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Methods of optical spectroscopy that provide quantitative,
physically or physiologically meaningful measures of tissue
properties are an attractive tool for the study, diagnosis,
prognosis, and treatment of various cancers. Recent
development of methodologies to convert measured
reflectance and fluorescence spectra from tissue to cancer-
relevant parameters such as vascular volume, oxygenation,
extracellular matrix extent, metabolic redox states, and cellular
proliferation have significantly advanced the field of tissue
optical spectroscopy. The number of publications reporting
quantitative tissue spectroscopy results in the UV-visible
wavelength range has increased sharply in the past three years,
and includes new and emerging studies that correlate optically
measured parameters with independent measures such as
immunohistochemistry, which should aid in increased clinical
acceptance of these technologies.
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Introduction

There is a great need to accurately quantify predictive
biomarkers 7z vivo for the diagnosis, prognosis, and treat-
ment of cancers. Since current approaches in cancer man-
agement are generic across patients and involve empirical
routines [1], there is a growing emphasis toward developing
individualized and personalized approaches that are based
on detection of molecular, metabolic, and physiological
biomarkers. Traditional biomarkers include features such
as the tumor grade, size, and/or the number of local lymph
nodes with metastasis. More recent reports, however, for
example, sense molecular and/or genetic markers (such as
point mutations in key genes such as RAS or p53, or the

presence of molecular markers such as HER2/neu and/or
EGFR), all of which in turn could influence the upregula-
tion, expression, and stability of molecules related to
hypoxia and angiogenesis, including important hallmarks
of carcinogenesis such as HIF-1 and VEGF [1]. Optical
spectroscopy is a technique that is exquisitely sensitive to
several important biomarkers of cancer. There have been
many reports of optical spectroscopy for the study of cancer,
but only a few have employed spectral analysis algorithms
that extract quantitative, physically meaningful parameters
from the tissue spectra. Quantitative optical spectroscopy in
the UV-visible wavelength regime has been used in the
study of cancers, including the breastand cervix, by a variety
of researchers over the past decade, and will be the focus of
the subsequent review. While challenges in implementa-
tion remain, we believe that these methods may provide
value in characterizing important biomarkers of cancer non-
destructively and rapidly, in a practical clinical setting.

Biomarkers of cancer
Vascular and metabolic factors

Oxygenation and hypoxia

Oxygenation, particularly, the lack of it, is widely recog-
nized as a crucial factor that influences the growth rate,
metabolism, treatment resistance, and metastatic behavior
of cancer cells [2,3]. Hypoxic microenvironments have
routinely been identified in solid tumors of almost all
tissues. Numerous studies have investigated the link be-
tween clinical outcomes and hypoxia using a variety of
different methods to date [4]. All of these studies have
demonstrated that hypoxia is clearly related to clinical
outcome, which motivates the importance of measuring
it iz vivo. Currently, methods to measure tumor hypoxia
can be divided into two classes, indirect and direct. The
gold standard of direct tissue hypoxia measurement is
through electrode polarography—an invasive process that
yields point measurements of pO, (sampled from ~100-
300 cells) at given spatial locations along the path of
electrode insertion and retraction within the tissue.
Oxygen concentration has also been imaged indirectly
using perfluorinated compounds in combination with elec-
tron paramagnetic resonance (EPR) spectroscopy, MR
spectroscopy, by using 2-nitroimidazoles with positron
emission tomography (PET), or through immunohisto-
chemical (IHC) analyses of biopsies [5].

Angiogenesis and blood volume
Irregular vasculature has previously been identified has a
hallmark of cancer [6]. Given that tumor cells have a
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constant need for new blood vessels to nourish their
growth, solid tumors persistently sprout new segments
of vessels to the existing vascular system leading to a
highly irregular, leaky, and chaotic network of blood
vessels [7]. The sprouting of new vessels is facilitated
by overexpression of the vascular endothelial growth
factor (VEGF), which is known to be upregulated under
hypoxic conditions [6]. This increased tumor vasculariza-
tion eventually paves the way for a small, localized tumor
to become an enlarged mass and subsequently metasta-
size to other distant sites. /7 vivo measurements of tumor
angiogenesis have been performed by both extrinsic
contrast-enhanced MR imaging and spectroscopy and
PET techniques [5,8]. Clinical gold standards involve
immunohistochemical assays that measure tumor micro-
vessel density and/or expression of angiogenic markers

such as VEGF.

Reduction—oxidation state of the cell

Cellular respiration occurs via the electron transport chain
in all aerobic cells and in the mitochondrial membranes of
these cells, reactive oxygen species (ROS) are generated
during oxidative phosphorylation. There are several com-
plex cellular biochemical pathways that help cells protect
themselves against low levels of ROS and free radicals by
forming a network of redox buffers (which include the
NAD(P)H/NAD(P)" species); nevertheless, these mech-
anisms might be rendered dysfunctional under abnor-
mally high levels of ROS leading to oxidative stress in the
tumor microenvironment [9]. Further, it is well known
that the onset of hypoxia within solid tumors causes the
cells to prefer anaerobic glycolytic pathways over aerobic
oxidative phosphorylation to meet their energy needs,
which in turn influences both the amount of ROS pro-
duced and the amount of NADH/NAD+ redox buffer
available in these cells [10]. Thus, determining the redox
status within the tumor could shed light on both the levels
of hypoxia and concentration of ROS in the cells. Detec-
tion of the redox status of tumors, especially 7z vivo, still
remains a challenging task [9]. There is currently no
accepted clinical gold standard to estimate the redox
status of tumors, though detection in tumors has been
achieved via the use of paramagnetic nitroxide spin
probes in conjunction with EPR/MR spectroscopic
methods [11,12].

