table 2.4.2.1.1. Two patients in the benign group did not have biopsy
information available and therefore were not grouped into a subcategory. The symmetry
of right and left breast SO2 maps was then examined for cancer, benign (subcategorized
by risk category), and healthy patient data.

Figure 2.4.2.1.1: A representative case illustrating how two images are registered. Starting from
the nipple areas of the left and right breast, the same number of rows (parallel to the x axis) are
kept and any remaining rows towards the chest wall are removed (low area of the RCC image in
this case). The maps are then overlaid with the center points of the last rows (towards the chest
wall) aligned, and any pixels along the borders that do not overlap are removed. LCC: left craniocaudal; RCC: right cranio-caudal.
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Table 2.4.2.1.1: Bilateral symmetry patient information organized by subcategory.
Group

Subcategory

Cancer

Benign
Healthy

Invasive carcinoma
In-situ carcinoma
Proliferative with atypia
Proliferative without
atypia
Non-proliferative
Healthy

# of
Patients
18
3
2

Average Age
(yr)
58 ± 11
51 ± 7
59 ± 10

Average BMI
(kg/m2)
28 ± 7
29 ± 8
28 ± 6

8

44 ± 18

24 ± 5

20
27

48 ± 5
54 ± 11

28 ± 1
26 ± 5

2.4.2.2 Dice coefficient
The degree of symmetry between the SO2 maps of a patient’s right and left breast was
quantified using the Dice coefficient. The Dice coefficient is a measure of similarity of
two samples or, in our case, two images. By identifying A and B with the two SO2 images
(right and left breast), the Dice coefficient can be defined as follows: [80]

(2.9)

where N(A) and N(B) are the numbers of pixels in the SO2 images of the right and left
breasts (N(A) = N(B) in our case), and

is the number of pixels with matching

SO2 labels in the two images. Instead of using the actual values of SO2 within the resized
maps, each pixel was labeled as low saturation, middle saturation, or high saturation.
These labels were defined by finding the SO2 values that represent the 15th and the 85th
percentiles of the saturation value distribution for the SO2 pixels, and using these
percentiles as cutoffs between the three groups. These percentiles were chosen so that
low saturation pixels (identifying relatively hypoxic areas indicative of a potential
imbalance of perfusion and metabolic rate) and high saturation pixels (identifying
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relatively hyperoxic areas) get grouped together. The largest number of pixels (70% of
the total) was assigned to the middle range of SO2 values. After the pixels in the left and
right SO2 maps were labeled,

was calculated as the number of pixels that fell

in the same SO2 range (low, middle, or high) in congruent locations for right and left
breast images. The Dice coefficient can take values between 0 and 1, with higher values
corresponding to a greater degree of symmetry between the right and left SO2 images.

2.4.2.3 Statistical analysis
To determine if the Dice coefficients between the heathly patients and patients with
beinign or malignant lesions, were different from one another, we performed a Wilcoxon
rank sum test. Additionally, a Wilcoxon rank sum test was ran to check if the the Dice
coefficients for the group of cancer patients, not including DCIS patients, were found to
be significantly different from the benign and healthy patients’ Dice coefficients.

2.4.3 Neoadjuvant chemotherapy monitoring
Our optical mammography study to monitor individual response to chemotherapy was
designed to image patients at more frequent time points (6 to 16) throughout their
neoadjuvant chemotherapy regimen. By imaging patients before treatment begins and
additionally each time they receive a chemotherapy infusion, we aimed to provide a more
detailed understanding of how the chromophore concentration and oxygen saturation of
hemoglobin in breast tumors change over time.

2.4.3.1 Patient imaging schedule
Nine patients undergoing neoadjuvant chemotherapy were imaged in this study. A 10th
patient has been enrolled, but has not completed her chemotherapy regimen at the current
time, therefore her data is not included in this group analysis. Patients in this study will
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be referred to as neoadjuvant chemotherapy patients using the acronym “NACP” with a
corresponding index number following. The information about each patient imaged in
this study is shown in Table 2.4.3.1.1. Baseline optical mammograms were obtained on
both the cancerous and healthy breast, which ranged between 2-32 days before the
treatment began. Images were then obtained on both breasts each time the patient came in
for her chemotherapy infusions. The frequency of imaging ranged from once a week to
once every three weeks. To compare the effects of treatment across all patients, each
infusion time point was calculated as a “percentage of therapy complete”. This study was
approved by the Tufts Medical Center Institutional Review Board. All patients read and
signed an informed consent before participating in the study.

47

Table 2.4.3.1.1: Neoadjuvant chemotherapy patient details. Age: age of patient at time of
baseline scan; Pre-treatment size: maximum tumor dimension pretreatment (from MR
imaging when available or from full-field digital mammography.) “Inflam” denotes
inflammatory breast cancer; Stage: initial clinical cancer stage; Breast cancer subtype:
TNBC, ER+/HER2-, and HER2+; Chemotherapy: drugs administered to patient; Infusion
frequency (number); frequency that infusions were performed (and total number of
infusions); Post-treatment size (Hist.): maximum tumor dimension post treatment from
histology after surgical resection; Resp: individual patient’s response (pCR: pathologic
complete response; PR1: partial response 1; PR2: partial response 2). In the case of
multiple tumors, the maximum dimensions for each lesion were summed for the sizes
reported (pre and post treatment).

NACP
#

1

2

3

4

5

6

Age
(yr)

38

72

57

54

42

47

Pretreatment
size

9.4 cm

3.2 cm

2.5 cm

2.9 cm

6.6 cm

6.0 cm

Stage

IIIC

IIB

IIB

IIIA

IV

IIB

Breast
cancer
subtype

Posttreatment
size
(Hist.)

Resp

6.0 cm

PR2

n/a

pCR

0.9 cm

PR1

Chemotherapy

Infusion
frequency
(number)

Paclitaxel

Weekly
(12)

Capecitabine

Bi-weekly
(5)

Doxorubicin,
Cyclophosphamide

Bi-weekly
(4)

Paclitaxel

Weekly
(12)

Doxorubicin,
Cyclophosphamide

Bi-weekly
(4)

Paclitaxel

Weekly
(12)

HER2+

Carboplatin,
Docetaxel,
Trastuzumab,
Pertuzumab

Every 3
weeks (6)

2.8 cm

PR2

HER2+

Carboplatin,
Docetaxel,
Trastuzumab,
Pertuzumab

Every 3
weeks (6)

n/a

pCR

Doxorubicin,
Cyclophosphamide

Bi-weekly
(4)

Paclitaxel w/
Carboplatin (every
3rd)

0.4 cm

PR1

Weekly
(11)

ER+/
HER2-

TNBC

ER+/
HER2-

TNBC

(next page)

48

7

44

8

74

9

44

7.0 cm

Inflam.

Inflam.

IIIA

IIIB

IIIB

ER+/
HER2-

ER+/
HER2-

ER+/
HER2-

Doxorubicin,
Cyclophosphamide

Bi-weekly
(4)

Paclitaxel

Bi-weekly
(4)

Doxorubicin,
Cyclophosphamide

Bi-weekly
(4)

Paclitaxel

Weekly
(8)

Doxorubicin,
Cyclophosphamide

Bi-weekly
(4)

Paclitaxel

Weekly
(12)

0.6 cm

PR1

1.7 cm

PR1

11.3 cm

PR2

2.4.3.2 Lab parameters and response categories
A complete blood count was obtained for every patient before each chemotherapy
infusion and the hemoglobin concentration in blood (denoted at Hgb) was recorded.
Since [HbT] is equal to Hgb multiplied by blood volume, the percent change in blood
volume could be calculated at each imaging time point.
The response categories used in this work were determined based on the tumor
size defined on pre-treatment imaging and post-treatment tumor size based on histology
following surgical excision/mastectomy. The three response categories were as follows:
1)

pathologic complete response (pCR), defined as no remaining invasive
carcinoma in the resected breast tissue and no carcinoma in lymph
nodes [15];

2)

partial response 1 (PR1), defined as any remaining tumor that had
decreased by more than 50% in the maximum dimension and the lymph
nodes were with or without carcinoma;
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3)

partial response 2 (PR2), considered to be any tumor that decreased by
less than 50% in the maximum dimension and the lymph nodes were
with or without carcinoma.

The pCR response criteria were chosen to align with Von Minckwitz et al. definition of
pCR [15]. Although our optical imaging method was not measuring lymph nodes, we aim
to remain consistent with pCR definition in order to develop a technique that could have
useful clinical application. We do propose to give careful consideration to any patients
who are found to have no carcinoma remaining in the original tumor area, yet have
cancer cells in the lymph nodes. These cases should be compared against the pCR and
PR1 groups to determine if there are any optical parameters that distinguish them from
the pCR. A 50% maximum dimension threshold was used to distinguish PR1 and PR2
groups [81]. The breast cancer subtypes will also be reported for all patients. The three
subtypes are TNBC, ER-positive/HER2-negative, and HER2-positive (in agreement with
Groheux et al. [19]).

2.4.3.3 Statistical analysis
Since only 9 patients were enrolled into the study, the statistical analysis was carefully
considered. A non-parametric Wilcoxon Rank-Sum test (with p < 0.05 to indicate
significant differences) was used to analyze the trends of the optical parameters observed
in the patient response groups over the course of therapy. This analysis provides
indications on when better responding patients (pCR and PR1) could be discriminated
from those with a poorer response (PR2) based off the percentage of therapy completed.
The statistics were performed using MATLAB (Mathworks, Natick, MA).
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Chapter 3: Results
3.1 Findings from simulated data using the continuous-wave diffusion
model
3.1.1 Correlation among the amplitude parameter and
chromophore concentrations
The transmittance data computed with the homogeneous medium and perturbation
forward models, as described in methods section 2.2, were used to determine the effect of
optical perturbations on the recovered amplitude parameter from the fit with the
homogeneous medium model. When using spectra calculated from the homogeneous
forward model in a 6 cm thick slab geometry (with the amplitude parameter set to 1), the
inversion procedure recovered the correct amplitude parameter as shown in Figure 3.1.1.1
(first point). For transmittance data generated with a small perturbation (1 cm), there was
not a major effect on the recovered amplitude parameter (overestimated by 2%; sixth
point in Figure 3.1.1.1). For the data computed with a large perturbation having
properties representing the contrast between fibroglandular and adipose tissue, the model
overestimated the amplitude parameter by 12.5% (seventh point in Figure 3.1.1.1). This
increase in the recovered amplitude parameter is due to the decrease in μs′(𝜆0) within the
perturbation. The lower amplitude parameter that has been observed in patient data was
reproduced in the curves with the 2.4 cm perturbations (large perturbations) with a large
(↑↑) increase in μa (second to fifth points in Figure 3.1.1.1). The recovered amplitude
parameter was consistently underestimated by over 20% as seen in Figure 3.1.1.1. This
underestimation occurred regardless of whether the reduced scattering coefficient (μs′)
and the scattering power (b) of the perturbation were the same or higher than those of the
background medium. Due to the positive correlation between the amplitude parameter
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and the chromophore concentrations (which are directly linked to μa), the chromophore
concentrations were also underestimated. Since we are using a homogeneous model to fit
the transmission optical data through an inhomogeneous medium, it is not expected that
the exact concentrations of the perturbation are retrieved, even though a correct relative
direction (higher or lower concentration than the background) is expected. When we did
not fix the amplitude parameter, the data for the large perturbation with ↑↑ μa , →μs’(𝜆0),
and →b result in recovering only a 10% increase in [HbT] compared to the background
tissue. By fixing the amplitude parameter to 1, the [HbT] contrast increases to 30% (the
actual contrast in [HbT] was 133%).
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Figure 3.1.1.1: Recovered amplitude parameter found by fitting the computed transmittance data
with the homogeneous slab model. The reported values are the chromophore concentrations and
scattering parameters used for the background (1st point on x-axis) and localized perturbations
(2nd-7th point on x-axis). The reference wavelength, , is 650 nm. Small perturbation: cube with
1.0 cm side. Large perturbation: cube with 2.4 cm side.

Based on the computed results reported above, there is a greater underestimation
of the amplitude parameter for larger perturbations which will impact the in vivo data.
Lower absorption contrast will be found when fitting chromophore concentrations and
the amplitude parameter in regions with large malignant or benign lesions that feature a
strong optical contrast. Therefore, we have decided to fix the amplitude parameter at the
same value for all pixels in the right and left breast images. This value was given by the
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average amplitude parameter over the healthy breast (or both healthy breasts in the case
of healthy patients) to recover a more accurate chromophore contrast for optical
inhomogeneities in the breast. Of course, by fixing the amplitude parameter to the healthy
breast’s average value causes the model fits to be slightly worse (i.e. resulting in a greater
minimized value of the cost function) than when the amplitude parameter is being
retrieved.

3.1.2 Recovered chromophore concentrations from perturbation
model with scattering contrast
The data generated by the perturbation model for the cubic inclusion (side length =
2.4 cm) served as an input into the inversion procedure using the continuous-wave,
diffusion model to fit the data. The scattering parameters were fixed to those of the
background (μs′(650 nm) = 10.8 cm-1, b = 1), which was an underestimation of the
perturbation scattering parameters (μs′(650 nm) = 13.0 cm-1, b = 1.4). The “Perturbation 1
(side length = 2.4 cm)” column in Table 3.1.2.1 shows the results obtained from the
inversion procedure, where the chromophore concentrations are in between that of the
background and perturbation values. Using the data generated from Nirfast with a large
spherical perturbation and fixing the scattering parameters to the values of the
background, the transmission spectra were also processed by the continuous-wave,
diffusion model. The inversion procedure recovered the chromophore concentrations
shown in Table 3.1.2.1 under the “Perturbation 2 (diameter = 4.0 cm)”. Again, the
chromophore concentrations were found to be in the middle of the background and
perturbation properties, yet the recovered concentrations were closer to those of the
perturbation because of the large size of this inclusion. These results show that despite
incorrect fixed scattering values, the chromophore concentrations are still in between that
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of the background and perturbation, which is expected when using a homogeneous
model.
Table 3.1.2.1: The recovered chromophore concentrations of the perturbation model
spectra with scattering contrast. The spectra were used as input into the inversion
procedure using the homogeneous, continuous-wave, diffusion forward model. The
scattering parameters were fixed to that of the background (μs′(650 nm) = 10.8 cm-1,
b = 1).

Parameter
HbO (µM)
Hb (µM)
Water (%)
Lipid (%)

Recovered
Perturbation 1
Perturbation 2
(side length = 2.4 cm)
(diameter = 4.0 cm)
13.3 ± 0.1
18.8 ± 0.1
7.42 ± 0.02
12.00 ± 0.02
28 ± 1
37 ± 1
57 ± 2
41 ± 3

3.1.3 Thickness compensation algorithm results
The known thickness of the silicone, tissue-mimicking phantom was obtained from the
specifications of the phantom mold. A map of the known thickness is shown in
Figure 3.1.3.1 (a). The estimated phantom thickness from the algorithm is shown in
Figure 3.1.3.1 (b). The differences between these two thickness maps are demonstrated in
Figure 3.1.3.2, for y = 0.2 cm, y=1 cm, and y = 3 cm. It can be seen that the recovered
thickness from our compensation algorithm underestimates the known phantom thickness
at the curved borders (at maximum by 0.7 cm). We attribute this thickness
underestimation to the widening spot size of the source when illuminating the curved
sides of the phantom and also possibly due to the specific boundary conditions. By
generating simulated data in spherical geometry (diameter of sphere equal to 6 cm), we
found that when the source is placed at an angle of 180° or 150°, the intensity of the
transmitted light is lower when compared to generating data in slab geometry, (with a
thickness of 6 cm and the same optical properties used for the sphere). These results can
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be seen in Figure 3.1.3.3. The lower intensity, with respect to slab geometry, found in the
spherical geometry for the 180° and 150° source-detector separation is likely due to
photons escaping out the sides of the sphere. However, for the 120° source-detector angle
(where the local chord length is 5.2 cm) the intensity of the light is greater than the
intensity found in slab geometry. Although photons are lost through the sides of the
phantom, the higher intensity found for the 120° source-detector angle is due to the light
propagating through less tissue volume. Higher intensities measured along the borders of
the phantom results in our thickness compensation algorithm to find tissue thicknesses
lower than the actual one. This effect may be, at least in part, explained by a widening
source spot size along the borders of the phantom, which results in the photons
propagating through a smaller tissue thickness.

