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Abstract: Breast cancer is a global health concern, necessitating continuous advancements in
diagnostic medical imaging technologies for early detection and improvement of treatment. This
paper presents an overview of the past, present and future of breast cancer imaging using light and
some results from the current studies. The paper specifically presents the role of Diffuse Optical
Tomography (DOT) in breast cancer imaging. Conventional methods, such as X-ray mammography,
face limitations. Diffuse Optical Tomography, a non-invasive light-based imaging modality can
provide quantitative descriptive and architectural information about breast tissue. The paper
discusses the key challenges and recent developments in breast cancer imaging using DOT to
overcome some key challenges. This paper aims to contribute to the understanding of the evolving
technological landscape in breast cancer imaging using light for improving early detection and
patient outcomes.
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1. Introduction to Breast Cancer

There were more than 42,000 women who died from breast cancer in the year 2019 in the United
States alone. This makes breast cancer one of the most common cancers among women. In most urban
populations, breast cancer is the leading cause of cancer [1]. Women's cancer registries show that 19.4%
of all cancers were breast cancers. The majority of breast cancer cases occur among women older than
50, but 32% of those diagnosed were under 50. Most invasive cases (approximately 80%) occur after 50
years of age, but the chances are increasing in women who are less than 50 years old. About 9% of
all newly diagnosed breast cancer cases were found in women younger than 45 years of age in the
United States. In addition to an early onset of menarche at a young age, a late onset of menopause,
the first full-term pregnancy following the age of 30, a mother or sister who has been diagnosed with
premenopausal breast cancer or someone who has experienced breast cancer or benign proliferative
breast disease as a personal history can contribute to an increased risk of breast cancer.

Higher breast cancer risk has also been associated with obesity, nulliparity, and urban residence.
The overall breast cancer mortality rate has been declining steadily since the early 1990s despite an
increase in breast cancer diagnoses. The survival rate can vary between 45% and 95% based on the
size of the tumor and lymph node involvement. Among the main problems with breasts are their
size, texture, composition, and age variation. Patients feel a breast lump when signs and symptoms of
breast cancer have appeared (usually without pain) [2]. Breast discharge, scaliness, ulceration, and
retraction are other symptoms that may occur. Pain in the breast is often caused by benign conditions
and does not always indicate breast cancer [2].

1.1. Ancient

The etiology of breast masses varies from benign to malignant. Invasive ductal carcinoma is the
most common malignancy in the breast, while fibroadenoma is the most common benign cancer. Even
though modern diagnostic tools are relatively effective and are capable of assessing breast cancer in a
timely manner, the disease is by no means a newly discovered one. The first known written description
of a breast tumor was found in an ancient Egyptian manuscript originated sometime between 3,000
BCE and 1,500 BCE. Radical mastectomy was introduced as the treatment of choice for breast cancer
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[3]. It was in 1757, when Henri Francois Le Dran’s discovered that cancer could spread from the breast
to the axillary lymph nodes under the arm. There was a significant improvement in the understanding
of cancer biology among physicians at this time. It was realized that proper treatment for breast cancer
required the removal of both the diseased tissue and the healthy tissue surrounding it. Later in the
twentieth century, X-rays and radiation led to better detection and treatment of breast cancer using
light.