Morphological factors

There are significant changes in cellular morphology and
structure that are associated with the onset and pro-
gression of cancer. Pathologists routinely use microscopic
differences observed in cellular and nuclear features
including shape, size, crowding, chromatin organization
and DNA structure in biopsied tissues to diagnose, prog-
nosticate, and stage disease [13]. Besides changes in
cellular and/or nuclear structure, previous studies have
observed changes in the amount of fatty acid or lipid

content between normal and malignant tissues—particu-
larly in breast tumors [14,15]. Further, there is clear
evidence that there are important interactions between
the invading tumor cells and stromal cells that allow
tumor proliferation, invasion, metastasis, and malignant
transformation [16]. These interactions are expected to
cause significant changes in the organization and arrange-
ment of the extracellular matrix surrounding the neo-
plasm. Both PET and MRI-based imaging have been
applied to the detection of cell death. In MRI, the
measured apparent diffusion coefficient (ADC) of water
in tissue can provide information regarding tissue struc-
ture by imaging water content in intra-cellular and extra-
cellular space, which in turn can be used to assess cell
death occurring via necrosis or apoptosis [17,18]. The uses
of PE'T imaging methods for sensing apoptosis and/or
necrosis remain limited and involve the use of labeled
apoptosis or necrosis markers (such as 18F-labeled
annexin-V) [18].

Optical spectroscopy

Methods of optical science and engineering have been
developed for cancer detection and diagnosis and more
recently to assess response to therapy in a variety of tissue
sites for applications in both pre-clinical and clinical studies
[19,20,21,22,23,24°%,25,26,27]. The interaction of light with
complex media such as biological tissues is characterized
by processes that depend on the physical nature of the light
and the specific tissue morphology and composition
[28,29]. The incident light can be scattered (elastically
orinelastically) multiple times owing to microscopic differ-
ences in the index of refraction of cells and subcellular
organelles within the tissues, and may be non-radiatively
absorbed by chromophores present in the medium or by
fluorophores, which release their excess energy by radia-
tive decay, producing fluorescence. The remitted fluor-
escent light can, in turn, be scattered multiple times or
absorbed. Although complex, these optical responses can
be measured by a variety of spectroscopic techniques and
processed through rigorous computational or theoretical
models to obtain quantitative biochemical and morpho-
logical information about the tissues [30-32].

In optical spectroscopy, the wavelengths of illumination
span the ultraviolet (UV) through the near-infrared (NIR)
wavelengths. In steady-state reflectance spectroscopy, a
broadband light source is used for illumination and a
spectrum of the reflected light is collected [33], while
in steady-state fluorescence spectroscopy a narrow spec-
tral band of incident light (obtained via filtering a broad-
band source or from a narrowband laser) is used to excite
fluorophores and the emerging fluorescence spectrum at
each excitation wavelength is detected [34].

The diffuse reflectance spectrum is a function of the
optical absorption and scattering coefficient spectra
[28]. The absorption and scattering coefficients are
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Table 1
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Sources of optical contrast and features they correspond to in tissues.

Optical interactions Contrast Spectral range Biomarkers
Absorption HbO,, Hb UV-NIR Blood saturation, angiogenesis
Absorption Beta-carotene vis Adipose

Absorption Lipid NIR Adipose

Absorption Water NIR Water content

Fluorescence NADH, FAD UV-vis Redox ratio, ROS, hypoxia
Fluorescence Collagen, elastin UV-vis Metastasis, invasion

Scattering s UV-NIR Apoptosis, necrosis, proliferation

wavelength-dependent and their value at each wave-
length reflects the probability that a photon (of given
wavelength) will be absorbed or scattered by the tissue
when it traverses an infinitesimal step within the med-
ium. The shape and magnitude of the absorption coef-
ficient depends on the extinction coefficient and
concentrations of dominant tissue chromophores in-
cluding oxygenated hemoglobin (HbO,) and deoxyge-
nated hemoglobin (Hb), beta carotene, water, and lipids
in the UV-NIR spectrum [35,36]. Since diffuse reflec-
tance spectroscopy can measure both HbO, and Hb one
can estimate both the total hemoglobin concentration
(THb = HbO, + Hb) and the oxygenation saturation in
tumors (SO, = HbO,/THD). The optical scattering coef-
ficient is known to be sensitive to the spatial architec-
ture and organization of the tissue and therefore can be
used as a means to quantify cellular morphology and
structure [37-39]. The shape and magnitude of the
intrinsic fluorescence spectrum depends on the concen-
trations of the tissue fluorophores, which include several
important biochemical molecules such as nicotinamide
adenine dinucletide (NADH) and flavin adenine dinu-
cleotide (FAD) or structural proteins such as collagen,
elastin, and keratin [40—42]. The ratio of NADH to FAD
is called the optical reduction—oxidation (redox) ratio
and can provide information about the reduction—oxi-
dation state in the electron transport chain within the
mitochondria. The optical redox ratio has been shown to
increase with a decrease in cellular oxygenation [43,44].
Measurement of endogenous fluorescence could also
provide a means to sense changes in the extracellular
matrix composition. However, the measured fluor-
escence spectrum can be significantly distorted by tis-
sue absorption and scattering and needs to be corrected
to get the intrinsic, turbidity-free fluorescence spectrum
that can then be used to quantify either absolute or
relative tissue fluorophore contributions [34].

The sensing depth of light varies from several milli-
meters in the UV-visible spectrum to several centi-
meters in the NIR region [45]. In the UV-visible
region, tissues are absorption dominant, which restricts
the penetration depth. With increasing wavelength, the
overall absorption coefficient decreases and the ratio of
scattering to absorption coefficients increase. Thus, in

the red and NIR wavelengths tissues are more trans-
parent and photons can migrate through several centi-
meters of tissue that allows NIR spectroscopy to
interrogate subsurface solid tumors such as those in
the breast and neck nodes. UV-visible spectroscopy
complementarily has a superficial sensing depth and
can directly interrogate pre-cancerous growth and
primary invasive carcinomas in the head and neck, anus,
cervix, and recurrent chest wall disease in breast cancer.
Optical spectroscopic probes can also be guided through
endoscopes and biopsy needles to access tumors within
body cavities as in breast cancers. This technology is
also well suited for drug discovery in pre-clinical tumors
in rodent models.