Figure 3.1.3.1: (a) The known thickness map of the breast shaped, silicone phantom is shown. (b)
A map of the found thickness of the breast shaped, silicone phantom using the thickness
compensation algorithm.
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Figure 3.1.3.2: Known and estimated phantom thickness at cross section where y = 0.2, 1.0 and 3
cm (referring to map in figure 3.1.3.1). All plots show how towards the borders of the phantom,
the thickness found from the compensation algorithm is smaller compared to the known phantom
thickness.

Figure 3.1.3.3: The transmittance curves are plotted from computed data using slab geometry and
spherical geometry with the same optical properties. The spherical geometry transmittance curves
are found by using different source-detector angles (180°, 150°, 120°), which result in local chord
lengths through the sphere of 6.0, 5.8 and 5.2 cm, which has a diameter of 6.0 cm.

Estimated and known thicknesses were then used as inputs into the continuous-wave,
diffusion based inverse model after scanning the breast shaped, silicone phantom. The
scattering amplitude and power were measured and fixed as 4.9 cm-1 and 1.0,
respectively. The phantom absorption coefficient was recovered and Figure 3.1.3.4 (a)
shows the μa map found from the inverse model when using the known phantom
thickness at each pixel. The average deviation from the actual value of μa throughout the
entire phantom was found to be 29%. Figure 3.1.3.4 (b) portrays the μa map when the
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estimated thickness for each pixel was used as the input and the average deviation of μa
over the phantom was reduced to 12%. Figure 3.1.3.4 (b) demonstrates how a more
homogeneous distrubution of μa is found when compared to using the known phantom
thickness as the input into the model. Using our proposed method, the estimated
thickness compensates for the slab geometry which is assumed in the forward solver for
the continuous-wave model. If the actual thickness at each pixel is used along the borders
of the phantom, by implementing a model that assumes a slab of fixed thickness, the
absorption properties will be underestimated. Therefore, our method compensates for the
mismatch between the model’s assumed slab geometry and the actual phantom shape, by
relying on the effects from the change in source spot size on the phantom and the
boundary conditions to approximate the thickness of the probed tissue volume.

Figure 3.1.3.4: (a) Map of the recovered absorption coefficient for the homogeneous, silicone
phantom using the known thickness at each pixel, where a noticeable gradient can be observed.
(b) Map of the absorption coefficient recovered for the same homogeneous, silicone phantom
using the estimated thickness for each pixel. The absorption coefficient was found to be more
uniform using the tissue thickness compensation algorithm.

Patient data relies on breast thickness estimation to visualize the tumor in the optical
mammograms. An example of how the recovery of the chromophore values differ when
comparing uniform breast thickness to thickness corrected data is shown in Figure
3.1.3.5. A patient with invasive ductal carcinoma has a tumor located in the upper outer
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quadrant of her left breast (approximately 2 cm from the chest wall side of the optical
mammogram and 3 cm in from the medial side). Two different line plots from the deoxyhemoglobin maps are shown in Figure 3.1.3.5. Figure 3.1.3.5 (a) shows the [Hb] when
assuming uniform breast thickness and (b) portrays [Hb] when the thickness
compensation algorithm is applied. Both line plots are taken at the same cross section of
the breast where the tumor was found to have the maximum contrast. These plots
demonstrate how when using uniform thickness, the maps contain a shape bias
(decreasing chromophore concentrations as the true thickness of the breast becomes
smaller). By applying the thickness correction algorithm, the tumor contrast is enhanced
and a breast shape bias in the distribution of chromophores is removed.

Figure 3.1.3.5: (a) Line plot through the deoxy-hemoglobin map for a cancer patient shows that
when assuming uniform thickness throughout the scanned breast, the tissue shape biases the
chromophore concentrations and the tumor contrast is mitigated. (b) By using the tissue thickness
compensation algorithm, the line plot through the deoxy-hemoglobin map shows an increase in
cancer contrast and removes the shape trend within the data.

3.2 Characterization of breast tumors
Representative chromophore concentration maps that are created after a patient is
scanned are shown in Figure 3.2.1, a 76-year old patient who has invasive ductal
carcinoma with ductal carcinoma in situ in her left breast (patient index #143). The x-ray
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mammogram is shown in Figure 3.2.1(a), where there are two foci of cancer that together
span 3.9 cm in maximum dimension as reported by the radiologist. The map in
Figure 3.2.1(b) illustrates the optical data that was discarded due to edge effects close to
the border of the breast (<20 mm in Figure 3.2.1 (b) and typically <20 mm in our study).
The data along the far sides of the breast were discarded when the peak of the Xenon
lamp (~830 nm) saturated the 16-bit CCD camera. The tumor characterization process
(described in the methods section) was then carried out on the [Hb] map where
Figure 3.2.1 (c) shows the rectangular region that encloses the area of the tumor (as
determined by x-ray mammography). The shaded pixels corresponding to the tumor ROI
after the 75% threshold was applied can be seen in Figure 3.2.1 (d). Figures 3.2.1 (e)-(h)
show the maps of [HbT], SO2, [water], and [lipid] in the breast. The corresponding
contralateral healthy breast maps are given in Figure 3.2.2 (a)-(f) for this same cancer
patient. The contralateral breast maps are given on the same color scale as the cancerous
maps, illustrating the decreased level of contrast for the optical parameters in the healthy
contralateral breast.

60

Figure 3.2.1: Maps for a 76-year old patient who has invasive ductal carcinoma with ductal
carcinoma in situ in her left breast. (a) X-ray mammogram where two foci of cancer spanning 3.9
cm in combined maximum diameter are located in the 5 and 6 o’clock positions within the breast
(shown in the red box). (b) The data discarded at the sides of the scanned breast are depicted in
blue. (c) The deoxy-hemoglobin map is used to located the tumor ROI within the red rectangular
area (based on the x-ray mammogram as described in the methods section) (d) The tumor
rectangular box is shown in yellow and the shaded green region represents the tumor ROI,
consisting of pixels with [Hb] to within 75% of the maximum [Hb] in the box. Maps of (e) total
hemoglobin concentration, (f) hemoglobin saturation, (g) water percentage, and (h) lipid
percentage.
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Figure 3.2.2: Optical maps of the healthy contralateral breast for the cancer patient shown in
Figure 3.2.1. (a) The data discarded at the sides of the scanned breast are shown in blue. Maps of
the (b) deoxy-hemoglobin concentration (c) total hemoglobin concentration, (d) hemoglobin
saturation, (e) water percentage, and (f) lipid percentage are shown on the same color scale as the
maps in figure 4 (c, e-h).

3.2.1 Contrast in cancer chromophore concentrations and
hemoglobin saturation
The differences between the average tumor ROI and background parameters for all
cancer cases are shown in Figure 3.2.1.1. These differences are referred to as the
“difference parameters” for the remainder of the text. The error bars in these plots were
calculated by taking the square root of the sum of the variances over the background and
tumor ROI pixels, and represent the standard deviation of the difference. In the 26 cancer
cases, the tumors featured an average increase of +1.1±0.3, +1.2±0.2 and +2.4±0.4 μM in
[HbO2], [Hb], and [HbT], respectively. The changes in hemoglobin concentrations were
all found to be significant by the Wilcoxon signed rank test with p values less than 0.05.
There was also an average increase of +7±1% in [water] and a decrease of -8±2% in
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[lipid] within the tumor region. The tumor SO2 was found to be on average -5±1% lower
than the background tissue and only in 2 of the 26 cases did we not find the average SO 2
of the tumor ROI to be lower than the background. The p values found for the [water],
[lipid], and SO2 changes in tumors were all less than 0.05. The patients imaged before
and after biopsy (n = 13 for each group) were also analyzed separately and significant
changes (p < 0.05) between the tumor regions and surrounding tissue for all optical
difference parameters were found for each group. Since our results do not change
regardless of whether or not the patient underwent a biopsy over one week prior to the
optical imaging, we kept all 26 patients grouped together for analysis. For 36-year old
cancer patient #3 (patient index #82), we did not include a data point in the lipid
difference plot because the model found 0% [lipid] in the background and tumor regions,
which is not physiologically reasonable. Table 3.2.1.1 shows the average of the
difference parameters for chromophore concentrations and SO2, over the 26 patients, with
the corresponding standard errors.
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Figure 3.2.1.1: Individual difference quantities in the average concentration of deoxyhemoglobin, oxy-hemoglobin, total hemoglobin, hemoglobin saturation, water concentration, and
lipid concentration between the tumor region and background breast tissue for all 26 cancer
patients. Each individual patient’s measurements are shown and error bars represent the standard
deviation of the differences.
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Table 3.2.1.1. Summary of the difference parameters averaged across the 26 cancer
patients.

ΔHbO2 (μM)
ΔHb (μM)
ΔHbT (μM)
ΔSO2 (%)
ΔWater (%)
ΔLipid (%)

Average
+1.1
+1.2
+2.4
-5
+7
-8

Cancer Breast
Std. Err. p Value
0.3
<0.01
0.2
<0.01
0.4
<0.01
1
<0.01
1
<0.01
2
<0.01

Contralateral Breast
Average Std. Err. p Value
-0.3
0.4
0.81
+0.1
0.1
0.35
-0.2
0.5
0.71
-1
1
0.11
+1
1
0.10
-1
1
0.11

In 25 out of the 26 patients imaged, an increase in [water] was found in the tumor
region. The difference between the [water] in the tumor and background tissue was found
to be a more consistent feature of cancer compared to the [HbT] difference parameter in
this study. We have found two patients (cancer patient #7 and #19) where the [HbT] was
not greater within the tumor when compared to the global background average (see
Figure 3.2.1.1). Cancer patient #7 (patient index #125) had a 0.6 cm tumor that was
located by x-ray mammography in the upper outer quadrant at the level of the nipple
(center of the breast). The plate separation distance for this patient was 6.5 cm, therefore
we believe our inability to detect an increased level of [HbT] is due to the low optical
contrast of this small cancer located deep inside the breast. As for the second case for
cancer patient #19 (patient index #149), the region where the 0.7 cm tumor is located has
an elevated total hemoglobin content with respect to the immediately surrounding area,
but it is not significantly greater than the average taken over the background pixels.
Table 3.2.1.1 also reports the average of the difference parameters and standard errors
for [HbO2], [Hb], [HbT], [water], [lipid], and SO2 for the symmetrical tumor ROI and
background tissue in the contralateral breast. Their p values are all above 0.05 showing a
lack of significant difference between the symmetrical tumor ROI and background tissue
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in the contralateral breast. This result demonstrates that geometrical artifacts associated
with the breast shape and boundary effects cannot account for the significant differences
observed in the cancerous breasts.

3.2.2 Correlation between optical parameters and Nottingham
histologic score
The difference parameters of the cancerous breasts were plotted against the Nottingham
histologic score, the size of the tumor, and the HER2/neu receptor status. The overexpression of human epidermal growth factor receptor 2, HER2/neu, is associated with a
poor prognosis of breast cancer. No significant correlation was observed between the
difference parameters and the size of the tumor or the HER2/neu receptor status for this
patient population. However, the Nottingham score tended to increase with the size of the
tumor where a linear fit was found to have a p value of 0.057, which is associated with
the significance of the slope value versus a null hypothesis of a slope of zero. Significant
trends were found between the optically measured difference parameters and the
Nottingham histologic score. The Nottingham score is a measure of intrinsic biologic
aggressiveness and serves to both predict outcome and determine the course of treatment
for a given patient. The difference parameters in [HbT], [water], [lipid], and SO2 were
plotted against the Nottingham histologic score and, as seen in Figure 3.2.2.1, the
magnitudes of the difference parameters generally increase with a higher score of breast
cancer. A linear fit was obtained for each plot and the slopes, errors, and p-values were
also determined. The [water] difference was found to have the strongest linear trend, with
a slope of +4 ± 1 % per unit Nottingham score (p = 0.0001). The difference in [HbT] had
the weakest linear trend, with a slope of 1.0 ± 0.4 μM per unit Nottingham score
(p = 0.0325). The slopes for the difference in SO2 and [lipid] plots were -3 ± 1 % per unit
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Nottingham score (p = 0.0014) and -4 ± 1 % per unit Nottingham score (p = 0.0083),
respectively. Similar trends between the water concentration in breast tumors and the
histologic score have been previously reported [34]. These results indicate that our
optical imaging system provides breast cancer measurements that correlate with a
histologic assessment of tumor grade.

Figure 3.2.2.1. Difference quantities in the total hemoglobin concentration, water concentration,
lipid concentration, and hemoglobin saturation plotted against the Nottingham histologic score. A
linear trend showing the higher Nottingham Score corresponding to an increase in the magnitude
of the difference between the tumor region and background tissue for [HbT], [water], [lipid], and
SO2.

3.3 Bilateral symmetry in hemoglobin saturation maps
To investigate the symmetry between the SO2 maps of the left and right breasts, the
image registration method (section 2.4.2.1) was applied to all 80 patients (27 healthy, 32
with benign lesions, and 21 with cancer). Figure 3.3.1 shows an example of a healthy
patient’s right and left breast SO2 maps (patient index #58). The black outlines within
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each map depict the borders that separate the regions of high, middle, and low saturation
which were labeled by using the 15th and 85th percentile values. The congruence map is
shown on the bottom panel of Figure 3.3.1, displaying the pixels where the SO2 labels
were either matching in both breasts (white for the high range, light grey for the middle
range, dark grey for the low range) or non-matching (black). This healthy patient had a
Dice coefficient of 0.84 which indicates a high degree of bilateral symmetry in the
hemoglobin saturation maps. Figure 3.3.2 displays the x-ray mammogram and SO2 maps
for a patient with a 5 cm invasive lobular carcinoma laterally in her right breast (patient
index #150). The congruence map for this cancerous patient shows many non-matching
pixels and this patient was found to have a Dice coefficient of 0.43, consistent with a low
degree of bilateral symmetry.
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Figure 3.3.1: Example of a resized right breast map (top), mirrored left breast map (middle) and
congruence map (bottom) calculated for a healthy 34-year-old patient (patient index #58) whose
SO2 maps demonstrate a high level of bilateral symmetry. The black contour lines divide the three
labeled regions of low (“L”), middle (“M”) and high (“H”) SO2 values found from the 15th and
85th percentile thresholds. The congruence map shows the matching and non-matching pixels and
is characterized by a Dice coefficient of 0.84.
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Figure 3.3.2: Images for a cancer patient (patient index #150) who has a 5 cm invasive lobular
carcinoma in her right breast laterally. The x-ray mammogram shows two red brackets drawn by
the radiologist indicating where the invasive lobular carcinoma is located. SO2 maps for this
patient are found below. The black contour lines divide the three labeled regions of low (“L”),
middle (“M”) and high (“H”) SO2 values found from the 15th and 85th percentile thresholds. The
congruence map shows the matching and non-matching pixels. This patient was found to have a
Dice coefficient of 0.46.
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The Dice coefficients for the breast cancer patients are plotted in Figure 3.3.3
from index 1-21, and their average value was found to be 0.57 ± 0.07 (standard
deviation). When the Dice coefficients for the three patients who were diagnosed with
ductal carcinoma in situ (DCIS) were excluded, the group average slightly decreased to
0.55 ± 0.07. The average Dice coefficents for the patients with benign lesions (index in
plot: 22-51) was 0.61 ± 0.11. This group was subdivided into three risk categories, low
risk (category 1), middle risk (category 2), and high risk (category 3). There were two
patients in the benign group (bilateral symmetry index: 79, 80, data not shown in figure
5) for whom we did not have biopsy information available, and therefore they are not
included in this stratified analysis. The 20 low risk benign lesion patients had an average
Dice coefficient of 0.65 ± 0.09. Patients in risk categories 2 and 3 had average Dice
coefficients of 0.56 ± 0.08 and 0.45 ± 0.01, respectively. It is important to note, however,
that risk category 2 included 8 patients and risk category 3 only 2 patients. The healthy
patients (index in plot: 52-78) had an average Dice coefficient of 0.62 ± 0.12. Table 3.3.1
reports the average Dice coefficients and standard deviations for each group. To
determine if the group averages were different from one another, we performed a
Wilcoxon rank sum test. The Dice coefficients for the group of cancer patients, not
including DCIS patients, were found to be significantly different from the Dice
coefficients for the benign and healthy patients (p < 0.05). When including the DCIS
patients in the cancer group, the p values found from the statistical test were just above
0.05. The box plot in Figure 3.3.4 represents the median value in each group and the box
edges extend to the 25th and 75th percentile. The line coming out of the box shows the
extreme points for each patient group. Figure 3.3.4 portrays the lower average Dice

71

coefficient for the invasive cancer group when compared to the benign and healthy
patient groups.