2. Breast Cancer Imaging using Light

2.1. Brief History

In 1929, shadowgraphs of breast tissue were referred to as diaphanography, which allowed optical
characterization of the breast [4]. Cutler proposed using light to detect breast tumors. Diaphanography
is used to differentiate between solid tumors and cysts in the breast. However, Cutler found it difficult
to achieve the required light intensity without causing the patient’s skin to become too hot. As a
result, the technique was temporarily abandoned by researchers in the 1930s and 1940s. Gros et al.
[5] reported in 1972 that they had been able to distinguish benign lesions from malignant lesions
through the use of light. In order to describe the transillumination process, they coined the term
diaphanography. According to a study conducted by Ohlsson et al. [6], adding infrared wavelengths
and taking pictures of the transilluminated breast with an infrared-sensitive film greatly improved
their ability to spot cancer. In the early 1980s, the transillumination measurements were renewed using
light at wavelengths that have low tissue absorption (600 to 1300 nm) [7-9]. As a result of the large
distribution of photon pathways through breast tissue, spectroscopic information was distorted and
optical images were blurred due to the high degree of scattering. As the result of a study conducted
in 1990 [10], it was concluded that the method showed a lower level of accuracy than conventional
methods. Due to the difficulty in separating absorption from scattering within the tissue and the
inability to reconstruct the image from the two-dimensional photographic data. Diaphanography has
not been highly regarded as a method for diagnosing breast cancer.

2.2. Current State

As of now, X-ray mammography serves as the most reliable clinical tool for screening and
diagnosing breast cancer. Studies have confirmed that mammography can increase the breast cancer
survival rate through population-wide screening efforts, making it an established modality for breast
imaging for the early detection of breast cancer. Beginning in the 1960s, these studies paved the way for
mammography in the 1980s. Among the most significant advancements in breast imaging over the last
few decades have been improvements in the quality of the examination, reporting, and interpretation
of mammography studies [11,12]. In older women, X-ray mammography can be very effective for
detecting abnormalities in the breast because it offers high resolution. This population is estimated
to have between 85%-90% of breast cancer tumors [13]. However, X-ray mammography has a low
positive predictive rate. A biopsy is typically performed on benign tumors 60% to 85% of the time [14].
80% of women who undergo a biopsy after an abnormal X-ray mammogram is detected by a screening
practice, are cancer-free [15].

When it comes to dense breast tissue, X-ray methods produce a lower sensitivity compared
to other methods and also have the risk of inducing cancer as they expose the patient to ionizing
radiation [9]. In addition, the method cannot accurately distinguish between benign and malignant
tumors. Post-menopausal women may experience increased mammographic density due to hormone
replacement therapy [16] or cyclically during their menstrual cycles [17]; this can reduce the
effectiveness of mammographic screening. Other diagnostic techniques such as positron emission
tomography, magnetic resonance imaging, ultrasound, and thermography have been developed. These
techniques are available today, but there are a number of limitations such as cost, throughput limit,
specificity limit (MRI), and sensitivity limit (ultrasound). The positron emission tomography technique
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is a promising tool for assessing the metabolic demands of tissue. However, it does require the use of
radionuclides that are exogenous to the tissue and it cannot take into account thermal changes among
tissues.

A non-invasive imaging method that can provide both structural and functional information
is therefore needed, preferably in real-time. It is necessary to develop a technique that will be
able to detect, localize, and characterize hidden objects within biological media. This will be done
without altering the surrounding medium in any way. The near-infrared (NIR) light-based optical
imaging modality could provide an answer to all of these questions and may be able to satisfy all
these requirements [18,19,19]. Compared to positron emission tomography and magnetic resonance
imaging, optical imaging holds significant appeal as an alternative tool for mammography since it
uses non-ionizing radiation (allowing continuous or repeated exposure), is non-invasive, does not
require contrast agents to be injected, is relatively portable, and is economically feasible in comparison
to other imaging methods. The optical methods disclose unique spectroscopic characteristics of tissues
that are not detectable with the other methods listed above. Also, these techniques are capable of
providing quantitative measurements, as well as functional data about tissues, which can be used for
further analysis. While projection light imaging was investigated as early as 1929 [4], non-ionizing
light tomography is a relatively new and active field of research. There is usually a difference between
the optical properties of normal tissues and those of diseased tissues. Measurements of optical
properties can therefore be used to detect breast cancer. As a result of the significant architectural
changes that occur in cancerous tissues both at the cellular and subcellular levels, it is not surprising
that optical property differences can be found. Furthermore, the cellular components responsible
for elastic scattering typically have dimensions between the visible and near-infrared wavelengths.
Vascularization of some tumors causes increased light absorption caused by increased blood flow. To
enhance the optical contrast between normal and abnormal tissues, optical contrast agents may also be
used. Optical imaging provides sensitive signatures for early cancer detection and monitoring due
to the fact that optical information depends on the molecular conformation of biological tissues. It is
natural to use optical imaging as an adjunct to mammography or ultrasound imaging. This is because
the information that is gained from the optical signal is distinct from that of other imaging systems.