Table 1 shows the primary sources of optical contrast in
the UV-visible-NIR range. As indicated in the table, not
all optical sources of contrast are probed by all spectral
regions of light and clearly the total number of intrinsic
biomarkers that can be interrogated optically increases in
the UV—visible spectral range.

The benefits of optical spectroscopy are that it is (1)
quantitative, (2) fast, (3) can be used at the bedside, and
(4) has exquisite sensitivity to intrinsic biomarkers
already present in the tissue. The ‘optical biomarkers’
can be measured more frequently than conventional
imaging methods such as contrast-enhanced PET, CT,
and MRI. The synthesis of some of these contrast agents
is expensive and requires specialized facilities (for
example, cyclotron for PET). Further, multiple bio-
markers can be measured simultaneously with light.
With traditional imaging approaches, patients would
need to be imaged by several different scanners to fully
capture biomarkers of hypoxia and angiogenesis.
Because of the frequency with which optical biomarkers
can be measured, these technologies could conceivably
be used to identify optimized temporal windows of
opportunity for when more sophisticated functional ima-
ging techniques could be used to get complete tumor
coverage. Although the optical biomarker technology
does not provide the tumor coverage that C'T, PET,
and MRI provide, it yields data from tissue sensing
depths that are ‘on par’ with that evaluated via THC,
which is the current gold standard.
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Instrumentation

Instrumentation overview

Optical spectroscopy involves illuminating the tissue with
light and recording what comes back as a function of
wavelength. This requires a few components that are
common to all spectroscopic instruments: a light source
to illuminate the sample, a means of filtering or selecting
wavelengths, and a detector to quantify the collected light
intensity. Light is commonly coupled through a fiber
optic probe to the tissue site. There are several key
considerations in designing such devices including spec-
tral bandwidth, spectral resolution, wavelength range,
measurement speed, and throughput; as well as practical
concerns such as system cost, complexity, and size. These
are interrelated with tradeoffs between them, for
example, a smaller bandwidth will reduce throughput
while increasing spectral resolution, so these factors must
be tailored for the specific requirements of the appli-
cation. Important aspects of these types of optical instru-
mentation are the geometry of illumination and collection
light (which determine the sensing volume of the device),
methods for accurate and routine calibration, and algor-
ithms for converting measured optical spectra to quanti-
tative, physical information.

Probe geometry

The probe geometry defines the sensing volume and
depth of the measurement. There are two broad
categories, contact and non-contact. This article will focus
on contact geometries that are more commonly used for
quantitative optical spectroscopy, as they allow for well-
defined sensing depths and for quantitative measure-
ments. Non-contact methods have the advantage of being
more amenable to imaging, but make modeling and
quantitation more challenging, although specialized
approaches do exist.

The probing volume and depth are affected by the optical
properties (absorption and scattering coefficients) of the
medium, as well as the probe geometry, particularly the
source—detector separation [46]. As the source—detector
separation increases, the probing depth and volume
increase, which increases the sensitivity of the probe to
deeper tissue [46]. However, the extent to which the
source and detector can be separated is limited by
throughput of light through the tissue, which is influ-
enced by the tissue absorption and scattering coefficients.
Source—detector separations are significantly larger in the
NIR (~centimeters) compared with the UV—visible range
(~millimeters).

Epithelial pre-cancers are widely investigated as a poten-
tial application of optical spectroscopy. In these tissues,
cancer typically originates in the epithelial tissue, and
invades into the underlying stroma. As a result there has
been much recent work investigating ways to separate the
epithelial versus stromal components of the signal. One

approach has used angled fibers that are more sensitive to
shallower layers of the tissue [47,48]. These can be
combined with flat-faced probes to enable a two-step
determination of the shallow and deep tissue optical
properties [49]. Another approach, differential path-
length spectroscopy, utilizes two flat-faced fibers, one
of which serves as both the source and collection fiber,
along with a second separate collection fiber. Because the
two fibers are placed close to one another, taking the
difference in signal yields something that is dependent
only on the shallowest interactions of light with the tissue.
This allows one to characterize the optical properties of
the shallow layers of epithelium [50].

Calibration

Calibration of optical measurements is essential to
minimizing systematic errors and to ensure accurate
retrieval of quantitative physiologic and morphological
information. The primary goals are to (1) remove the
wavelength dependence of system throughput, (2)
eliminate variability in throughput over time, (3) elim-
inate of sources of noise, particularly any background
signal, and (4) ensure accurate calibration of the
measurement wavelengths. The first two calibrations
require specialized methodology and equipment to
achieve and will be discussed in detail below. Back-
ground correction is typically performed by simply
measuring a spectrum with the light source turned
off and subtracting this from the experimental measure-
ments, and wavelength calibration can be performed by
using a known narrow line source, such as a laser at a
pre-selected wavelength.

The wavelength response of a detection system can be
calibrated by using a calibrated light source. Such sources
are commercially available and are traceable to NIST
standards for radiance [51]. This procedure fundamen-
tally involves coupling a calibrated light source (via an
integrating sphere or other means) into the optical detec-
tion system. The instrument will then record the inten-
sity as a function of wavelength, which can be compared
to the known radiance of the light source as a function of
wavelength. The ratio of these gives the instrument
response, which can then be used to correct any measured
spectrum (see [52] for a detailed description of theory and
procedures).

Standards for the purpose of quantitative spectroscopy
must possess known absorption, scattering, and fluor-
escence properties. This means tissue phantoms must
be constructed with specified or determinable optical
characteristics. There are a variety of potential com-
ponents for which this is possible, see Pogue e a/. [53]
for an in depth review of reflectance phantoms, and [54—
59] for a discussion of fluorescence standard develop-
ment. Measurement of such standards must be frequent
enough to account for system drift.