Figure 3.3.3: Dice coefficients for each patient group. Cancer, benign, and healthy patients have
patient indices 1-21, 22-51, and 52-78, respectively in the bilateral symmetry study (the patient
index assigned when enrolled can be found in the appendix).
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Table 3.3.1: Average values of the Dice coefficients for different patient groups. The p
values found from the Wilcoxon rank sum test are also shown, where “ref” represents the
reference patient group to which the others are compared.
Dice Coefficient

p value
(ref: benign)

p value
(ref: healthy)

Cancer
(no DCIS)

0.55 ± 0.07

0.024

0.023

Cancer
(with DCIS)

0.57 ± 0.08

0.051

0.0525

Benign

0.61 ± 0.11

-

0.51

Healthy

0.62 ± 0.12

0.50

-

Figure 3.3.4: The box plot above illustrates the Dice coefficient average for the invasive cancer
patients, patients with benign lesions, and healthy patients. The p values were found by using the
Wilcoxon rank sum test.

3.4 Assessing response to neoadjuvant chemotherapy (NAC)
3.4.1 Trends in hemoglobin concentrations and hemoglobin
saturation on a group level
The nine patients enrolled in the neoadjuvant chemotherapy monitoring study were
grouped by their corresponding response category (pCR, PR1, and PR2) and the
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corresponding tumor [Hb], [HbO2], [HbT], and SO2 means and standard errors were
found for each response group over 5 binned temporal windows. Table 3.4.1.1 shows the
response category in column 1 and the 5 binned windows in the second column labeled
“percentage complete”. Each bin is referred to as the center point of its time interval
(10%, 30%, 50%, 70%, or 90%) and the bounds of each bin are shown. The single
parenthesis indicates the percentage therapy complete that is not included in the bin,
whereas the bracket represents the percentage point that is included in the bin. For each
response group, the changes of [Hb], [HbO2], [HbT], and SO2 from baseline (i.e. from
before the start of NAC) were averaged within each time window, and the corresponding
means and standard errors are shown in columns 3-6.
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Table 3.4.1.1: Summary of the averages and standard errors for [Hb], [HbO2], [HbT], and
SO2 values over 5 binned windows for each response category. Beneath the response
category, n is also provided, which indicates the number of patients in each group.
Tumor Response to Therapy (% Change from
Baseline)
Response

pCR
(n = 2)

pR1
(n = 4)

pR2
(n = 3)

Percentage
Complete

[Hb]

[HbO2]

[HbT]

SO2

10 (0, 20]

7±6

-2 ± 1

1.0±3

-3 ± 2

30 (20, 40]

-1 ± 9

-37 ± 1

-25 ±4

-16 ± 3

50 (40, 60]

30 ± 7

-56 ± 6

-27±4

-43 ± 5

70 (60, 80]

18 ± 3

-68 ± 4

-39±2

-49 ± 6

90 (80, 90]

30 ± 5

-53 ± 5

-25±3

- 39 ±4

10 (0, 20]

10 ± 4

-5 ± 4

0.1±4.1

-5 ± 1

30 (20, 40]

-6 ± 4

-27 ± 4

-20±4

-10 ± 1

50 (40, 60]

-3 ± 1

-50 ± 14

-35±2

-25 ± 10

70 (60, 80]

1±1

-50 ± 12

-33±1

-28 ± 8

90 (80, 90]

3±2

-50 ± 14

-32±1

-28 ± 13

10 (0, 20]

19 ± 5

-9 ± 5

13±5

-3 ± 0

30 (20, 40]

16 ± 5

-1 ± 4

5±4

-6 ± 1

50 (40, 60]

15 ± 2

-4 ± 1

3±1

-7 ± 1

70 (60, 80]

23 ± 4

-2 ± 4

9±4

-7 ± 1

90 (80, 90]

33 ± 4

-11 ± 4

18±4

-8 ± 1

The chemotherapy schedule for all nine patients is shown in Figure 3.4.1.1 with
each symbol indicating either the time the baseline image was acquired, the time a
specific type of drug was administered, the time a blood transfusion was given, or the
time the patient received surgery. Figure 3.4.1.1 portrays the variability in treatment
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regimens. Group results and the individual patient data points of the percent change from
baseline for tumor [HbT] are shown in Figure 3.4.1.2. Figure 3.4.1.2 shows a decrease
[HbT] in better responding patients (pCR and PR1) compared to the increase in [HbT]
seen in poorer responding patients (PR2). Considering the fact that chemotherapy affects
the hemoglobin concentration in blood (Hgb) over time, we also report the average
change in blood volume throughout treatment for all nine patients in Figure 3.4.1.3. It can
be seen that the patients with a good response show a decrease in blood volume, whereas
the patients with a poor response have an increase in blood volume. To provide an
indication of how perfusion and metabolic demands may be altered in tumors with
varying levels of response, the tumor SO2 changes are shown on a group level and for
each individual patient in Figure 3.4.1.4. Figure 3.4.1.4 conveys that the SO2 decrease in
tumors scales with the level of response, with a larger decrease in the better responding
patients compared to the poorer responding ones.
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Figure 3.4.1.1: The treatment schedule for each NAC patient is shown with week # on the x-axis.
All patients have their first chemotherapy infusion at week 1. The filled in circle indicates when
the patient received their baseline optical mammogram. The symbols denote the specific type of
chemotherapy drug administered. The “x” symbol represents time points when the patient was
scheduled for chemotherapy, but the treatment was delayed. The red “+” indicates times when
blood transfusions took place. The filled in squares signify the time when the surgery took place.
The colored points for each patient denote their response category, which is consistent with
Figure 3.4.1.2, Figure 3.4.1.3, and Figure 3.4.1.4.
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Figure 3.4.1.2: The tumor [HbT] trends are shown for all response categories at a group level
(panel (a)), where the corresponding error bars represent the standard error. The threshold dashed
line represents the weighted average of the PR1 and PR2 curves, with weights given by the
inverse of the standard error of each point. This line is used for assessing patient response and is
discussed later in the cumulative response index. Panels (b), (c), and (d) show the individual
patient data throughout therapy for pCR, PR1, and PR2, respectively, along with the
corresponding group average line.
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Figure 3.4.1.3: Average change in blood volume throughout chemotherapy is shown for all
patients. The pCR and PR1 patients show a decrease in blood volume, whereas the PR2 patients
have an average increase in blood volume.
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Figure 3.4.1.4: The tumor SO2 trends are shown for all response categories at a group level (in
panel (a)), where the corresponding error bars represent the standard error. The threshold dashed
line represents the weighted average of the PR1 and PR2 curves, with weights given by the
inverse of the standard error of each point. Panels (b), (c), and (d) show the individual patient data
throughout therapy for pCR, PR1, and PR2, respectively, along with the corresponding group
average line.

A non-parametric Wilcoxon rank-sum test was applied at the 50% therapy
complete time window to determine if there was a significant difference between the
observed changes in tumor [Hb], [HbO2], [HbT], and SO2 in patients achieving a high
level of response (pCR and PR1) vs. patients who had a poor response (PR2). The p
values for this statistical test are reported in Table 3.4.1.2.
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Table 3.4.1.2: p values found when applying the Wilcoxon rank-sum test comparing the
differences in optical parameters between the patients with good response (pCR and PR1)
and the patients with a poor response (PR2) at the 50% Therapy Complete window.

p values

[Hb]

[HbO]

[HbT]

SO2

0.36

0.01

0.01

0.01

3.4.2 Cumulative response index
We define a cumulative response index (CRI) that can be calculated at each n-th therapy
session on the basis of the optical mammograms collected at that session and all previous
sessions. The CRI serves as an individual indicator for how the patient is responding and
can take values between -1 (no response) and +1 (complete response). Here we define the
CRI in terms of the tumor SO2, although any other measured tumor parameter can be
used. To start, we compute a threshold value for therapy response at each % therapy
complete time window by taking the weighted average of the percent change of tumor
SO2 for the PR1 and PR2 group results, with weights given by the inverse of the standard
error (the PR1 and PR2 group results for SO2 are reported in Figure 3.4.1.4 a). Then, a
linear interpolation is performed to create an SO2 threshold line over the entire therapy
period. This threshold line is taken to represent the boundary between good responders
and poor responders and is considered a reference curve to be used to assess future
patient’s response in our work. For each measurement session i, one can compute the
difference di, taken as the threshold value of SO2 minus the percent change of SO2 at that
particular time point (percentage of therapy complete). The standard deviation associated
with di is taken as the standard deviation of the individual SO2 percent change point and
denoted as σ(di). The CRI at the n-th session is defined as follows:
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∑
∑

| |

(1)

The normalization factor in the denominator of the right-hand-side of Eq. (1) limits the
CRI between -1 and +1. When a tumor SO2 point falls above the threshold line, its
contribution to the CRI is negative, whereas a tumor SO2 point below the threshold line
gives a positive contribution to the CRI. Negative values of CRI indicate a poor response
(poorest for CRI ~ -1), and positive CRI values indicate a good response to therapy (best
for CRI ~ +1).
The cumulative response index was found for each patient using the tumor SO2.
Figure 3.4.2.1 shows each patient’s CRI using the SO2 measured in the tumor throughout
treatment, and Table 3.4.2.1 reports the corresponding sensitivity and specificity to
response classification.
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Figure 3.4.2.1: The cumulative response for each individual patient is shown throughout the
course of therapy by using the tumor SO2 measured each time a patient received chemotherapy.
The cumulative response is bounded in the [-1,1] range, where 1 indicates good response and -1
indicates poor response.

Table 3.4.2.1: Sensitivity and Specificity of SO2 Classification using the Cumulative
Response Index
Percentage of Therapy Complete
Window

10%

30%

50%

70%

90%

Sensitivity

0.50

0.53

1.0

1.0

1.0

Specificity

0.64

0.83

0.85

1.0

1.0
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3.4.1 Individual data for patients achieving pathologic complete
response (pCR)
3.4.1.1 NAC Patient #2
Details for NACP #2 are provided in Table 3.4.1.1.1. Due to the TNBC subtype, this
patient underwent 4 cycles of doxorubicin/cyclophosphamide followed by paclitaxel. She
initially began her palitaxel regimen with a bi-weekly dose dense (175 mg/m2) amount,
however after one infusion, the oncologist modified her treatment to weekly low dose (80
mg/m2) infusions. The averages in [Hb], [HbO2], [HbT], and SO2 of the tumor ROI with
respect to the baseline measurement are plotted in Figure 3.4.1.1.1 throughout
chemotherapy. Optical mammograms were not obtained on the 9th low dose paclitaxel
infusion (95% complete time point). Representative maps are also shown for [HbO2],
[Hb], [HbT], and SO2 for both the healthy and cancerous breasts around the start, middle,
and end of therapy (Figure 3.4.1.1.2, Figure 3.4.1.1.3, Figure 3.4.1.1.4, and Figure
3.4.1.1.5 respectively). It can be seen in the healthy left breast maps that there is also a
decrease in the hemoglobin concentrations and hemoglobin saturation throughout
chemotherapy.
NACP #2 had very low red blood cell count after she completed the four cycles of
doxorubicin and cyclophosphamide and received a blood transfusion when her
hemoglobin concentration in blood dropped to 7.5 g/dL (see Figure 3.4.1.1.1). An
additional blood transfusion was administered a week after the second paclitaxel
treatment when her hemoglobin concentration in blood dropped again, to a value of 8.4
g/dL (see Figure 3.4.1.1.1). Since optical mammograms were not obtained on the days
the patient received a blood transfusion, we cannot comment on the hemoglobin
concentration in tissue that day. However, we do see that following the first blood
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transfusion, the [HbT] increases for the next two infusion time points. After the second
blood transfusion, the [HbT] remains low, which indicates that although there is increase
Hgb, the blood volume is likely very low in the region of the tumor. This patient was
found to have no carcinoma remaining after surgery and was considered a pathologic
complete responder.
Table 3.4.1.1.1: Case details for NACP #2
Patient #

163

Age

72

Side

Right

Cancer Type

IDC

Stage

2B

Pretreatment: max tumor dimension (cm)

3.2

Subtype

TNBC

Chemo Frequency (number)

First: bi-weekly (4)
Second: bi-weekly (1) and weekly (10)

Chemo Type

First: doxorubicin/cyclophosphamide
Second: dose dense and low dose
paclitaxel

Post treatment: max tumor dimension (cm)

n/a

Response

pCR
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Figure 3.4.1.1.1: NACP #2’s trends in the tumor hemoglobin concentrations and hemoglobin
saturation are shown above where all measurements are normalized to the baseline values. The
trends in [Hb], [HbO2], [HbT], and SO2 are shown in the upper left, upper right, lower left, and
lower right plots, respectively. The red dotted arrow indicates when the patient received a red
blood cell transfusion.

Figure 3.4.1.1.2: The left panel of images shows the healthy breast of NACP #2 [HbO2] maps
taken at the start, the middle, and the end of chemotherapy. The right panel of images shows the
[HbO2] maps of the cancerous breast of NACP #2, where the black box indicates the region
where the tumor is located. All images were performed in cranio-cadual view and the start,
middle, and end images correspond to 9%, 44%, and 91% of therapy complete.
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Figure 3.4.1.1.3: The left panel of images shows the healthy breast of NACP #2 [Hb] maps taken
at the start, the middle, and the end of chemotherapy. The right panel of images shows the [Hb]
maps of the cancerous breast of NACP #2, where the black box indicates the region where the
tumor is located. All images were performed in cranio-cadual view and the start, middle, and end
images correspond to 9%, 44%, and 91% of therapy complete.

Figure 3.4.1.1.4: The left panel of images shows the healthy breast of NACP #2 [HbT] maps
taken at the start, the middle, and the end of chemotherapy. The right panel of images shows the
[HbT] maps of the cancerous breast of NACP #2, where the black box indicates the region where
the tumor is located. All images were performed in cranio-cadual view and the start, middle, and
end images correspond to 9%, 44%, and 91% of therapy complete.
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Figure 3.4.1.1.5: The left panel of images shows the healthy breast of NACP #2 SO2 maps taken
at the start, the middle, and the end of chemotherapy. The right panel of images shows the SO2
maps of the cancerous breast of NACP #2, where the black box indicates the region where the
tumor is located. All images were performed in cranio-cadual view and the start, middle, and end
images correspond to 9%, 44%, and 91% of therapy complete.