3. Optical Medical Imaging

The development of optical medical imaging over the last century has made it easier for modern
medicine to acquire high-density data, with a much higher degree of precision, less prone to errors,
and with a broader range of source-detector combinations and wavelengths than it used to be.
Light is a term used to refer to wavelengths in the infrared, visible, and ultraviolet ranges. A wide
variety of physical processes and physical properties within the human body have been investigated,
measured, and recorded since the description of light by Maxwell in the 1800s as electromagnetic wave
propagation by the scientific community.

Three-dimensional reconstruction uses more sophisticated techniques and incorporates prior
information with a much higher degree of precision while compensating for specific sources of
measurement error that cannot be avoided. The X-ray was discovered by Wilhelm Conrad Roentgen in
November 1895. There is no doubt that clinical motivation played a significant role in this development.
In the development of a number of valuable medical diagnostic imaging tools, parameter recovery
based on radiation information has played a key role. As a result of the discovery of X-ray, the scope of
medical technology has continuously been widened due to the fact that it allows the patient to see inside
the body without penetrating it. However, it does so using electromagnetic or particle radiation, rather
than a scalpel. Ultrasounds, magnetic resonance imaging (MRI), and positron emission tomography
(PET) are examples of computer-assisted tomography.
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3.1. Advantages of Optical Imaging

¢ Since the opticl radiation is noninvasive and non-ionizing, small, repeatable doses can be used
repeatedly without harming the patient. As a result, routine screenings and continuous bedside
monitoring can be accomplished using radiation.

¢ Due to their different absorption and scatter characteristics at NIR wavelengths, optical methods
have the potential to differentiate soft tissues that are indistinguishable by other techniques.

¢ With optical imaging, information can be gained about the function of the tissue at the molecular
level as well as at the submicroscopic structural level.

e It is possible to determine functional information about oxygen partial pressure, as well as the
concentration of deoxyhemoglobin and oxyhemoglobin as a result of specific absorption by
chromophores, such as oxy- and deoxyhemoglobin.

* Aside from being inexpensive and portable, optical tomography in intensive care units is much
more convenient than computed tomography (CT) or magnetic resonance imaging (MRI).
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Figure 1. Broyden based MoBIIR algorithm for image reconstruction.

4. Diffuse Optical Tomography

Diffuse optical tomography (DOT) is an example of an optical medical imaging modality that can
be applied to image breasts [20,21]. DOT uses near-infrared (NIR) light to image the inner anatomical
maps and functional information of tissue. DOT works by measuring the NIR light transmitted
or reflected from tissues to determine their optical properties inside tissue. The system employs a
model-based image reconstruction technique and can also calculate hemoglobin concentrations, water
concentrations, and lipid concentrations within tissues. As the DOT instrumentation uses multiple
light sources and detectors, hence, multiplexing techniques [22] are required for high-speed light and
detector switching and system calibration to correct measurement errors in the system [23]. In optical
tomographic images, the optical properties profile of the tissue can be reconstructed from the optical
measurement data. In DOT tissue is irradiated with safe NIR illumination at various locations. The
scattered light at the boundary is measured at a few locations, and then an image reconstruction model
is used to form images localizing the optical properties of the tissue. The mathematical model of the
derivation of the spatial distribution of tissue from the measured data at the tissue boundary is known
as the inverse problem. A major advantage of DOT is that it can provide functional images of tissue
since the wavelength-dependent light absorption by tissue constituents can be measured using more
than one wavelength of light in the nonionizing NIR range (600-1000 nm) [19]. Brain imaging and
breast imaging are DOT’s main applications.