Current Opinion in Biotechnology 2009, 20:119-131
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Table 2
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A comparison of the merits of a variety of different approaches for extraction of tissue optical properties and intrinsic fluorescence.

Model Computational requirements Optical property limitations Source detector separations
Diffusion [69-74] Low Absorption <« Scattering Several mm

P3 [75,81] Low Absorption = Scattering <1 mm

Monte Carlo [77-80] High Any Any

Algorithms

Quantitative determination of the underlying absorption,
scattering, and fluorescence properties allows insight into
tissue physiology and morphology. However, extraction
of the parameters from the measured diffuse reflectance
and fluorescence spectra is a challenging problem. Thus,
it is imperative that modeling algorithms be developed
and employed by which these relationships can be elu-
cidated. There are a wide variety of algorithms and
approaches, although they can be roughly subdivided
into analytical and numerical approaches. Analytical
approaches (generally simplified approximations of the
Boltzmann radiative transport equation) have the
advantage of low computational requirements, but are
not widely applicable to a large variety of wavelength
ranges or experimental conditions. On the contrary,
numerical approaches (such as stochastic Monte Carlo
modeling) have a high computational complexity but are
more generally applicable and accurate. In spite of this,
Monte Carlo-based approaches have been employed to
extract quantitative physiologic and morphologic infor-
mation for both fluorescence [60°] and diffuse reflectance

Table 3

spectra [61-63] by employing scaling and similarity
relationships to enable the optical spectra to be estimated
for a wide range of optical properties in near real-time
using only a few baseline simulations. Application of
these models generally involves a least squares fitting
approach, whereby the modeled optical properties of the
medium are varied such that they produce minimal error
between the measured and modeled spectra. Table 2 lists
the most common algorithms employed for quantitative
extraction of tissue optical properties in the UV-visible
and their relative advantages and disadvantages.

Summary of pre-clinical and clinical
applications

In the past decade truly quantitative approaches have
been used to perform quantitative biology of cancers and
pre-cancers 7 vivo using steady state optical spec-
troscopy, with most of the reports emerging in the past
three years. A majority of these studies have been carried
out in the UV-visible range. The studies in the NIR
primarily focus on frequency-domain and time-domain
approaches and are beyond the scope of this review

Summary of clinical implementations of quantitative UV-vis optical spectroscopy, organized by organ site of interest published in the
past three years. Abbreviations: [Hb] = deoxyhemoglobin concentration, [HbO,] = oxyhemoglobin concentration, SO, = hemoglobin
oxygen saturation, us'(A) = wavelength-dependent reduced scattering coefficient.

Organ Reference Implementation Spectroscopic technique Sources of contrast quantified
Breast Palmer et al. 2006 [70]; ex vivo Diffuse reflectance [Hb], [HbO,], SO,, [B-carotene], us'(A)
Zhu et al. 2006 [74]
Sun et al. 2006 [71] ex vivo Diffuse reflectance [Hb], [HbO,], SO5, us'(A)
Zhu et al. 2008 [75] ex vivo Fluorescence NADH, collagen, retinol/vitamin A
Volynskaya et al. 2008 [73] ex vivo Diffuse reflectance [HbOy], [B-carotene], us'(A)
Fluorescence NADH, collagen-like
van Veen et al. 2005 [72] in vivo Differential pathlength [Hb], [HbO,], SO,, [B-carotene], vessel
diameter, scatter slope
Brown, et al. 2009 [83] in vivo Diffuse reflectance [Hb], [HbO,], SO,, [B-carotene], us' (1)
Cervix Chang et al. 2006 [67°] in vivo Two-layer fluorescence [Hb], [HbO,], SO,, epithelial scattering,
NADH, FAD, keratin, collagen
Mourant et al. 2007 [69] in vivo Diffuse reflectance [Hb], [HbO,], SO,
Chang et al. 2009 [92] in vivo Diffuse reflectance [Hb], [HbO,], SO5, us'(A)
Lung Bard et al. 2005 [66] in vivo Differential pathlength [Hb], [HbO,], SO,, [B-carotene],
vessel diameter, scatter slope
Aerts et al. 2007 [64°°] in vivo Differential pathlength [Hb], [HbO,], SO,
Fawzy, M et al. 2006 [68] in vivo Diffuse reflectance [Hb], [HbO,], SO,, scatterer density and size
Oral mucosa Amelink et al. 2008 [65] in vivo Differential pathlength [Hb], [HbO,], SO,, [B-carotene],
vessel diameter, scatter slope
Skin Zonios etal., 2006 [76]; in vivo Diffuse reflectance [Hb], [HbO,], SO5, melanin,

Zonios et al. 2008 [77]

scatterer density and size
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article. Table 3 contains a summary of the relevant
articles published in the past three years, organized by
organ site of interest, describing the methodology and
implementation used and sources of intrinsic contrast
studied [64°°,65-77]. Since the breast and cervix have
been studied by the largest number of groups, we will
focus our attention on these two organ sites. Moreover,
since quantitative approaches are desirable because of the
insight they provide into the biology/physiology of the
disease beyond diagnosis, we will devote special attention
to those studies that exploit this concept. Important
references pertaining to these organ sites, which were
published before 2005, are referenced and discussed in
their respective subsections.

Breast

Although anatomical imaging for the screening, diagnosis,
and management of breast cancer has made a significant
impact on current breast cancer care, gaps remain in which
the superficial sensing of UV-visible optical spectroscopy
may be able to augment traditional technologies in a useful
way. These potential applications range from use as an
adjunct to core-needle diagnostic biopsy, as an indicator of
pre-therapy tumor oxygenation, as an intra-operative tool
for assessment of surgical tumor margins, as a directed-
sampling tool for traditional histopathology, and as a tool to
monitor response to chemotherapy or radiotherapy in
humans or pre-clinical rodent models. In the following
sections, we will review the reports in which quantitative
UV-visible spectroscopy has been applied in the breast.