3.4.1.2 NAC Patient #5
Information about NACP #5 is shown in Table 3.4.1.2.1. This patient was diagnosed with
HER2-positive, stage 4 breast cancer. For her chemotherapy regimen she received
carboplatin and docetaxel along with HER2 targeted therapies (trastuzumab and
pertuzumab). The hemoglobin concentrations and hemoglobin saturation trends are
portrayed in Figure 3.4.1.2.1. She received a blood transfusion following her 5th
chemotherapy infusion, which is shown by the red dotted arrow. The [Hb] and [HbT]
were found to increase at the 6th infusion time point, however the [HbO2] and SO2
remained fairly stable. Breast maps of [HbO2], [Hb], [HbT], and SO2 are shown for
NACP#5 at the start, middle, and end of therapy in Figure 3.4.1.2.2, Figure 3.4.1.2.3,
Figure 3.4.1.2.4, and Figure 3.4.1.2.5, respectively. This patient experienced a large
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decrease in the tumor [HbO2] and SO2, which was also seen in the healthy breast.
NACP #5 achieved complete pathologic response after completing chemotherapy.
Table 3.4.1.2.1: Case details for NACP #5
Patient #

167

Age

46

Side

Left

Cancer Type

IDC

Stage

4

Pretreatment: max tumor dimension (cm)

6.6

Subtype

HER2+

Chemo Frequency (number)

Every 3 weeks (6)

Chemo Type

Carboplatin + docetaxel +
trastuzumab + pertuzumab

Post treatment: max tumor dimension (cm)

n/a

Response

pCR

Figure 3.4.1.2.1 NACP #5’s trends in the tumor hemoglobin concentrations and hemoglobin
saturation are shown above where all measurements are normalized to the baseline values. The
trends in [Hb], [HbO2], [HbT], and SO2 are shown in the upper left, upper right, lower left, and
lower right plots, respectively. The red dotted arrow indicates when the patient received a red
blood cell transfusion.
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Figure 3.4.1.2.2: The right panel of images shows the healthy breast of NACP #5 [HbO2] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[HbO2] maps of the cancerous breast of NACP #5, where the black box indicates the region
where the tumor is located. All images were performed in cranio-cadual view and the start,
middle, and end images correspond to baseline, 41%, and 76% of therapy complete.

Figure 3.4.1.2.3: The right panel of images shows the healthy breast of NACP #5 [Hb] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[Hb] maps of the cancerous breast of NACP #5, where the black box indicates the region where
the tumor is located. All images were performed in cranio-cadual view and the start, middle, and
end images correspond to baseline, 41%, and 76% of therapy complete.
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Figure 3.4.1.2.4: The right panel of images shows the healthy breast of NACP #5 [HbT] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[HbT] maps of the cancerous breast of NACP #5, where the black box indicates the region where
the tumor is located. All images were performed in cranio-cadual view and the start, middle, and
end images correspond to baseline, 41%, and 76% of therapy complete.

Figure 3.4.1.2.4: The right panel of images shows the healthy breast of NACP #5 SO2 maps taken
at the start, the middle, and the end of chemotherapy. The left panel of images shows the SO2
maps of the cancerous breast of NACP #5, where the black box indicates the region where the
tumor is located. All images were performed in cranio-cadual view and the start, middle, and end
images correspond to baseline, 41%, and 76% of therapy complete.
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3.4.2 Individual data for patients achieving a good partial
pathologic response (PR1 patients)
3.4.2.1 NAC Patient #3
The information regarding NACP #3 breast cancer diagnosis and chemotherapy treatment
plan is shown in Table 3.4.2.1.1. A 2.5 cm tumor was found in her left breast behind the
nipple

areolar

complex

region.

This

patient

was

diagnosed

with

ER-positive/HER2-negative breast cancer and underwent 4 cycles of biweekly
doxorubicin/cyclophosphamide followed by 12 weekly cycles of paclitaxel. After she
completed the doxorubicin/cyclophosphamide treatments, there was a three week gap
where no chemotherapy was received due to shortness of breath and chest pains. Once
the oncologist felt she was healthy enough to proceed with treatment, she started the
weekly paclitaxel infusions and completed her chemotherapy. The trends in the tumor
hemoglobin concentration parameters and hemoglobin saturation are plotted in Figure
3.4.2.1.1, where it can be seen that the [HbO2] and [HbT] exhibit decreasing values
during the first half of therapy. The tumor SO2 drops to a minimum value around 50%
therapy complete and then steadily rises throughout the remaining paclitaxel treatments.
Representative [HbO2], [Hb], [HbT], and SO2 breast maps are shown in Figure 3.4.2.1.2,
Figure 3.4.2.1.3, Figure 3.4.2.1.4, and Figure 3.4.2.1.5, respectively. Following surgery,
pathology reports indicated that there was cancer remaining in NACP #3’s breast that
spanned a maximum of 0.9 cm in greatest dimension.
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Table 3.4.2.1.1: Case details for NACP #3
Patient #

165

Age

57

Side

Left

Cancer Type

IDC

Stage

2B

Pretreatment: max tumor dimension (cm)

2.5

Subtype

ER+/HER2-

Chemo Frequency (number)

First: bi-weekly (4)
Second: weekly (12)

Chemo Type

First: doxorubicin/cyclophosphamide
Second: low dose paclitaxel

Post treatment: max tumor dimension (cm)

0.9

Response

PR1

Figure 3.4.2.1.1: NACP #3’s trends in the tumor hemoglobin concentrations and hemoglobin
saturation are shown above where all measurements are normalized to the baseline values. The
trends in [Hb], [HbO2], [HbT], and SO2 are shown in the upper left, upper right, lower left, and
lower right plots, respectively.
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Figure 3.4.2.1.2: The right panel of images shows the healthy breast of NACP #3 [HbO2] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[HbO2] maps of the cancerous breast of NACP #3, where the black box indicates the region
where the tumor is located. All images were performed in cranio-cadual view and the start,
middle, and end images correspond to baseline, 30%, and 87% of therapy complete, respectively.

Figure 3.4.2.1.3: The right panel of images shows the healthy breast of NACP #3 [Hb] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[Hb] maps of the cancerous breast of NACP #3, where the black box indicates the region where
the tumor is located. All images were performed in cranio-cadual view and the start, middle, and
end images correspond to baseline, 30%, and 87% of therapy complete, respectively.
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Figure 3.4.2.1.4: The right panel of images shows the healthy breast of NACP #3 [HbT] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[HbT] maps of the cancerous breast of NACP #3, where the black box indicates the region where
the tumor is located. All images were performed in cranio-cadual view and the start, middle, and
end images correspond to baseline, 30%, and 87% of therapy complete, respectively.

Figure 3.4.2.1.5: The right panel of images shows the healthy breast of NACP #3 SO2 maps taken
at the start, the middle, and the end of chemotherapy. The left panel of images shows the SO2
maps of the cancerous breast of NACP #3, where the black box indicates the region where the
tumor is located. All images were performed in cranio-cadual view and the start, middle, and end
images correspond to baseline, 30%, and 87% of therapy complete, respectively.
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3.4.2.2 NAC Patient #6
The information provided for NACP #6 cancer type and chemotherapy treatment is
shown in Table 3.4.2.2.1. NACP #6 was diagnosed with TNBC and first underwent four
bi-weekly infusions of doxorubicin/cyclophosphamide. Optical mammograms were not
acquired at the 2nd or 3rd doxorubicin/cyclophosphamide infusion. The patient then
received weekly low dose paclitaxel infusions with the addition of carboplatin every 3rd
infusion. NACP #6 completed 11/12 paclitaxel infusions and made a personal decision to
stop early. Figure 3.4.2.2.1 shows the tumor [Hb], [HbO2], [HbT], and SO2 throughout
therapy and the time when she received a red blood cell transfusion. The hemoglobin
concentrations were found to decrease throughout chemotherapy, along with the
hemoglobin saturation. Breast maps of [HbO2], [Hb], [HbT], and SO2 can be seen in
Figure 3.4.2.2.2, Figure 3.4.2.2.3, Figure 3.4.2.2.4, and Figure 3.4.2.2.5, respectively. It is
noted that towards the beginning of treatment, the tumor exhibited higher hemoglobin
concentration compared to the healthy contralateral breast, however as therapy continued,
both breasts were found to have decreasing hemoglobin content. The SO2 was also found
to decrease throughout treatment. After surgery, NACP #6 had 0.4 cm of cancer
remaining and was classified as a PR1 patient.
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Table 3.4.2.2.1: Case details for NACP #6
Patient #

168

Age

47

Side

Left

Cancer Type

IDC

Stage

2B

Pretreatment: max tumor dimension (cm)

6.0 cm

Subtype

TNBC

Chemo Frequency (number)

First: bi-weekly (4)
Second: weekly (11)

Chemo Type

First: doxorubicin/cyclophosphamide
Second: low dose paclitaxel and
carboplatin every 3rd infusion

Post treatment: max tumor dimension (cm)

0.4

Response

PR1

Figure 3.4.2.2.1: NACP #6’s trends in the tumor hemoglobin concentrations and hemoglobin
saturation are shown above where all measurements are normalized to the baseline values. The
trends in [Hb], [HbO2], [HbT], and SO2 are shown in the upper left, upper right, lower left, and
lower right plots, respectively. The red dotted arrow indicates when the patient received a red
blood cell transfusion.
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Figure 3.4.2.2.2: The right panel of images shows the healthy breast of NACP #6 [HbO2] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[HbO2] maps of the cancerous breast of NACP #6, where the black box indicates the region
where the tumor is located. All images were performed in cranio-cadual view and the start,
middle, and end images correspond to 5%, 48%, and 100% of therapy complete.

Figure 3.4.2.2.3: The right panel of images shows the healthy breast of NACP #6 [Hb] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[Hb] maps of the cancerous breast of NACP #6, where the black box indicates the region where
the tumor is located. All images were performed in cranio-cadual view and the start, middle, and
end images correspond to 5%, 48%, and 100% of therapy complete.
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Figure 3.4.2.2.4: The right panel of images shows the healthy breast of NACP #6 [HbT] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[HbT] maps of the cancerous breast of NACP #6, where the black box indicates the region where
the tumor is located. All images were performed in cranio-cadual view and the start, middle, and
end images correspond to 5%, 48%, and 100% of therapy complete.

Figure 3.4.2.2.5: The right panel of images shows the healthy breast of NACP #6 SO2 maps taken
at the start, the middle, and the end of chemotherapy. The left panel of images shows the SO2
maps of the cancerous breast of NACP #6, where the black box indicates the region where the
tumor is located. All images were performed in cranio-cadual view and the start, middle, and end
images correspond to 5%, 48%, and 100% of therapy complete.
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3.4.2.3 NAC Patient #7
Patient information for NACP #7 is provided in Table 3.4.2.3.1. NACP #7 had
ER-positive/HER2-negative breast cancer subtype and received

4 cycles of

doxorubicin/cyclophosphamide and then 4 cycles of dose dense paclitaxel. This patient
did not experience any treatment delays or need to have any blood transfusions. The
trends in tumor [HbO2], [Hb], [HbT], and SO2 can be found in Figure 3.4.2.3.1, where
decreasing [HbO2], [HbT] and SO2 are seen throughout the entire duration of treatment.
Breast maps of [HbO2], [Hb], [HbT], and SO2 are shown in Figure 3.4.2.1.2,
Figure 3.4.2.1.3, Figure 3.4.2.1.4, and Figure 3.4.2.1.5, respectively. Significant changes
can also be seen in the healthy contralateral breast, which mirror the direction of the
trends experienced by the tumor. After she completed the chemotherapy regimen, she
received surgery where 0.6 cm of cancer was remaining in the breast. NACP #7 was
categorized as a PR1 patient.
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Table 3.4.2.3.1: Case details for NACP #7
Patient #

169

Age

44

Side

Right

Cancer Type

IDC

Stage

3A

Pretreatment: max tumor dimension (cm)

7.0 cm

Subtype

ER+/HER2-

Chemo Frequency (number)

First: bi-weekly (4)
Second: bi-weekly (4)

Chemo Type

First: doxorubicin/cyclophosphamide
Second: dose dense paclitaxel

Post treatment: max tumor dimension (cm)

0.6

Response

PR1

Figure 3.4.2.3.1: NACP #7’s trends in the tumor hemoglobin concentrations and hemoglobin
saturation are shown above where all measurements are normalized to the baseline values. The
trends in [Hb], [HbO2], [HbT], and SO2 are shown in the upper left, upper right, lower left, and
lower right plots, respectively.
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Figure 3.4.2.3.2: The left panel of images shows the healthy breast of NACP #7 [HbO2] maps
taken at the start, the middle, and the end of chemotherapy. The right panel of images shows the
[HbO2] maps of the cancerous breast of NACP #7, where the black box indicates the region
where the tumor is located. All images were performed in cranio-cadual view and the start,
middle, and end images correspond to baseline, 44%, and 100% of therapy complete,
respectively.

Figure 3.4.2.3.3: The left panel of images shows the healthy breast of NACP #7 [Hb] maps taken
at the start, the middle, and the end of chemotherapy. The right panel of images shows the [Hb]
maps of the cancerous breast of NACP #7, where the black box indicates the region where the
tumor is located. All images were performed in cranio-cadual view and the start, middle, and end
images correspond to baseline, 44%, and 100% of therapy complete, respectively.
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Figure 3.4.2.3.4: The left panel of images shows the healthy breast of NACP #7 [HbT] maps
taken at the start, the middle, and the end of chemotherapy. The right panel of images shows the
[HbT] maps of the cancerous breast of NACP #7, where the black box indicates the region where
the tumor is located. All images were performed in cranio-cadual view and the start, middle, and
end images correspond to baseline, 44%, and 100% of therapy complete, respectively.

Figure 3.4.2.3.5: The left panel of images shows the healthy breast of NACP #7 SO2 maps taken
at the start, the middle, and the end of chemotherapy. The right panel of images shows the SO2
maps of the cancerous breast of NACP #7, where the black box indicates the region where the
tumor is located. All images were performed in cranio-cadual view and the start, middle, and end
images correspond to baseline, 44%, and 100% of therapy complete, respectively.

103

3.4.2.4 NAC Patient #8
The details about the breast cancer diagnosis and chemotherapy treatment regimen for
NACP #8 are shown in Table 3.4.2.4.1. NACP #8 presented with inflammatory breast
cancer, which is when cancer cells are found to block the lymph vessels in the skin. This
patient was found to be ER-positive/HER2-negative and received 4 cycles of
doxorubicin/cyclophosphamide every 3 weeks. Following that treatment, she then got 8
cycles of low dose paclitaxel. Initially, the oncologist planned for 12 weekly paclitaxel
treatments, however due to the lack of clinical response felt by palpation, her treatment
regimen was cut short. The hemoglobin concentrations and hemoglobin saturation trends
measured in the tumor can be seen in Figure 3.4.2.4.1, where the [HbO2], [HbT], and SO2
are found to decrease throughout the first half of treatment. Representative maps acquired
towards the start, middle, and end of therapy for [HbO2], [Hb], [HbT], and SO2 are shown
in Figure 3.4.2.4.2, Figure 3.4.2.4.3, Figure 3.4.2.4.4, and Figure 3.4.2.4.5. After NACP
#8’s final surgery, the remaining tumor spanned a greatest dimension of 1.7 cm and she
was classified as a PR1 patient.
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Table 3.4.2.4.1: Case details for NACP #8
Patient #

170

Age

74

Side

Left

Cancer Type

Inflammatory

Stage

3B

Pretreatment: max tumor dimension (cm)

-

Subtype

ER+/HER2-

Chemo Frequency (number)

First: bi-weekly (4)
Second: weekly (8)

Chemo Type

First: doxorubicin/cyclophosphamide
Second: low dose paclitaxel

Post treatment: max tumor dimension (cm)

1.7

Response

PR1

Figure 3.4.2.4.1: NACP #8’s trends in the tumor hemoglobin concentrations and hemoglobin
saturation are shown above where all measurements are normalized to the baseline values. The
trends in [Hb], [HbO2], [HbT], and SO2 are shown in the upper left, upper right, lower left, and
lower right plots, respectively.
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Figure 3.4.2.4.2: The right panel of images shows the healthy breast of NACP #8 [HbO2] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[HbO2] maps of the cancerous breast of NACP #8, where the black box indicates the region of
tissue being monitored. All images were performed in cranio-cadual view and the start, middle,
and end images correspond to baseline, 35%, and 95% of therapy complete, respectively.