In advanced DOT instrument, raw 3D measurement data is continuously collected, for example
after every 60 ms and the 3D spectroscopic image reconstruction is also simultaneously performed.
There could be a lagging in image reconstruction or rate of image reconstruction could be different than
the data acquisition rate, for example 250 ms to reconstruct per measurement cycle. Some instrument
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allow circular probe [Figure 2] for continuous spectroscopic imaging [24]. These advanced systems
combine the spectroscopic images with extinction coefficients, in order to produce 3D functional
images of tissue as shown in the Figure 3.

@ LEDs (660, 735 and 850 nm)
o Photodetectors

\
Frame No=1 Frame No= 330 Frame No=660

Data acquisition= 60 ms Data acquisition=19.8 s Data acquisition=39.6 s
Reconstruction= 250 ms Reconstruction= 82.5s Reconstruction= 165 s

Time

Figure 3. 3D spectroscopic image reconstruction was performed at a rate of 250 ms per measurement
cycle.

Simple imaging methods based on DOT include functional near-infrared spectroscopy (fNIRS).
In fNIRS channel-wise measurements instead of fully tomographic image reconstruction occur [25].
There’s a lot of use of NIRS for brain imaging, for example, to measure mental workload [26-29],
measure mental stress [30], and neurofeedback [31]. It’s relatively easier to build an f{NIRS system
[32-34] than DOT. A patch for brain imaging was also shown [32,34]. However, the signal quality
depends on the design of the light sources and detectors, known as optodes [35]. There is also a
great deal of research on portable fNIRS systems [36,37]. An fNIRS system was also developed using
Internet-of-Things technology [38,38,39]. Furthermore, machine learning can be applied to {NIRS in
real-time to enable the automatic classification of brain function [28,40,41].

4.1. Challenges

In the case of DOT, there is a challenge in the estimation of internal optical properties of tissue
using measurements on the tissue boundary [20,42]. Due to highly scattering of NIR light throughout
the tissue, the estimation problem (known as inverse problem) is nonlinear, ill-posed, and sometimes
underdetermined [20]. There are, however, algorithms [Figure 1]for reconstructing 3D DOT images at
high speeds [43]. Recently, a semi-analytical method for DOT image reconstruction was also proposed
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[44]. For faster image reconstruction, GPUs were used [45]. Real-time imaging of DOT is also possible
using GPUs [46]. New instrument for scanning a specific region of the tissue for high-speed tissue
imaging was proposed [47,48]. The DOT instruments are big and data collection is slow. Researchers
are working to reduce instrument costs by implementing LEDs and photodetectors [49-51]. DOT can
also be used as an imaging system at point-of-care [37,52,53]. Some of the systems are developed to
teach students how optical medical imaging system works [54]. While collecting data, noise from the
top of the tissue is introduced to the signal of interest (signal from deep tissue). A practical method
based on the measurements of superficial noise and subtracting the noise from the measurements
shown to be effective [55]. As of right now, research in this field is expanding rapidly. It has been
shown that NIR light is capable of being used in medical imaging in order to detect breast cancer at an
early stage and to image the brain function.

4.2. Discussion and Conclusion

While technological advances have been made in various aspects of DOT, the issue of photon
scattering within breast tissue remains a significant obstacle, affecting the accuracy of image
reconstruction and limiting the effectiveness of DOT. Some of the issues are related to the signal-to-noise
ratio, depth penetration, and the trade-off between spatial and temporal resolution. Furthermore, the
breast tissue composition limits the spatial resolution and accuracy. The practical challenges involved
with implementing DOT in clinical settings, including simplification of protocols, integration with
other imaging modalities, and the need for reliable validation through large-scale clinical trials. This
paper aims to contribute to the ongoing light-based breast cancer imaging technologies, supporting
the identification of key areas for improvement and innovation in the application of Diffuse Optical
Tomography for breast cancer diagnosis and monitoring.
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