Pre-clinical applications

UV-visible spectroscopy is particularly well suited to
studying biological models of carcinogenesis and thera-
peutic response in animal models owing to a good match
between the penetration depth at this wavelength and the
size of animal tumors. The primary advantage of the use
of quantitative spectroscopy in these models would be to
non-invasively provide longitudinal snapshots of the

Table 4

tumor environment that would traditionally require exci-
sion of tissue and serial histochemical or immunohisto-
chemical processing for analysis.

As an example, the Ramanujam group applied diffuse
reflectance spectroscopy coupled with an inverse Monte
Carlo-based method to quantify biomarkers in a che-
motherapy model of 4T1 mammary carcinomas grown
in the flanks of nude mice [78]. In this study, optical
measurements were compared to traditional immunohis-
tochemical and histological markers for hypoxia and
tumor necrosis, to evaluate their potential as surrogate
measures of response to chemotherapy that could be
applied non-invasively and dynamically throughout the
course of therapy. 4T1 tumors were grown to 4-6 mm
diameter in 50 nude mice, at which point half were given
the chemotherapy agent Doxorubicin at the maximum
tolerated dose (MTD) while the remaining animals
served as controls. The tumors were monitored non-
invasively over two weeks post-treatment. Deoxyhemo-
globin (Hb) concentration was found to correlate with
hypoxia as measured by pimonidazole IHC staining,
whereas the mean reduced scattering coefficient (uy')
was found to correlate with tumor necrosis as assessed
by hematoxylin and eosin staining. The authors showed
that both IHC and quantitative spectroscopy indicated a
statistical increase in tumor oxygenation in the Doxor-
ubicin treated animals (the treated group showed an
average increase of over 30% in tumor oxygenation on
day 10 relative to baseline, while the control group
showed a decrease of nearly 10% on day 10 relative to
baseline; P<0.05). The ability to serially and non-inva-
sively interrogate tumor response to therapy in pre-
clinical models could have potentially important implica-
tions in the development of new cancer treatments.

Clinical studies
T'able 4 contains a comparison of the trends in optically
measured parameters across the clinical studies reviewed

Comparison of optically measured physiological parameters between studies indicating how the parameters changed with breast cancer.
Arrows indicate whether the parameter was significantly higher (7), lower (]), or no different (=) in malignant tissues (C) compared to non-
malignant tissues (N). Blank areas indicate that the parameter was not measured or reported.

Reference Samples (C, N) Absorption Fluorescence Scattering
Blood content Blood saturation B-carotene Collagen NADH <ps'> a b

Ex vivo

Ghosh et al. 2001 [82] 10, 10 i

Palmer et al. 2006 [70] 17, 24 = l 1 i

Zhu et al. 2006 [74] 35, 50 = l 1 T

Zhu et al. 2008 [75] 54, 70 = ! ! T T T

Volynskaya et al. 2008 [73] 9, 31 = i} il = =

In vivo

van Veen et al. 2005 [72] 10, 40 1 l = =

Brown et al. 2009 [83] 20, 56 = l = =

a = Mie scatter density; b = Mie scatter size; <us'> = mean reduced scattering coefficient.
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below. As seen in Table 4, the studies within each
implementation (ex vive and iz vivo) are remarkably
consistent, and what variations exist could be attributed
to sample size. In addition to being consistent with each
other, the findings of these studies are also consistent with
independent measures of these parameters reported in
the literature. For instance, studies using the Eppendorf
pO; electrode (reviewed in Vaupel ez a/. [79]), and immu-
nohistochemical markers like HIF-1a [80] and CA IX
[81] have shown that breast tumors are generally charac-
terized by a decrease in oxygenation.

Ex vivo studies

A number of studies have investigated the application of
quantitative optical spectroscopy to excised breast tis-
sues. In an early report, Ghosh e7 /. employed a diffusion
approximation-based approach to quantitatively deter-
mine ex vivo breast optical properties in the UV-visible
spectral range [82]. The authors performed spatially
resolved reflectance measurements at multiple source—
detector separations on previously frozen intact human
breast tissues, and extracted the absorption and reduced
scattering coefficients from fits of the diffusion approxi-
mation to the spatially resolved reflectance. They showed
that malignant breast tissues were more highly absorbing
and scattering than normal tissues.

More recently, Palmer ¢z /. developed an inverse Monte
Carlo model-based approach to the analysis of diffuse
reflectance and multiexcitation-wavelength intrinsic
fluorescence from tissues [63,83], which has been applied
to the study of normal and diseased human breast tissues
ex vivo by Palmer ez al. and Zhu ez al. [70]. Application of
this analysis method to breast tissues measured ex vivo
[70] resulted in quantification of the absorber concen-
trations (oxyhemoglobin and deoxyhemoglobin, beta car-
otene) as well as ancillary quantities such as total
hemoglobin content and hemoglobin concentration, com-
puted from the extracted absorber concentrations; scat-
tering properties (reduced scattering coefficient); and
relative contributions of intrinsic fluorophores present
in the tissue. Across these three independent studies,
the hemoglobin saturation and B-carotene concentration
of malignant tissues was significantly lower than that of
non-malignant tissues, and the mean reduced scattering
coefficient (u') of malignant tissues was consistently
significantly higher than that of non-malignant tissues.
In addition, there was a clear relationship between the
adipose tissue content and the measured P-carotene
concentration consistent with the understanding that
lipid-soluble B-carotene is stored in fatty tissues. In
addition, Zhu ez a/. found that the relative contributions
of collagen (related to fibrous stroma), NADH (related to
cellular metabolism), and retinol/vitamin A fluorescence
(related to B-carotene/adipose content) in the samples
were reflective of the structural and biochemical make-up

Quantitative Optical Spectroscopy of Cancer Brown et al. 125

of the tissues [75], further supporting the notion that
quantitative spectroscopy may be used to assay tissue
composition. Malignant and fibrous/benign tissues were
marked by higher relative collagen and NADH fluor-
escence, and lower retinol fluorescence, than adipose
tissues.