Figure 3.4.2.4.3: The right panel of images shows the healthy breast of NACP #8 [Hb] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[Hb] maps of the cancerous breast of NACP #8, where the black box indicates the region of tissue
being monitored. All images were performed in cranio-cadual view and the start, middle, and end
images correspond to baseline, 35%, and 95% of therapy complete, respectively.
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Figure 3.4.2.4.4: The right panel of images shows the healthy breast of NACP #8 [HbT] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[HbT] maps of the cancerous breast of NACP #8, where the black box indicates the region of
tissue being monitored. All images were performed in cranio-cadual view and the start, middle,
and end images correspond to baseline, 35%, and 95% of therapy complete, respectively.

Figure 3.4.2.4.5: The right panel of images shows the healthy breast of NACP #8 SO2 maps taken
at the start, the middle, and the end of chemotherapy. The left panel of images shows the SO2
maps of the cancerous breast of NACP #8, where the black box indicates the region of tissue
being monitored. All images were performed in cranio-cadual view and the start, middle, and end
images correspond to baseline, 35%, and 95% of therapy complete, respectively.
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3.4.3 Individual data for patients achieving a poor partial
pathologic response (PR2 patients)
3.4.3.1 NAC Patient #1
The patient details for NACP #1 are given in Table 3.4.3.1.1. NACP #1 was diagnosed
wither ER-positive/HER2-negative breast cancer and presented with a large, open wound
on the upper portion of the breast. The wound was always bandaged with thick gauze
padding, therefore there were around 3 cm of breast tissue that could not be imaged with
our parallel plate, optical mammography system. This patient had a very large cancer,
therefore we still remain confident that the portion of the left breast that was imaged is
indicative of tumor changes. NACP #1 underwent 12 low dose paclitaxel treatments,
followed by 5 cycles of capecitabine. There were 3 time points during the paclitaxel
infusions where the optical mammography data were not able to be used. At week 2,
week 11, and week 16, the bandage interfered with the transmission spectra and we were
unable to obtain accurate data. Figure 3.4.3.1.1 portrays how the tumor [Hb], [HbO2],
[HbT] seem to have an increasing trend towards the beginning of therapy and then these
parameters decreased and plateaued for the remainder of therapy. The tumor SO2 remains
fairly stable throughout all of treatment. The representative [HbO2], [Hb], [HbT], and
SO2 breast maps shown towards beginning, middle, and end of therapy in
Figure 3.4.3.1.2, Figure 3.4.3.1.3, Figure 3.4.3.1.4, and Figure 3.4.3.1.5, respectively, do
not portray significant decreases in the concentrations (especially compared to the pCR
and PR1 patients). NACP #1 received surgery and there was 6.0 cm of tumor remaining
after treatment. Although 6.0 cm is a fairly large magnitude, there was still a reduction in
the tumor indicating some level of response. This patient was classified as a PR2 patient.
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Table 3.4.3.1.1: Case details for NACP #1
Patient #

164

Age

38

Side

Left

Cancer Type

IDC

Stage

3C

Pretreatment: max tumor dimension (cm)

9.4

Subtype

ER+/HER2-

Chemo Frequency (number)

First: weekly (12)
Second: bi-weekly (5)

Chemo Type

First: low dose paclitaxel
Second: capecitabine

Post treatment: max tumor dimension (cm)

6.0

Response

PR2

Figure 3.4.3.1.1: NACP #1’s trends in the tumor hemoglobin concentrations and hemoglobin
saturation are shown above where all measurements are normalized to the baseline values. The
trends in [Hb], [HbO2], [HbT], and SO2 are shown in the upper left, upper right, lower left, and
lower right plots, respectively.
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Figure 3.4.3.1.2: The right panel of images shows the healthy breast of NACP #1 [HbO2] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[HbO2] maps of the cancerous breast of NACP #1, where the black box indicates the region
where the tumor is located. All images were performed in cranio-cadual view and the start,
middle, and end images correspond to baseline, 32%, and 94% of therapy complete, respectively.

Figure 3.4.3.1.3: The right panel of images shows the healthy breast of NACP #1 [Hb] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[Hb] maps of the cancerous breast of NACP #1, where the black box indicates the region where
the tumor is located. All images were performed in cranio-cadual view and the start, middle, and
end images correspond to baseline, 32%, and 94% of therapy complete, respectively.
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Figure 3.4.3.1.4: The right panel of images shows the healthy breast of NACP #1 [HbT] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[HbT] maps of the cancerous breast of NACP #2, where the black box indicates the region where
the tumor is located. All images were performed in cranio-cadual view and the start, middle, and
end images correspond to baseline, 32%, and 94% of therapy complete, respectively.

Figure 3.4.3.1.5: The right panel of images shows the healthy breast of NACP #1 SO2 maps taken
at the start, the middle, and the end of chemotherapy. The left panel of images shows the SO2
maps of the cancerous breast of NACP #1, where the black box indicates the region where the
tumor is located. All images were performed in cranio-cadual view and the start, middle, and end
images correspond to baseline, 32%, and 94% of therapy complete, respectively.

111

3.4.3.2 NAC Patient #4
The patient information for NACP #4 is given in Table 3.4.3.2.1. NACP #4 was found to
have HER2-positive breast cancer, therefore she underwent 6 cycles of carboplatin,
docetaxel, trastuzumab, and pertuzumab administered once every 3 weeks. Figure
3.4.3.2.1 shows the tumor trend in [Hb], [HbO2], [HbT], and SO2 throughout the duration
of therapy. It can be seen from those plots that there was minimal change in the tumor’s
chromophore concentration until around 50% of therapy was complete. This finding
differs compared to the better responding patients, who had a decrease in tumor [HbO2]
earlier in treatment. During the second half of therapy, the hemoglobin concentrations
and hemoglobin saturation values decrease. Representative maps of [HbO2], [Hb], [HbT],
and SO2 are shown towards the beginning, middle, and end of therapy in Figure 3.4.3.2.2,
Figure 3.4.3.2.3, Figure 3.4.3.2.4, Figure 3.4.3.2.5, respectively. Although the tumor was
no longer palpable at the end of chemotherapy regimen, NACP #4 was found to have 2.8
cm of tumor remaining after surgery and was categorized as PR2.
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Table 3.4.3.2.1: Case details for NACP #4
Patient #

166

Age

54

Side

Right

Cancer Type

IDC

Stage

3A

Pretreatment: max tumor dimension (cm)

2.9

Subtype

HER2+

Chemo Frequency (number)

Every 3 weeks (6)

Chemo Type

Carboplatin + docetaxel +
trastuzumab + pertuzumab

Post treatment: max tumor dimension (cm)

2.8

Response

PR2

Figure 3.4.3.2.1: NACP #4’s trends in the tumor hemoglobin concentrations and hemoglobin
saturation are shown above where all measurements are normalized to the baseline values. The
trends in [Hb], [HbO2], [HbT], and SO2 are shown in the upper left, upper right, lower left, and
lower right plots, respectively.
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Figure 3.4.3.2.2: The left panel of images shows the healthy breast of NACP #4 [HbO2] maps
taken at the start, the middle, and the end of chemotherapy. The right panel of images shows the
[HbO2] maps of the cancerous breast of NACP #4, where the black box indicates the region
where the tumor is located. All images were performed in cranio-cadual view and the start,
middle, and end images correspond to 6%, 63%, and 100% of therapy complete, respectively.

Figure 3.4.3.2.3: The left panel of images shows the healthy breast of NACP #4 [Hb] maps taken
at the start, the middle, and the end of chemotherapy. The right panel of images shows the [Hb]
maps of the cancerous breast of NACP #4, where the black box indicates the region where the
tumor is located. All images were performed in cranio-cadual view and the start, middle, and end
images correspond to 6%, 63%, and 100% of therapy complete, respectively.
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Figure 3.4.3.2.4: The left panel of images shows the healthy breast of NACP #4 [HbT] maps
taken at the start, the middle, and the end of chemotherapy. The right panel of images shows the
[HbT] maps of the cancerous breast of NACP #4, where the black box indicates the region where
the tumor is located. All images were performed in cranio-cadual view and the start, middle, and
end images correspond to 6%, 63%, and 100% of therapy complete, respectively.

Figure 3.4.3.2.5: The left panel of images shows the healthy breast of NACP #4 SO2 maps taken
at the start, the middle, and the end of chemotherapy. The right panel of images shows the SO2
maps of the cancerous breast of NACP #4, where the black box indicates the region where the
tumor is located. All images were performed in cranio-cadual view and the start, middle, and end
images correspond to 6%, 63%, and 100% of therapy complete, respectively.
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3.4.3.3 NAC Patient #9
The patient information for NACP #9 is provided in Table 3.4.3.3.1. NACP #9 was
diagnosed with inflammatory breast cancer, similar to NACP #8, where cancer cells are
blocking the skin lymph vessels. NACP #9 right breast was extremely rigid at the start of
therapy. She received 4 cycles of doxorubicin/cyclophosphamide, followed by 12 weekly
low dose paclitaxel infusions. Optical mammograms were not obtained at the 3rd and 6th
paclitaxel infusions. Figure 3.4.3.3.1 shows that the tumor hemoglobin concentrations
and hemoglobin saturation did not experience large magnitude decrease, and an increase
in [Hb], [HbO2], and [HbT] can be seen during the last 3 infusions. Breast maps of
[HbO2], [Hb], [HbT], and SO2 obtained at the start, middle, and end of therapy are shown
in Figure 3.4.3.3.2, Figure 3.4.3.3.3, Figure 3.4.3.3.4, and Figure 3.4.3.3.5, respectively.
After surgical excision, NACP #9 has 11.7 cm of cancer remaining and was classified as
a PR2 patient.
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Table 3.4.3.3.1: Case details for NACP #9
Patient #

171

Age

44

Side

Right

Cancer Type

Inflammatory

Stage

3B

Pretreatment: max tumor dimension (cm)

-

Subtype

ER+/HER2-

Chemo Frequency (number)

First: weekly (4)
Second: bi-weekly (12)

Chemo Type

First: doxorubicin/cyclophosphamide
Second: low dose paclitaxel

Post treatment: max tumor dimension (cm)

11.3

Response

PR2

Figure 3.4.3.3.1: NACP #9’s trends in the tumor hemoglobin concentrations and hemoglobin
saturation are shown above where all measurements are normalized to the baseline values. The
trends in [Hb], [HbO2], [HbT], and SO2 are shown in the upper left, upper right, lower left, and
lower right plots, respectively.
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Figure 3.4.3.3.2: The left panel of images shows the healthy breast of NACP #9 [HbO2] maps
taken at the start, the middle, and the end of chemotherapy. The right panel of images shows the
[HbO2] maps of the cancerous breast of NACP #9, where the black box indicates the region
where the tumor is located. All images were performed in cranio-cadual view and the start,
middle, and end images correspond to 5%, 50%, and 95% of therapy complete, respectively.

Figure 3.4.3.3.3: The left panel of images shows the healthy breast of NACP #9 [Hb] maps taken
at the start, the middle, and the end of chemotherapy. The right panel of images shows the [Hb]
maps of the cancerous breast of NACP #9, where the black box indicates the region where the
tumor is located. All images were performed in cranio-cadual view and the start, middle, and end
images correspond to 5%, 50%, and 95% of therapy complete, respectively.
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Figure 3.4.3.3.4: The left panel of images shows the healthy breast of NACP #9 [HbT] maps
taken at the start, the middle, and the end of chemotherapy. The right panel of images shows the
[HbT] maps of the cancerous breast of NACP #9, where the black box indicates the region where
the tumor is located. All images were performed in cranio-cadual view and the start, middle, and
end images correspond to 5%, 50%, and 95% of therapy complete, respectively.

Figure 3.4.3.3.5: The left panel of images shows the healthy breast of NACP #9 SO2 maps taken
at the start, the middle, and the end of chemotherapy. The right panel of images shows the SO2
maps of the cancerous breast of NACP #9, where the black box indicates the region where the
tumor is located. All images were performed in cranio-cadual view and the start, middle, and end
images correspond to 5%, 50%, and 95% of therapy complete, respectively.
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3.4.4 Analysis for the patient still undergoing therapy
3.4.4.1 NAC Patient #10
NACP #10 was the last patient enrolled in the neoadjuvant chemotherapy monitoring
study and has not received her final chemotherapy infusion or undergone surgery at the
time of this thesis preparation. Therefore, NACP #10 has an unknown response. The
patient information is shown in Table 3.4.4.1.1. NACP #10 is HER2-positive and is
receiving docetaxel and carboplatin, in addition to trastuzumab and pertuzumab (targeted
therapies) once every three weeks for a total of 6 cycles. Figure 3.4.4.1.1 portrays the
tumor trends in [HbO2], [Hb], [HbT], and SO2 throughout therapy, where increases in
hemoglobin concentrations and hemoglobin saturation can be observed. Figure 3.4.4.1.2,
Figure 3.4.4.1.3, Figure 3.4.4.1.4, Figure 3.4.4.1.5 show the maps of [HbO2], [Hb],
[HbT], and SO2 for both the healthy and cancerous breast throughout therapy. When the
patient began treatment, her left breast was large and rigid and when she received her 2nd
cycle of chemotherapy, the breast was much softer and smaller. This patient’s pathologic
response will be assessed after surgery.
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Table 3.4.4.1.1: Case details for NACP #10
Patient #

173

Age

56

Side

Left

Cancer Type

IDC

Stage

2B

Pretreatment: max tumor dimension (cm)

4.5

Subtype

HER2+

Chemo Frequency (number)

Every 3 weeks (6)

Chemo Type

Carboplatin + docetaxel +
trastuzumab + pertuzumab

Post treatment: max tumor dimension (cm)

?

Response

?

Figure 3.4.4.1.1: NACP #10’s trends in the tumor hemoglobin concentrations and hemoglobin
saturation are shown above where all measurements are normalized to the baseline values. The
trends in [Hb], [HbO2], [HbT], and SO2 are shown in the upper left, upper right, lower left, and
lower right plots, respectively. The last data point (at 100% therapy complete) has not been
measured yet.
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Figure 3.4.4.1.2: The right panel of images shows the healthy breast of NACP #10 [HbO 2] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[HbO2] maps of the cancerous breast of NACP #10, where the black box indicates the region
where the tumor is located. All images were performed in cranio-cadual view and the start,
middle, and end images correspond to 6, 25%, and 56% of therapy complete, respectively.

Figure 3.4.4.1.3: The right panel of images shows the healthy breast of NACP #10 [Hb] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[Hb] maps of the cancerous breast of NACP #10, where the black box indicates the region where
the tumor is located. All images were performed in cranio-cadual view and the start, middle, and
end images correspond to 6, 25%, and 56% of therapy complete, respectively.
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Figure 3.4.4.1.4: The right panel of images shows the healthy breast of NACP #10 [HbT] maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
[HbT] maps of the cancerous breast of NACP #10, where the black box indicates the region
where the tumor is located. All images were performed in cranio-cadual view and the start,
middle, and end images correspond to 6, 25%, and 56% of therapy complete, respectively.

Figure 3.4.4.1.5: The right panel of images shows the healthy breast of NACP #10 SO2 maps
taken at the start, the middle, and the end of chemotherapy. The left panel of images shows the
SO2 maps of the cancerous breast of NACP #10, where the black box indicates the region where
the tumor is located. All images were performed in cranio-cadual view and the start, middle, and
end images correspond to 6, 25%, and 56% of therapy complete, respectively.
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3.4.4.2 Assessing response with the cumulative response function
NACP #10 has not completed her final chemotherapy treatment at the time. Her data set
will be evaluated with the cumulative response function (CRI) using the tumor SO2
values to predict her response to treatment. Figure 3.4.4.2.1 shows SO2 group averages
for the pCR, PR1, and PR2 patients along with the threshold line used for the CRI and the
6 individual NACP #10 tumor SO2 measurements. The tumor SO2 values for NACP #10
were found to increase throughout treatment. The CRI for NACP #10 is shown in Figure
3.4.4.2.2, where it can be seen that this patient is classified as a poor responding case
(PR2) using optical mammography. Since this patient’s tumor was no longer palpable
half way through treatment, the results of a poor response may be questionable. Relevant
limitations of optical mammography are described in section 4.3.7, which are important
to consider especially when analyzing NACP #10’s data.
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Figure 3.4.4.2.1: Tumor SO2 responses to chemotherapy are shown for the group averages of
pCR, PR1, and PR2 patients, along with the threshold line used when calculating the cumulative
response index. NACP #10 tumor SO2 values are also plotted and have a slight increasing trend
throughout treatment.

Figure 3.4.4.2.2: The cumulative response index (CRI) used to classify patients as good
responders versus poor responders has been applied to all ten patients (shown above) with
NACP #10 added to the figure. The CRI for NACP #10 is approaching -1, which indicates poor
response.
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Chapter 4: Discussion
4.1 Chromophore concentration and hemoglobin saturation contrast in
cancer
In our breast cancer characterization work, we have reported that breast tumors have a
higher [HbT] and [water], and a lower [lipid] compared to the background tissue within
the same breast. These results are in agreement with previous reports in the field where
similar trends have been found in the concentration of hemoglobin [25-30, 34-38], water
[26, 29, 30, 34, 36], and lipids [34, 36] in breast cancer. We have also found that breast
tumors have significantly lower hemoglobin saturation than background tissue, which
may reflect the hypoxic conditions measured in tumor microenvironments [40, 42, 44,
45]. Because cancer-induced effects on the oxygen metabolic rate (associated with
changes in SO2) may occur earlier than angiogenic, structural, and biochemical
alterations (associated with hemoglobin, water, and lipid concentration changes),
hemoglobin saturation measurements may provide early indications of carcinogenesis.
Furthermore, SO2 measurements, which indicate the balance between oxygen supply and
oxygen consumption in tissue, provide a different source of contrast than that offered by
measurements of hemoglobin concentration (which reflect levels of vascularization), and
water or lipid content (which reflect biochemical and structural tissue composition). As a
metabolic indicator, SO2 measurements can effectively complement the information
provided by the hemoglobin, water, and lipid content in tissue, which enhances the
diagnostic and monitoring capabilities of optical mammography for breast cancer.
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4.1.1 Reliability of hemoglobin saturation contrast in breast
cancer
Our findings of a lower SO2 in breast cancer confirm some previous NIRS studies [27,
29-31], yet are at odds with a number of others that have not found breast tumors to
feature a significant reduction in SO2 [25, 26, 28, 34-36]. While we are unable to
conclusively pinpoint the reasons for the mixed results reported in the literature, we can
identify some potential factors to consider.
The spectral information from various optical measurements (a few discrete
wavelengths, a continuous spectral band, the inclusion of wavelengths above 900 nm,
etc.) can have an impact on the robustness of the chromophore concentration recovery,
including oxy-hemoglobin and deoxy-hemoglobin. The accuracy, precision, and
robustness of various measurements may be affected by source-detector geometries (such
as transmission in a planar configuration or circular arrangement, diffuse reflection, etc.),
the methods used to determine chromophore concentrations and hemoglobin saturation
(diffusion theory for homogeneous media, perturbation approaches, etc.), and the various
imaging techniques (simple backprojection, tomographic reconstruction schemes, etc.).
Different system configurations may also impact contrast levels found (for all optical
parameters, including SO2), especially when comparing homogeneous models versus
perturbation approaches. For example, one would typically expect a larger tumor to
create a greater optical contrast. However, our imaging technique is a 2D approach using
a homogenous model and consequently the depth of the tumor plays a role in the optical
contrast found. Therefore, the size of the tumor may be further confounded by its depth
within the breast resulting in no significant relationship between the size and any of the
optically measured difference parameters in this work.
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Also, there are several possible choices for where to consider the healthy reference
tissue. In this work, we chose the global background in the ipsilateral breast (i.e. the
cancerous breast), with the exclusion of the cancer area as our reference tissue. This
choice was made to minimize the variability associated with measurements on different
breasts of the same patient (i.e. the contralateral breast), however, other studies have used
the contralateral breast as the reference tissue [30, 34]. To investigate the effect of this
choice on our own results, we have re-analyzed our data by selecting the reference area to
be the tissue on the contralateral breast that mirrors the location of the tumor in the
cancerous breast. With this choice of reference tissue, we ran the same statistical test
described in the methods section 2.4.1.3 (Wilcoxon signed rank test) to determine if there
was a significant difference in the optically measured quantities. We found that for [HbT]
and [lipid], the p values were 0.05 and 0.002, respectively. Both p values were larger than
those found when considering reference tissue in the ipsilateral breast, but still indicate
significantly higher [HbT] and [lipid] in the tumor. As for SO2 and [water], the p values
were found to be 0.12 and 0.07, respectively, implying no significant difference between
the cancerous region and the reference tissue in the contralateral breast. Choosing healthy
tissue in the contralateral breast as a reference introduces the additional variability
associated with a different breast which may have biological as well as instrumental
contributions. The question of appropriate reference tissue motivated the bilateral
symmetry study and will be further discussed in section 4.2. In summary, due to a range
of characteristics across different studies and a potential intrinsic variability over cancer
types and stages, the significance of SO2 as a source of contrast in breast cancer remains
an open question in the NIRS field.
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4.1.2 Absolute vs. relative measurements
When characterizing how optically measured quantities change in breast tumors, studies
have reported either absolute measurements on group averages of cancerous and healthy
tissues [26, 27, 34, 48] or relative measurements between cancerous and healthy tissues
[26, 35, 36]. If the difference between the measurements on cancerous and healthy tissue
dominates the inter-patient variability, then group averages of absolute measurements
offer the ability to establish a cutoff value (in terms of chromophore concentrations, SO2
levels, or any other optically measured quantity) for the identification of cancer.
However, such “absolute characterization” may be impacted by the inter-subject
variabilty and non-uniformity in the optical properties of different breasts when
averaging these values across a patient population. Different measured quantities may be
affected differently by inter-patient variability and therefore be more or less suited for
absolute comparisons. In our study, we have focused on the differences between tumor
regions and healthy background tissue because the accuracy of our absolute
measurements for each patient was affected by the assumed fixed values for the
scattering parameters (μs′(λ0) and b). Therefore, the error in the absolute chromophore
concentrations may vary from patient to patient depending on how close our assumed
scattering properties were to the true values for each individual case. To further
characterize and quantify this error, we considered a cancer patient dataset (patient
index #72) and performed the inverse model fits four additional times using the standard
deviations reported in the literature to account for the possible range of values for the
scattering parameters. We ran fits by using: μsˊ(650 nm) = 10.8 ± 1.4 cm-1 and
b = 1.0 ± 0.4 [25]. Despite the absolute concentrations of the background or tumor
changing by up to 40%, the sign of the difference (tumor-background) remained the same
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for all quantities considered (higher [HbT] and [water] in the tumor; lower SO 2 and
[lipid] in the tumor). The magnitude of the difference parameters also varied minimally,
never exceeding the range of the mean ± standard deviation as reported in Figure 3.2.1.1
for the various quantities. On this point, we also observed that some optical studies using
time domain or frequency domain systems have reported a scattering contrast between
tumors and healthy tissue [29, 34-36, 38] which we have not taken into account in this
study.

4.1.3 Population means vs. individual patients
We have measured tumor-background differences for [HbO2], [Hb], [HbT], [water],
[lipids], and SO2 and after taking the mean over the 26 patients, each of these difference
parameters has been found to be significantly different than zero. It is important to note,
however, that tumor-background differences for the chromophore and SO2 quantities
within each individual patient were not always found to be significantly different than
zero. A two-sample t test was carried out for the statistical analysis of the individual
patient data. The t test should take into account the number of degrees of freedom of the
measurements. Because of the significant correlation between the pixels in diffuse optical
data collected by the source and detector every 2 mm (our scanning step), the number of
degrees of freedom is not simply given by the number of measurements in the tumor or
reference areas. In efforts to find the measurement degrees of freedom, we used the
analytical description of the region of optical sensitivity (the “banana” region) [82] with
typical optical properties of breast tissue. We then determined the maximum width of the
75% region of sensitivity (i.e. the “banana” containing voxels to which optical
measurements have a sensitivity of at least 75% that of the maximal value on the
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geometrical source-detector line) for the individual source-detector separation recorded
for each patient (which was in the range 4.3-9.2 cm). This resulted in a spatial downsampling from 2 mm per data point to 10-18 mm per uncorrelated data point, which
provided our estimate for the number of degrees of freedom for each patient.
Two-sample t tests on individual patients showed that 8 out of 26 cancer cases did not
show a significantly different amount of [HbT] in the tumors when compared to the
background. In 4 of these cases, local increases in total hemoglobin can still be seen in
the spatial maps, so that a choice of healthy reference tissue restricted to regions closer to
the cancer would still result in a significantly higher [HbT] in the tumor. These 4 cases,
however, did show a significantly lower SO2 in the tumor, confirming the different
source of contrast from [HbT] and SO2. In Figure 4.1.3.1 the [HbT] and SO2 maps are
shown for cancer patient #21 (patient index # 153), where the local increase in [HbT] is
seen in the breast (highlighted by the black box) and the corresponding decrease in SO 2
can also be observed. In the other 4 cases where the tumor [HbT] was not found to be
significantly different than in the remainder of the breast, the tumor SO2 was also found
not to be significantly different from reference tissue. These results indicate some
intrinsic limitations of optical mammography in the detection of individual tumors, and
they also suggest that the additional information of SO2 may help identify some lowcontrast tumors.
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Figure 4.1.3.1. Optical maps of [HbT] and SO2 for a 59 year-old patient with invasive ductal
carcinoma in her left breast. The black box indicates the tumor region identified based off of
findings from the x-ray mammogram. The total hemoglobin concentration maps show a local
increase in the region on the tumor, yet other areas of the breast also have increased [HbT]. The
saturation maps portray that only in the tumor region is there a decrease in SO2.

4.2 Bilateral symmetry in hemoglobin saturation maps and reference
tissue selection
The range in similarity and dissimilarity between the SO2 maps of healthy patients raises
questions on the appropriateness of using the mirror region of the contralateral breast as
the reference tissue for the characterization of the optical contrast of benign or malignant
breast lesions. The contralateral breast seems advantageous to use as the reference tissue
because there is no concern about a tumor impacting the measurement, the tissue is easily
accessible, and it should reflect the healthy properties of that patient’s breasts. Similarity
between the spatial distributions of SO2 in healthy right and left breasts would justify the
use of the mirrored region in the contralateral breast for lesion characterization purposes.
However, whether due to physiological asymmetries between the two breasts or to any
measurement variation between the two scans, we did not find healthy SO2 maps to
feature any consistent level of bilateral symmetry. For certain patients (like the one

132

depicted in Figure 3.3.1 in the results section), the right and left breast SO2 maps had a
high degree of symmetry, and this could be a situation in which the contralateral tissue
may be appropriate to use as a healthy reference region. However, for other patients, the
contralateral tissue may not serve as an accurate reference tissue for lesion
characterization, since bilateral contrast may be inherently present and introduce a
confounding factor. We propose the use of healthy tissue in the ipsilateral breast as the
reference measurement. The choice of the ipsilateral reference tissue could be an area of
similar size selected on the opposite side of the breast from where the tumor is located.
This method, however, poses challenges when the cancer is located at the center of the
breast. Another method reported in section 4.1 demonstrated the use of the global
background, which was defined as the entire tissue surrounding the cancerous region and
can be applied to breast cancer cases regardless of the location of the tumor.

4.2.1 Group analysis of the Dice coefficient
The Dice coefficient provides a quantitative metric to compare the similarity between the
right and left breast hemoglobin saturation maps. Although the average Dice coefficent
for patients with invasive carcinoma was significantly lower when compared to that of
the benign and healthy groups, Figure 3.3.3 in the results section demonstrates that this
could not be used diagnostically on an individual basis due to the large overlap between
the ranges of Dice coefficients for the three groups. However, some level of stratification
can be found amongst the cancer and benign patients groups. While there are only a small
number of DCIS cases, it can be seen in Figure 3.3.3 that those three patients (patient
index in plot: 19-21) have higher Dice coefficient values (average: 0.64) compared to the
other invasive carcinoma patients (average Dice coefficient: 0.55). Within the benign
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patient group, patients with higher risk lesions (risk category 2 and 3) had lower Dice
coefficients than patients in risk category 1. This difference would support the hypothesis
that the asymmetry between the SO2 maps increases with the complexity of the breast
lesion, perhaps due to the increased metabolic requirements associated with increased
proliferation and the development of atypia. Unfortunately, the small sample size of
patients with benign lesions in risk category 2 and 3 limits the significance of this result.
When performing a power analysis with α = 0.05 and β = 0.9, we found that our study
would have required a total of 23 high risk (category 2 and 3) patients to potentially
obtain a significant result between the low risk and high risk patients. Further recruitment
would therefore be needed in order to confirm this initial observation. Within the benign
risk category 1 group (non-proliferative lesions) there were 3 patients who were found to
have cysts. Cysts have been reported to have lower SO2 values [38], however the 3
patients exhibited average values of Dice coefficients (0.69, 0.60, 0.66) when compared
to other non-proliferative lesions. Therefore, the presence of cysts did not indicate any
increased asymmetry.
The Dice coefficients for the healthy patient group span a wide range of values,
thus demonstrating that simple asymmetry of a patient’s SO2 maps does not necessarily
correlate with a specific disease process. There was a cluster of six healthy patients with
Dice coefficients of 0.51 or below, and a longitudinal study would be required to see if
this degree of dissimiliarity has always been present or has developed overtime. We
examined several factors to determine if the Dice coefficients of healthy patients have
any relation to other known parameters. We found no significant correlation between the
Dice coefficients and the patients’ age, menopausal status, or average plate separation

134

(maximum thickness of the imaged breast). We also tested to determine whether there
was a trend between the Dice coefficient and the difference between the maximum
thicknesses in the right and left breast and found none. Even though this method could be
applied to other parameters, we have focused on the bilateral symmetry in SO2 maps to
investigate how the choice of a reference tissue may affect the contrast level.