In a similar study, Volynskaya e7 2/. employed a modified
diffusion approach for quantitative reflectance and
intrinsic fluorescence spectroscopy of the breast ex vivo
[73]. In this work, the concentrations of oxyhemoglobin
and B-carotene, and scattering-related parameters were
extracted from diffuse reflectance measurements, while
the contributions of NADH and collagen were extracted
from single-excitation-wavelength intrinsic fluorescence
measurements. Deoxyhemoglobin was not assumed to
be present as an absorber, and therefore no computation
of hemoglobin saturation was possible; however, owing
to the shallow penetration depth reported by the authors
for this instrument (~100 wm), this is probably a valid
assumption owing to diffusion of atmospheric oxygen
into the very superficial regions of the tissue. Consistent
with other reports, the concentration of (3-carotene was
found to be higher in normal (more fatty) tissues than in
tissues with benign changes or invasive carcinoma, which
are expected to be less fatty owing to the invasion of
fibrous stroma and invading cancer cells. Also, the con-
tribution of collagen fluorescence was sensitive to differ-
ences in fibrous stroma extent between the tissue types
studied. The relative contribution of collagen fluor-
escence was higher in malignant and fibrous/benign
tissues than normal tissues, whereas the contribution
of NADH fluorescence was useful in discriminating
fibrocystic and malignant tissues from benign fibroade-
nomas.

In vivo studies

An exciting prospect is the application of quantitative
optical spectroscopy to the breast 7z vivo, which could be
useful for breast cancer care in a variety of ways. For
instance, it could be used to guide selection of sites to
sample in diagnostic biopsy, could provide complemen-
tary information about the tumor environment or could be
useful in prognosis, prediction, or monitoring of response
to therapy. A multitude of non-invasive diffuse optical
spectroscopy (DOS) and diffuse optical tomography
(DOT) applications employing NIR wavelengths have
been reported in the literature for the study of breast
cancer, which are outside the scope of this review. How-
ever, to date only a few groups have employed UV-visible
optical spectroscopy for the direct measurement of breast
tissue properties iz vivo, of which only a couple have
employed model-based approaches.

In the report by van Veen e a/., differential path-length
spectroscopy (a variant of reflectance spectroscopy) was
used to measure the optical properties of normal and
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diseased breast via an optical biopsy technique in 12
patients [72]. A thin fiber-optic probe was modified to
fit into a commercially available biopsy needle such that
optical measurements and biopsy samples could be co-
registered for pathologic assessment, and was inserted
into areas of interest in the breast using palpation of the
tumor for guidance. A model based on Mie scattering
theory and exponential attenuation (Beer-Lambert Law)
was fit to the acquired differential reflectance spectra, and
scattering properties and absorption properties (including
the concentrations of oxyhemoglobin and deoxyhemoglo-
bin, B-carotene, and blood vessel diameter). The authors
found that malignant tissues (7 = 10) were characterized
by significantly lower hemoglobin saturation and higher
blood volume than normal breast tissues (7 = 40). This is
not surprising, since malignant tissues are known to
exhibit regions of hypoxia (low oxygen tension) as well
as increased vascularity due to angiogenesis. Interest-
ingly, the B-carotene concentration was higher, and the
scattering slope lower, in malignant tissues versus normal
tissues, although these differences were not significant.

More recently, the Ramanujam group has applied an
inverse-Monte Carlo-based method to the breast iz vivo
in 35 patients to date (JQ Brown ez 4/., abstract 5009, 30th
Annual San Antonio Breast Cancer Symposium, Decem-
ber 2007; JQ Brown ez a/., 2009). In contrast to van Veen
et al., the authors used ultrasound guidance to interface a
fiber-optic probe to normal and diseased tissues through a
biopsy cannula, in patients undergoing breast cancer
surgery. Application of the Monte Carlo-based inversion
model to measured reflectance spectra resulted in quanti-
fication of scattering parameters (wavelength-dependent
reduced scattering coefficient) and absorption properties
(concentrations of oxyhemoglobin and deoxyhemoglobin
and B-carotene). Like van Veen ¢z 4/., the authors found
that considered together, malignant tissues (# = 20)
exhibited lower oxygenation than non-malignant tissues
(7 = 56) as measured by hemoglobin saturation. However,
it was shown that not all malignant tissues assayed were
hypoxic, which is consistent with the body of literature on
breast tumor oxygenation. The presence of a significant
number of tumors with normal oxygenation levels was
correlated with expression of the HER2/neu receptor in
those tumors (as determined by immunuhistological
analysis). This was attributed to an increase in angiogen-
esis promoted by downstream gene targets of HER2/
neu—in fact, the authors found a clear relationship be-
tween total hemoglobin concentration and oxygenation in
the tumors, indicating that better perfused tumors have
higher oxygenation levels owing to increased O, avail-
ability.

Uterine cervix

Optical spectroscopy has been studied extensively as a
diagnostic aid for cervical cancer. The primary application
to the cervix is as a diagnostic tool for detecting early

dysplastic changes that might progress into cancer,
particularly in the developing world where there is a lack
of infrastructure for well-organized screening and diag-
nostic programs. In contrast to the breast, most research-
ers have performed these studies in the human 7z vivo,
owing to the accessibility of the organ, and no require-
ment to make an incision creating minimal risk to the
patient. However, most reports of UV-visible spec-
troscopy in the cervix have involved the development
of empirical relationships between spectral features and
disease diagnosis. While these methods have demon-
strated an excellent ability to diagnose disease, there is
a fundamental lack of understanding about the sources of
contrast that would be helpful in understanding the
progression of the disease from a physiological stand-
point. Therefore, in the following section we review those
studies that have employed quantitative spectroscopy for
the study of the uterine cervix iz vivo.