4.2.2 Robustness of Method
The robustness of the calculated Dice coefficient was tested by acquiring repeat
measurements on two healthy patients after the initial set of scans (all within an hour).
The registration process, the labeling technique, and the Dice calculation on the second
set of cranio-caudal images were then performed again. The Dice coefficient varied by at
most 5% between the two sets of scans, showing the robustness in the calculation and
reproducibility in the procedure. Different labeling percentiles were also investigated to
determine if there was one that best differentiated healthy and cancerous patients. We
aimed to keep the middle SO2 range the largest percentile span due to the fact that, for
most cases, the majority of the breast represented healthy tissue. The other percentile
ranges tested were 10/90 and 20/80. For both of these ranges, the p values found by the
rank sum test when comparing the healthy and invasive carcinoma patients were greater
than 0.05. Therefore, we opted for the 15/85 percentile labels which resulted in the
greatest separation betwen the Dice coefficients of the cancer and healthy patients.
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4.3 Monitoring response to neoadjuvant chemotherapy
4.3.1 Tumor total hemoglobin concentration in response to
chemotherapy
We have used optical mammography to monitor breast cancer [Hb], [HbO2], [HbT] and
SO2 throughout neoadjuvant chemotherapy treatment and compared the results observed
in patients achieving different levels of therapeutic response. Our result of a significant
reduction in tumor [HbT] for responding patients is in agreement with other studies in the
literature. For example, Zhu et al. found that after 3 cycles of chemotherapy, responding
tumors had a 38% decrease in [HbT] compared to the 7% decrease for non-responders
[69]. Additionally, Soliman et al. showed that 4 weeks after the start of chemotherapy the
tumor [HbO2] and [Hb] in responding patients decreases by approximately 66% and 70%,
respectively [65]. Schaafsma et al. reported that after the 3rd chemotherapy cycle,
responding patients exhibited a 32% and 24% decrease in [HbO2] and [Hb], respectively,
whereas the non-responders had a 10% and 1% increase in [HbO2] and [Hb], respectively
[70].
The decrease in responding tumors [HbT], which represents the amount of oxyhemoglobin and deoxy-hemoglobin per unit volume of tumor tissue, results from the
reduction in vascular density [83]. The [HbT] parameter accounts for both the total
hemoglobin in tissue and also the hemoglobin concentration in blood (Hgb).
Chemotherapy is known to have a systemic effect that may cause a diminished
concentration of red blood cells and hemoglobin in blood [84], which can be seen for the
majority of patients in Figure 4.3.1.1. Since hemoglobin concentration in tissue is equal
to the hemoglobin concentration in blood multiplied by the blood volume, by subtracting
the change in Hgb from the change in [HbT], we are able to find the change in blood
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volume throughout chemotherapy. The blood volume change throughout chemotherapy
can be seen for all nine patients in Figure 4.3.1.2. The blood volume directly relates to the
local angiogenic alterations at the tumor that are not confounded by systemic changes in
the level of Hgb. Examining [HbT] alone may be misleading when the systemic effects of
Hgb are not factored into the analysis.

Figure 4.3.1.1 The percent change in hemoglobin concentration in blood (Hgb) as measured by
the complete blood count is shown for each individual patient throughout chemotherapy.
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Figure 4.3.1.2 The percent change in tumor blood volume is shown for each individual patient
throughout chemotherapy.

4.3.2 Tumor hemoglobin saturation response to therapy
We found the oxygen saturation of hemoglobin in tumor tissue to be most strongly
associated with the level of response to therapy. The physiological sources of tissue SO2
changes result from the combination of three factors: (1) tissue vascularization, which is
affected by angiogenesis, (2) blood flow velocity, which reflects the compliance,
reactivity (dilation/constriction), and architecture of the vasculature, and (3) the tissue
metabolic rate of oxygen, which relates to cellular metabolism. While breast cancer is
typically associated with angiogenesis and perturbations to cellular metabolism and tissue
perfusion, the specific angiogenic, metabolic, and perfusion responses to chemotherapy
are not fully understood and characterized. Optical measurements of SO2 are typically
found to be very robust since they rely on assessing concentration ratios ([HbO2]/[HbT])
rather than absolute concentrations. However, there are only a few published optical
imaging studies that investigated the tumor SO2 response to neoadjuvant chemotherapy.
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A decrease in tumor SO2 was observed in two separate case studies measuring patients
who achieved a good response, albeit not pCR [60, 61]. Specifically, Jakubowski et al.
report that at day 68 of chemotherapy, the SO2 magnitude drops substantially compared
to the measurements taken within the first month of treatment [60]. The tumor SO2
measured in the study by Choe et al. after the 5th chemotherapy cycle was significantly
lower (by approximately 20%) than the SO2 measured after the 4th chemotherapy cycle
[61].
Results obtained using PET/CT techniques indicate a decrease in cellular
metabolism when tumors respond to treatment due to the reduction in the absolute
number of cancerous cells and in their proliferative activity [19, 85]. These reported
results may appear to contradict our findings of decreasing tumor SO2 in patients
achieving a good response. However, one needs to recall that cellular metabolism is only
one factor affecting the hemoglobin saturation. Using contrast enhanced MRI or
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[O]-water PET imaging, responding tumors have been found to show a significantly

larger decrease in perfusion compared to poorer responding tumors [86-89], a result that
is consistent with our finding of a stronger decrease of SO2 in responding tumors. The
decrease in blood perfusion dominates over the decrease in metabolic rate of oxygen
utilization, resulting in an overall drop in tumor SO2 for responding patients in our study.

4.3.3 Study to study variations
In this chemotherapy monitoring work, we chose to analyze patient response to treatment
as the percentage of therapy complete over time. Other work reports patient
measurements after chemotherapy cycles or weeks [63-65, 67-70], yet due to the variable
treatment regimens, we aimed to compare the effects of therapy evenly across patients
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(regardless of the chemotherapy schedule) by considering each measurement as a
percentage of therapy complete. Another variation among neoadjuvant monitoring studies
is the response groups used. We chose to use a tertiary scheme in attempts to distinguish
complete pathologic response, good pathologic response, and poor pathologic response,
similar to other studies in the field [63, 66, 67]. Another response system called MillerPayne [90] has also been used in optical imaging studies to evaluate response using five
different levels [69, 70]. In other work, some groups use a binary response classification
of pCR and all others [64, 67], yet this groups together patients who had a very good
level of response from those who barely responded at all. If the goal of monitoring
response is to change ineffective therapy regimens, the need to switch treatments really
only pertains to patients with a poor response. The various response criteria used
introduce discrepancies amongst studies, which limits the ability to generalize the
findings of optical imaging studies monitoring breast cancer response to neoadjuvant
chemotherapy.

4.3.4 Scattering properties effect on chromophore concentration
trends
Any changes in the tissue scattering properties that may occur as a response to
chemotherapy are not compensated for because of the need to fix the scattering
parameters in the continuous-wave model. To test how scattering changes may impact the
recovered chromophore concentrations and their corresponding trends throughout
treatment, NACP #5 data at baseline, midpoint and end (week 0, 7, and 17, respectively),
were used with different set scattering parameters. There is limited breast scattering
properties reported in neoadjuvant chemotherapy monitoring studies, however,
Soliman et al. report a decreasing trend in the scattering power for responding patients
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[65]. The scattering power was then fixed in NACP #5 to change by the magnitude
decrease reported in Soliman et al. [65], which for our data corresponded to b = 1.4, 1.0,
and 0.4, at baseline, midpoint, and end of therapy. The scattering amplitude was then
fixed to decrease by 10% at the therapy midpoint and by another 10% at the end of
therapy. By fixing these decreasing scattering property values, the trends in NACP #5
[Hb], [HbO2], [HbT], and SO2 were all found to be in the same direction. The majority of
points were found to have magnitudes changes within the standard deviation when
compared to the uniformly fixed scattering parameters (seen in Figure 4.3.4.1).
Therefore, chemotherapy induced scattering property responses are likely to not have a
large effect on the chromophore concentration trends observed in this work.
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Figure 4.3.4.1: The percent change in the tumor [Hb], [HbO2], [HbT], and SO2 are shown for
NACP #5 throughout therapy. The blue points indicate the chromophore concentration trends
when using uniform fixed scattering parameters throughout chemotherapy corresponding to
μs′ (650 nm) = 10.8 cm-1 and b = 1.0. The red points show the trends when fixing the scattering
parameters to change throughout therapy, where at baseline, midpoint, and end, the μs′ (650 nm)
values were fixed to 13.0 cm-1, 11.9 cm-1, and 10.8 cm-1, and b was fixed to 1.4, 1.0, and 0.4,
respectively.

4.3.5 Individual patient analysis
This work introduces a novel way of monitoring breast cancer patients’ response to
neoadjuvant chemotherapy by using a cumulative response index (CRI). We focus on the
ability to evaluate individual response and determine when during treatment our method
can reliably distinguish patients who are experiencing an inadequate level of response.
When therapy was 50% complete, the CRI calculated from the tumor SO2 was found to
achieve a sensitivity of 100% and specificity of 85%, and at later time points the
classification became perfect (although we recognize the small sample size this applies

142

to). Therefore, we claim that SO2 is the best indicator for monitoring patients’ response to
neoadjuvant chemotherapy. It would also be possible to combine hemoglobin parameters
to establish a tissue optical index (TOI) to be used with our imaging technique to enhance
response classification. Different forms of TOIs have been established for optical breast
imaging to improve intrinsic tumor contrast [34, 35, 91]. A TOI of SO2*[HbT] or
SO2*blood volume were both explored in this work, yet neither one dramatically
improved the CRI sensitivity or specificity. Yet, on a larger sample size of patients
undergoing neoadjuvant chemotherapy, a TOI may be shown to improve response
classification. Other near-infrared spectroscopy studies also convey their findings on an
individual basis, either by showing individual patient data [62, 66] or providing
specificity and sensitivity for given parameters [68, 70]. This point about individual
patient data and analysis is extremely crucial when developing methods to track response
on a case-by-case basis. Group results may relay general trend information, but the value
in these techniques comes down to the individual patient analysis when the goals of the
study are to measure treatment efficacy. The cumulative response function introduced in
this work provides the field with a method to begin using data acquired over multiple
time points to evaluate individual response throughout treatment.

4.3.6 Potential clinical impact
Despite the small sample size (n = 9), the results reported here provide strong evidence of
the power of optical mammography to assess individual patient response to neoadjuvant
chemotherapy (NAC). A large neoadjvuant chemotherapy trial was completed that
switched therapy based on the initial clinical response as assessed by physical exam
(palpation), ultrasound, and mammography at the end of the second cycle [92]. By
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changing therapy in patients who were poor responders, the ER-positive/HER2-negative
patients were found to have a significant improvement in disease free suvival [92].
Therefore, a non-invasive and simple imaging tool (like optical mammography) that can
quickly determine clinical response and also predict pathologic response can serve as a
useful technique to assess the efficacy of NAC and allow for physicians to change
treatment for relative non-responders.

4.3.7 Limitations of study
The results reported in this work are limited by the small sample size able to be
measured. Due to the smaller percentage of patients who received neoadjuvant
chemotherapy (as opposed to adjuvant chemotherapy), there are fewer patients available
to monitor. A larger sample size would allow for a stronger statistical significance and for
the identification of cancer types and therapeutic regimens for which the predictive power
of optical mammography is strongest (or weakest). Since it has been reported that pCR is
a more relevant endpoint for TNBC and HER2-positive cases [15], it would be important
to determine whether certain optical parameters may serve as better outcome predictors
for a given cancer subtype. More patients enrolled could potentially allow for analyzing
patient groups based off of their breast cancer subtype. An additional limitation of our
work is that we are not able to assess response within lymph nodes. Since any cancer
remaining in the lymph nodes has prognostic impact, it would be beneficial to incorporate
methods to examine lymph node response to therapy in addition to the optical
measurements of the breast tumor.
Consistency of the optical measurements is also important consideration when
making serial comparisons over time. A repeated scan was performed on NACP #5
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(patient index #167) of her cancerous breast after the first two optical mammograms were
obtained, and the chromophore concentrations of the tumor for the repeated
measurements were within 5% of each other. This indicates that the two scans taken at
the same time point are repeatable (with slightly different level of compression and
moving the breast in and out of the scanning plates). However, variables that impact
measurements sessions differently must also be considered. For example, the tumor size
is changing for responding patients throughout therapy, which makes the violation of the
homogeneous slab model different at two time points. Towards the beginning of therapy,
the large tumor acts as a large perturbation, and at the end, the breast is closer to a
homogenous model. Therefore, we may be underestimating the hemoglobin
concentrations of the tumor towards the beginning of treatment. An additional factor that
could influence measurements over time is the breast geometry. This is unique to cases
who present with very stiff breasts and who’s chemotherapy cause the tumor cellularity
to decrease and have much more compressible breasts during later cycles of treatment.
This issue deals with the violation of the slab geometry, where at the beginning of
treatment, there is a worse violation to the assumption of a slab geometry compared to the
end of therapy. These factors are all important to consider when determining how to
monitor tumor response to neoadjuvant chemotherapy.
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Chapter 5: Future Directions
5.1 Imaging in clinical trials
5.1.1 Imaging guided chemotherapy clinical trial
Monitoring patient response to neoadjuvant chemotherapy remains a need in the clinical
trial setting. A large study monitoring 2072 patients response to neoadjvuant
chemotherapy has been performed, where the chemotherapy regimen is altered for
patients achieving a poor clinical response after the second treatment cycle [92]. Clinical
response in this trial was measured using palpation, ultrasound, and mammography. After
multiplying the two largest tumor dimensions, if the reduction was less than 50% of
pretreatment value, the patient was categorized as a non-responder. By changing the
therapy regimen for poor responders, the ER-positive/HER2-negative patients were found
to have a significant improvement in disease free suvival [92]. However,
von Minckwitz et al. mention that for the patients with TNBC or HER2-positive
subtypes, where pCR is a relevant endpoint for improved DFS and OS, response guided
therapy did not improve outcome. Therefore, a method, like optical mammography, that
could both monitor clinical response for ER-positive/HER2-negative patients to guide
chemotherapy choices, while also distinguish pCR for patients where it serves as a
relevant endpoint may provide a very useful tool when evaluating the efficacy of
chemotherapy regimens.

5.1.2 Imaging in I-SPY clinical trial
Imaging is also being used in a large multi-centered breast cancer clinical trial, called ISPY, which obtains breast MRIs during a patient’s treatment. The purpose of
incorporating imaging into the study design is to determine if changes in tumor size can
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predict pCR or the residual cancer burden (RCB) [93], which is an additional endpoint to
assess pathologic tumor response to therapy (discussed in section 5.2.2) [94]. The breast
cancer I-SPY trial is an innovative clinical trial that bring together academic institutions,
government agencies, and pharmaceutical companies to improve personalized cancer
therapy. This trial uses the current standard of care for treating breast cancer in the
neoadjuvant setting, yet administers an investigational drug during the paclitaxel portion
of treatment. The I-SPY 2 trial obtains MRIs of a patient before treatment and at 3 points
during chemotherapy (early in therapy and two other time points after completing a
specific drug regimen). Results of the I-SPY trial have shown that tumor volume
measured obtained from MRI are more predictive of pathologic response when compared
to clinical assessment by physical examination [93]. The potential for a diffuse optical
breast imaging trial to join a clinical trial, such as I-SPY 2, would be of great benefit for
evaluating the promise of this optical imaging technique. Two major questions that
remained to be answered are whether or not response measured optically is dependent on
treatment regimen or breast cancer subtype. By participating in large clinical trials that
consider these two factors, the optics community could make great strides in determining
the potential to assess tumor response to therapy. If diffuse optical techniques can be
validated, these methods offer great benefit to clinical trials due to being a more cost
effective imaging modality while also obtaining functional tissue information about
angiogenesis and metabolic changes in tumors.
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5.2 Analysis of optical parameters and relevant endpoints
5.2.1 Statistical analysis
For studies with a higher number of patients, there are many forms of statistical analysis
that may be applied to determine the relevant parameters and time points to distinguish
tumor response. Between 100 and 200 patients would be the next target number in order
to obtain enough data for patients in all three response groups, especially since poorly
responding patients account for approximately 10% of patients undergoing neoadjuvant
chemotherapy [95]. As mentioned in the methods for the neoadjuvant chemotherapy
monitoring section (2.4.3.3 Statistical analysis), having only 9 patients in our study
limited our analysis to a non-parametric test to determine if significant differences were
found between good responders (pCR and PR1) and poor responders (PR2). With a larger
sample size, it would be appropriate to perform an ordinal logistic regression to
determine which optical parameters at which time points are significantly different
between groups. An ordinal logistic regression allows for several predictor variables (like
chromophore concentrations and hemoglobin saturation) to be used and multiple outcome
(in this case, response) categories. An important consideration to mention, however, is
that when several time points with many variables are being compared, it is important to
correct for multiple comparisons with methods such as the Holm-Bonferroni [96].

5.2.2 Continuous pathologic endpoint
When categorizing response to chemotherapy, our work has used 3 discrete categories: 1)
pathologic complete response (pCR), 2) good pathologic response (PR1), and 3) poor
pathologic response (PR2).

However, response should ideally be assessed on a

continuous scale since the threshold set between good and poor response is somewhat
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arbitrary. A parameter developed at MD Anderson called the residual cancer burden
(RCB) would be a possible endpoint that could be used to measure the pathologic
response on a continuous scale [94]. The RCB incorporates the size of the primary tumor,
the cancer cellularity, presence of in situ carcinoma, and the number of positive lymph
nodes and calculates a numerical value that corresponds to risk of recurrence. Symmans
et al. report that the RCB was predictive of distant relapse-free survival for patients with
breast cancer undergoing neoadjuvant chemotherapy [94]. Correlating the RCB to the
continuous measures of [HbT] and SO2 tumor response should be considered during
future studies. Unfortunately, for this work the pathologic measurements required for the
RCB were not available, therefore we were unable to perform this analysis.

5.3 Dynamic breast measurements
Another method to exploit cancer contrast using diffuse optical imaging has been through
inducing hemodynamic oscillations [97-102]. Hemodynamic oscillations can be caused
by systemic changes in the blood pressure, or local pressure applied to the breast tissue.
The potential value in hemodynamic oscillations in differentiating healthy and diseased
tissue comes from the response of the angiogenic blood vessels compared to the healthy
ones. The blood vessels formed by angiogenesis are typically leaky, tortuous, and
chaotic, which causes the [Hb] and [HbO2] to respond differently compared to healthy
vasculature when pressure is applied. The use of dynamic optical imaging measurements
for monitoring breast cancer response to neoadjuvant chemotherapy has not yet been
explored to our knowledge. Therefore, we introduce the state of the art using dynamic
measurement techniques to characterize breast cancer and propose a method to assess
tumor response to neoadjuvant chemotherapy.
149

5.3.1 Methods to induce oscillations
There have been various methods reported that are used to induce hemodynamic
responses in breast tissue. These techniques have included the use of: respiratory changes
(breath holding [97], Valsalva maneuver [98]), external breast compression [100-102],
inspired carbogen and oxygen [99], and pneumatic thigh cuffs [103]. The different
methods and basic results will be stated in the following subsections and we will
conclude with a proposed plan for how to implement dynamic measurements for
assessing breast cancer response to neoadjuvant chemotherapy.

5.3.1.1 Respiratory changes
Respiratory changes such as breath holding or the Valsalva maneuver have been found to
increase blood volume in the breast due to the increased pressure in the arteries and veins.
Studies by Flexman et al. and Schmitz et al., acquire dual breast measurements using
tomographic breast imaging systems and are able to examine the change in hemoglobin
concentration as a response to the change in respiration [97, 98]. For the breath holding
study, patients were imaged as they held their breath for 30 seconds and recovered for 90
seconds. The increase in [Hb] and the [Hb] recovery time back to baseline were found to
be much greater in the tumor compared to the healthy breast during the breath holding
and recovery period. These changes demonstrate the increased blood volume due to
angiogenesis in the tumor region and the inability of these angiogenic vessels to properly
react to pressure changes. Implementing respiratory techniques as a routine clinical
procedure is limited by whether or not a patient is able to perform the breathing task and
any inter-patient variability that may result from an individual’s respiratory capacity.
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5.3.1.2 External breast compression
Breast compression is known to induce varying levels of mechanical and hemodynamic
changes dependent on the tissue elasticity. Studies have been performed that apply an
external compression onto the breast and use optical imaging techniques to measure the
response of healthy and cancerous tissue [100-102]. Optical imaging systems using a
parallel plate geometry exert a controlled amount of pressure on the breast by
compressing the plates [100, 102]. Carp et al. report that during a 2 minute long
compression time, blood is found to return to healthy tissue due to viscoelastic relaxation,
whereas the tumor is found to have a decreased hemoglobin concentration throughout the
entire duration of compression [102]. Compression has the ability to exploit the increased
stiffness of a tumor and its effect on the blood volume change. Careful considerations
must be made when inducing compression to ensure a uniform pressure is applied
throughout the tissue, which can be a challenging task with breast morphology.
Additionally, the compression level must be tolerable enough to be comfortable for most
women to experience for extended periods of time.

5.3.1.3 Inspired carbogen and oxygen
The vascular responses caused by inspiring carbogen or oxygen induce opposing effects
of vasodilation and vasoconstriction, respectively [99]. Carpenter et al. performed a study
on two patients with breast cancer who were imaged by a MRI-guided near-infrared
imaging system while they breathed 2 minutes of oxygen followed by 2 minutes of
carbogen (95% O2: 5% CO2) for a total of 16 minutes. This work reports that the
angiogenic blood vessels of tumors mitigate the dilation and constriction effects of the
oxygen and carbogen, resulting in a reduced correlation between the inspired gas
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oscillations and the tumor tissue response compared to the healthy fibroglandular tissue
[99]. The ease of controlling the rate of inspired oxygen and carbogen makes these
experiments well suited for clinical procedures. However, it has been reported that there
is a large inter-patient variability between the inspired gas oscillations and the tissue
response due to inherent tissue metabolic differences. Therefore, it is crucial to develop
normalization techniques to accurate compare measurements between patients.

5.3.1.4 Pneumatic thigh cuff
Pneumatic thigh cuffs have also been used to induce systemic changes in arterial blood
pressure. Applying thigh cuff oscillations to measure hemodynamics in the breast were
demonstrated on healthy volunteers in studies by Krishnamurthy et al. and Tgavalekos et
al. [103, 104]. By mildly compressing the breast between two parallel plates, a broadband
spectra in transmission geometry was measured through the tissue. The [HbO2] and [Hb]
were found to oscillate with the pressure cuffs, demonstrating the ability to modulate the
hemodynamics in the breast [103]. Although this method has not analyzed how responses
differ between healthy and cancerous breasts, the thigh cuff offers the advantage of
having control over the systemic oscillations induced. It is important, however, to ensure
that there is no artifact induced by any motion of the breast between the two plates.

5.3.2 Implementing dynamic optical breast imaging for
monitoring response to chemotherapy
Several considerations must be made when designing clinical protocols to be used for
monitoring tumor response to neoadjuvant chemotherapy. This patient population is
undergoing months of chemotherapy and typically weaker than the average patient
measured in most baseline cancer characterization studies. Therefore, it is crucial to
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consider the ideal method used to induce hemodynamic changes in the breast over time.
It is unlikely that respiratory changes from breath holding or the Valsalva maneuver will
be able to maintain consistency throughout the 4-6 month duration of chemotherapy. If
half way through therapy a patient is unable to hold her breath for as long as she was able
to do at the start of treatment, is may be difficult to tease apart the hemodynamic
differences induced by the respiratory changes or the tumor blood volume. External
breast compression can offer consistency of hemodynamic changes, however, pain
management must not be overlooked when imaging women who typically have very
large tumors and may find compression even more uncomfortable compared to other
patients.
The pneumatic thigh cuff and inspired gas induced hemodynamic oscillations are
methods that have more potential for consistency and patient compliance. If the
hemodynamic signal induced in a tumor is compared to the induced thigh cuff or inspired
gas oscillations, it is hypothesized that there would be little correlation between the two
signals. The effect of the angiogenic blood vessels surrounding the larger tumor would
result in smaller oscillations due to the inability for these tortuous, leaky vessels to
properly react. Therefore, if the tumor is responding to the treatment, the correlation
between the two signals would likely increase over time. An additional consideration to
make is that the hemoglobin concentration in blood is also decreasing in most patients
throughout chemotherapy. This may have an effect on the volume of the oscillations that
are measured. Collecting a control measurement on healthy tissue may used to normalize
the magnitude of the tumor’s dynamic response.
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5.4 Future outlook
Optical mammography holds great promise as an imaging technique for assessing breast
cancer response to neoadjuvant chemotherapy. The next step for advancing the use of
optical breast imaging would be in two areas: 1) to validate the robustness of the
measurement techniques, and 2) to confirm the physiological processes that are being
observed through biomarker and other functional imaging modalities. The benefit of
being able to perform frequent measurements should be capitalized on by obtaining
optical breast images at each drug infusion time point. A high number of images will
provide an understanding of the variability of the optical data and functional tissue
changes. The additional clinical information, which is likely obtained at much less
frequent time points, will aid in determining biological changes that are occurring as a
patient receives chemotherapy. The challenge presented when dealing with breast cancer
is the heterogeneity of the disease. It is crucial that optical mammography is part of a
well-controlled trial imaging patients undergoing similar chemotherapy regimens to
determine when response can be reliably assessed.
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Appendix
Patient Table: All patient datasets reported in this thesis are shown below. Starting on the
left side, each column is defined as follows: #: indicates the patient number assigned
when she enrolled; Group: lists in what study the patient dataset was used; Study #:
corresponding number for that given study; Age: age at the time of being imaged;
Menopausal Status: “Pre” is premenopausal and “Post” is postmenopausal; Height: height
in cm; Weight: weight in kg; LCC PS: plate separation for left cranio-caudal scan; RCC
PS: plate separation for right cranio-caudal scan. * Indicate which breast has the benign
or malignant lesion. The groups are broken down into: CAN: cancer characterization
study; SYM: X: Bilateral symmetry study with “H” healthy, “B” benign, or “C” cancer
datasets; NAC: Neoadjuvant chemotherapy study. “Var” represents variable (since the
weight, the plate separation varied throughout the study duration).
LCC
RCC
Index
Study
Age
Weight
Menopausal Height
Group
PS
PS
Status
#
#
(yr)
(cm)
(kg)
(cm)
(cm)
23
SYM: H
52
54
Post
77
6.0
5.9
24
SYM: H
53
46
Pre
157
59
6.1
6.9
25
SYM: B
32
45
Pre
165
80
7.6*
7.8
29
SYM: H
54
69
Post
165
63
4.8
4.7
31
SYM: B
33
62
Post
157
57
6.3
5.3*
35
SYM: H
55
67
Post
160
57
6.4
6.4
36
SYM: H
56
48
Pre
168
57
4.5
4.6
37
SYM: H
57
45
Post
163
73
7.5
7.8
40
SYM: H
58
55
Post
163
90
7.1
8.1
41
SYM: H
59
65
Post
160
70
6.5
7.0
42
SYM: H
60
56
Pre
155
50
5.6
5.9
44
SYM: H
61
60
Post
63
6.6
6.1
45
SYM: B
34
63
Post
170
87
7.5*
8.1
46
SYM: H
62
66
Post
170
69
7.5
7.5
47
SYM: H
63
56
Post
163
59
5.2
5.0
48
SYM: H
64
55
Post
157
70
6.6
6.9
49
SYM: H
65
47
Pre
157
50
4.9
4.6
50
SYM: H
66
58
Pre
175
78
6.9
6.8
51
SYM: B
35
68
Post
152
65
6.6*
7.5
53
SYM: H
67
71
Post
165
64
6.2
6.2
55
SYM: H
68
65
Post
168
81
4.6
5.3
56
SYM: H
69
73
Post
170
64
6.0
6.2
58
SYM: H
70
34
Pre
163
67
6.5
6.2
59
SYM: B
36
48
Pre
157
710
6.5
6.5*
61
SYM: H
71
48
Pre
168
96
8.0
8.0
62
SYM: B
37
64
Post
160
62
5.4*
5.5
63
SYM: H
72
54
Post
163
64
5.2
5.0
68
CAN
1
57
Post
160
64
6.5
6.0*
155

72
74
78
82
84
85
86
87
88
90
92
93
95
96
97
98
99
100
102
103
107
108
110
112
114
116
117
118
119
120
121
122
123
125
126
128
130
131

SYM: C
CAN
SYM: C
SYM: B
SYM: H
CAN
SYM:C
SYM: B
SYM: H
SYM: B
SYM: B
SYM: H
SYM: B
SYM: H
SYM: H
SYM: B
SYM: B
SYM: B
SYM: B
CAN
SYM: C
SYM: B
SYM: B
SYM: B
SYM: B
SYM: B
SYM: B
SYM: B
SYM: B
CAN
SYM: C
SYM: B
CAN

19
2
1
38
73
3
2
39
74
24
25
75
40
76
77
22
41
26
42
4
20
27
28
43
44
45
29
46
47
5
3
48
6

SYM: B
SYM: H
SYM: B
SYM: B
CAN
SYM: C
CAN
CAN
SYM: C
CAN
SYM: B

23
78
30
49
7
4
8
9
5
10
79

68

Post

-

-

5.5

5.5*

63
37

Post
Pre

147
160

56
57

5.5
5.0

5.3*
5.0

36

Pre

150

45

5.0*

5.0

52
56
81
21
39
44
49
31
44
62
47
53

Pre
Post
Post
Pre
Pre
Pore
Pre
Pre
Pre
Post
Post
Post

168
140
155
157
168
168
170
163
178
168
163
160

62
67
61
51
64
110
66
102
88
72
74
68

4.0*
6.5
5.0
5.0
4.0
7.0*
6.5
6.0
6.5*
6.0*
7.0*
7.0

4.0
7.0
5.0*
5.0*
4.0
7.0
6.0
6.0
6.5
6.0
7.0
6.5*

53

Pre

155

91

5.5

5.0*

41
30
52
74
60
34
69
66

Pre
Pre
Post
Post
Post
Pre
Post
Post

168
165
160
170
163
165
160
168

45
73
89
78
58
52
75
122

5.6
6.4*
7.1
6.6*
5.0*
4.2
6.0*
6.1*

5.3*
5.3
6.7*
6.3
5.2
4.5*
6.0
6.3

51

Post

175

120

6.2

6.8*

65
40

Post
Pre

155
163

78
54

7.9
7.8

7.5*
7.0*

51
42
48
41

Post
Pre
Pre
Pre

173
152
160
165

87
64
62
62

7.2*
6.9
5.8*
4.9*

6.0
6.7
5.7
5.2

66

Post

178

82

6.5

6.3*

66

Post

170

57

4.3*

4.5

59

Post

175

66

8.2*

6.3

59
61

Post
Post

173
165

89
64

6.8

5.8*
6.4*

156

133
134
135
137
139
140
141
142
143
145
146
147
149
150
153
154
155
156
157
158
163
164
165
166
167
168
169
170
171
173

CAN
SYM: C
CAN
SYM: C
SYM: B
CAN
SYM: C
SYM: B
SYM: B
CAN
SYM: C
SYM: B
CAN
SYM: C
CAN
CAN
SYM: C
CAN
CAN
SYM: C
CAN
SYM: C
CAN
SYM: C
CAN
SYM: C
CAN
SYM: C
CAN
SYM: C
CAN
SYM: C
CAN
SYM: C
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC

11
6
12
7
80
13
8
31
50
14
9
51
15
10
16
17
11
18
19
12
20
13
21
14
22
15
23
16
24
17
25
18
26
21
2
1
3
4
5
6
7
8
9
10

52

Post

170

113

7.5

7.2*

44

Post

160

90

7.5*

7.8

45

Pre

155

57

6.7

6.7*

66

Post

165

108

9.2*

7.5

49
79

Post
Post

163
163

77
59

8.6*
4.4

8.2
5.1*

63

Post

175

82

6.9*

6.4

51

Post

173

86

7.9*

7.0

76

Post

152

54

6.8*

6.6

52

Post

168

80

7.7*

-

48

Pre

160

69

6.6*

7.0

75

Post

-

-

6.6*

-

75

Post

178

67

5.6

5.0*

72

Post

157

57

7.5

8.2*

59

Post

173

73

6.3*

5.6

48

Pre

168

73

7.4

7.4*

53

Pre

170

85

6.6

7.5*

62

Post

170

68

7.0*

5.3

49

Pre

165

68

6.6*

6.8

43

Pre

155

91

7.9*

8.1

72
37
57
54
46
47
44
73
45
56

Post
Pre
Post
Post
Pre
Post
Pre
Post
Pre
Post

165
173
155
178
160
163
168
163
160
157

Var
Var
Var
Var
Var
Var
Var
Var
Var
Var

Var
Var*
Var*
Var
Var*
Var*
Var
Var*
Var
Var*

Var*
Var
Var
Var*
Var
Var
Var*
Var
Var*
Var

157
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