Table 5 contains a summary of optically measured
parameters, stratified by origin of contrast (stroma, epi-
thelium, or both), which allows ready comparison of the
findings of the reviewed studies. As seen in the table, the
trends in optically measured parameters with increased
dysplasia are largely preserved across the studies. In
addition to being internally consistent, these findings are
also consistent with independent measures of these
parameters reported in the literature. For instance, using
immunohistochemical stains for vascular endothelial cells,
Abulafia ez a/. and Dellas ez a/. [84,85] have shown that
stromal microvessel density, which is proportional to vas-
cular volume (and hence blood content), increases with
cervical pre-cancer grades. Decreases in collagen fluor-
escence, and light scattering due to collagen, arising from
the stroma, are due to a breakdown of the collagen network
with increasing dysplasia in the stroma [86]. Conversely,
scattering in the epithelium is expected to increase owing
to increased nuclear size and density, as shown in the
elegant microscopy study by Collier ¢z a/. [87].

Homogeneous models

In some of the first reports of quantitative UV-visible
spectroscopy to the uterine cervix, Georgakoudi ¢z al.
used diffuse reflectance measurements and laser-induced
fluorescence to extract absorption, scattering, and intrin-
sic fluorescence spectra from the cervix iz vivo [88,89].
Using a linear combination of collagen and NAD(P)H
fluorescence excitation-emission matrices (EEMs) to fit
to the measured intrinsic fluorescence EEMs, the authors
found that benign changes and precancerous lesions were
marked by a decrease in collagen fluorescence as com-
pared with normal tissues due to a breakdown of the
extracellular matrix [90] or increased epithelial thickness.
Furthermore, NAD(P)H contribution to total fluor-
escence was found to increase for pre-cancerous lesions,
which was attributed to the increased metabolic activity
of the cells within these lesions [91]. The effective
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Comparison of optically measured physiological parameters between studies indicating how the parameters changed with cervical pre-
cancer. The origin of optical contrast is indicated in the table for each study. Arrows indicate whether the parameter was significantly
higher (1), lower (|), or no different (=) in high-grade pre-cancer (HG) compared to normal and non high-grade pre-cancerous tissues
(NHG). Blank areas indicate that the parameter was not measured or reported.

Reference Samples Origin of contrast
e e Stroma Epithelium Stroma + epithelium

Blood Blood Collagen NADH Nuclear Nuclear <ug'> <ps'>
content  saturation size density

Georgakoudi et al. 2002 [88] 34, 50 1 T T

Mourant et al. 2007 [69] 11,77 = =

Chang et al. 2009 [92] 15, 64 1 = l

Chang et al. 2006 [67°] 139, 354 1 T

scattering slope was decreased in precancerous lesions
(attributed to breakdown of collagen in the stroma), but
analysis of light scattered from the superficial epithelium
suggested an increase in both the size and density of
scattering centers (which was attributed to increased
nuclear size and density in the epithelium).

Mourant ez al. applied unpolarized and polarized reflec-
tance spectroscopy to 36 patients undergoing standard
colposcopy [69]. From fits to the spectra in the visible, the
concentration and oxygenation of hemoglobin was quan-
tified. The hemoglobin oxygenation was higher in high-
grade pre-cancers versus non-high-grade pre-cancers,
although the difference was not significant.

The Ramanujam group has applied an inverse-Monte
Carlo method for UV—-visible quantitative spectroscopy
in the cervix /7 vivo in 38 patients [92]. Model-based
analysis of reflectance spectra allowed quantification of
hemoglobin parameters (species content and oxygen-
ation) as well as scattering (wavelength-dependent wy').
Total hemoglobin content was statistically elevated in
high-grade pre-cancers (# = 15) versus normal tissues or
low-grade pre-cancers (7 = 64), whereas scattering was
significantly reduced in high-grade pre-cancers versus
normal tissues or low-grade pre-cancers. The increased
hemoglobin content with increased dysplasia was attrib-
uted to angiogenic processes. In contrast to the report by
the Richards-Kortum group [67°], decreased scattering
was observed with increasing dysplasia. However, simu-
lation of the sensing depth of the optical probe geometry
used in the study suggested that these decreases in
scattering arose primarily in the cervical stroma, not
the superficial epithelium. Thus, the decrease in scatter-
ing could be attributed to breakdown or remodeling of the
cervical stroma [86], which is consistent with the collagen

fluorescence results from Georgakoudi e# a/. ([989]) and
Chang ez al. ([67°]).

Two-layer models
Chang ¢z al. developed an analytical model for estimation
of tissue optical properties and intrinsic fluorescence in a

two-layered medium [93], which they applied to the
analysis of fluorescence spectra measured from the cervix
in vivo in 292 patients [67°]. The authors stratified their
results by menopausal status and age; however, within
each particular demographic, the general trend was for
increased epithelial scattering and increased hemoglobin
content with increasing dysplasia, consistent with
increased nuclear atypia and angiogenic processes associ-
ated with dysplasia. Furthermore, keratin fluorescence
and fluorescence from enzymatically activated collagen
crosslinks were observed to decrease with dysplasia. An
interesting aspect of this study was the observation that
significant inter-patient variability existed between
groups of patients separated by menopausal status and
age. The value of quantitative analysis is well-demon-
strated here, in that the authors were able to identify
which particular biomarkers were sensitive to menopausal
status and age, which would have important implications
for the development of an effective predictive model that
could be applied to all patients.

Challenges and conclusions

There are several challenges in implementing optical
spectroscopy for 7z vive applications. For example, with
respect to implementation of algorithms, most notably in
modeling the diffuse reflectance spectra, there is a
requirement to constrain the problem to a defined set
of absorbers and scatterers when using a single source—
detector separation. Exclusion of a source of absorption or
scattering can lead to systematic biasing of results [94].
"This can be problematic in tissue, where all such sources
may not be well characterized, or whose propertics may
vary depending on their microenvironment. Secondly,
most models in use generally make the assumption that
the interrogation volume can be represented by a homo-
geneous model. This may not be appropriate in practice,
with tissue showing highly complex morphology particu-
larly in many disease states. This could be particularly
problematic for probes with multiple source detector
separations, each of which is essentially interrogating a
slightly different non-homogencous tissue volume. This
can be accounted for using a non-homogeneous model of
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light-tissue interaction, but this dramatically increases the
complexity of the problem [95]. In addition absorbers are
not uniformly distributed, but are localized to specific
tissue compartments, for example hemoglobin is loca-
lized within red blood cells, which are themselves con-
tained within blood vessels. This local concentration of
hemoglobin leads to a shielding effect that distorts the
perceived absorption spectrum of hemoglobin [96]. It is
possible to correct for this effect by modulating the
apparent absorption coefficient according to the packing
diameter and absorption coefficient, which effectively
reduces the apparent absorption coefficient for high u,
[72,96].

Probe pressure is another challenge, with the potential
problem of pressure influencing the local hemodynamics.
Nath ¢z a/. conducted a detailed study investigating this
effect on fluorescence spectra acquired from the human
cervix [97]. Utilizing three levels up to approximately
0.9 N, they did not find significant differences in the
fluorescence spectra acquired from these patients. How-
ever, this study looked only at measured fluorescence
intensities and did not extract quantitative physiologic
information, or consider diffuse reflectance spectra. On
the contrary, Reif ¢ 4/. had conflicting findings that
suggested that there was a pressure dependence on the
absorption and scattering properties of the mouse thigh
muscle [98]. Notably, the vessel size decreased, scattering
increased, and hemoglobin saturation decreased. T ez a/.
reported that such changes may be highly tissue-depend-
ent [99], so whether this is a significant concern would
probably depend on the application.

Yet another challenge lays in the fact that source power,
and other factors in system throughput, such as fiber
bending, often fluctuate during the course of an exper-
iment. This is an issue because calibration measure-
ments are typically performed before or after an
experiment, so real-time fluctuations cannot be
accounted for. Yu ez a/. [100] developed a self-calibrating
probe that addresses these concerns by incorporating a
reference fiber into the fiber optic probe that simply
records light reflected directly back through a coupler
incorporated within the probe. This gives a real-time
calibration of the system throughput while measure-
ments are being made.

While these challenges in implementation exist, quanti-
tative UV-visible optical spectroscopy may prove to be a
viable alternative to more invasive, or less practical,
methods for evaluating biomarkers of cancer for a variety
of applications. Recent reports in which quantitative
optical cancer biomarkers are clinically validated with
currently accepted methods are a welcome addition to
the field, as they will set the stage for optical technologies
to gain widespread clinical acceptance. It is our hope that
the number of groups employing quantitative approaches

to tissue optical spectroscopy will only increase, and that
continued research will reduce or eliminate any barriers to
widespread clinical application of these technologies.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Duffy MJ, Crown J: A personalized approach to cancer
treatment: how biomarkers can help. Clin Chem 2008,
54:1770-1779.

2. Hockel M, Vaupel P: Tumor hypoxia: definitions and current
clinical, biologic, and molecular aspects. J Nat/ Cancer Inst
2001, 93:266-276.

3. Vaupel P, Mayer A: Hypoxia in cancer: significance and
impact on clinical outcome. Cancer Metastasis Rev 2007,
26:225-239.

4. Evans SM, Koch CJ: Prognostic significance of tumor
oxygenation in humans. Cancer Lett 2003, 195:1-16.

5. Tatum JL, Kelloff GJ, Gillies RJ, Arbeit JM, Brown JM, Chao KS,
Chapman JD, Eckelman WC, Fyles AW, Giaccia AJ et al.: Hypoxia:
importance in tumor biology, noninvasive measurement by
imaging, and value of its measurement in the management of
cancer therapy. Int J Radiat Biol 2006, 82:699-757.

6. Dewhirst MW, Richardson R, Cardenas-Navia |, Cao Y: The
relationship between the tumor physiologic
microenvironment and angiogenesis. Hematol Oncol Clin North
Am 2004, 18:973-990 vii.

7. Hanahan D, Weinberg RA: The hallmarks of cancer. Cell 2000,
100:57-70.

8. Rajendran JG, Krohn KA: Imaging hypoxia and angiogenesis in
tumors. Radiol Clin North Am 2005, 43:169-187.

9. Cook JA, Gius D, Wink DA, Krishna MC, Russo A, Mitchell JB:
Oxidative stress, redox, and the tumor microenvironment.
Semin Radiat Oncol 2004, 14:259-266.

10. Poptani H, Bansal N, Jenkins WT, Blessington D, Mancuso A,
Nelson DS, Feldman M, Delikatny EJ, Chance B, Glickson JD:
Cyclophosphamide treatment modifies tumor oxygenation
and glycolytic rates of RIF-1 tumors: 13C magnetic resonance
spectroscopy, Eppendorf electrode, and redox scanning.
Cancer Res 2003, 63:8813-8820.

11. Hyodo F, Matsumoto K, Matsumoto A, Mitchell JB, Krishna MC:
Probing the intracellular redox status of tumors with magnetic
resonance imaging and redox-sensitive contrast agents.
Cancer Res 2006, 66:9921-9928.

12. Matsumoto K, Hyodo F, Matsumoto A, Koretsky AP, Sowers AL,
Mitchell JB, Krishna MC: High-resolution mapping of tumor
redox status by magnetic resonance imaging using nitroxides
as redox-sensitive contrast agents. Clin Cancer Res 2006,
12:2455-2462.

13. He S, Dunn KL, Espino PS, Drobic B, Li L, Yu J, Sun JM, Chen HY,
Pritchard S, Davie JR: Chromatin organization and nuclear
microenvironments in cancer cells. J Cell Biochem 2008,
104:2004-2015.

14. Brooksby B, Pogue B, Jiang S, Dehghani H, Srinivasan S, Kogel C,
Tosteson T, Weaver J, Poplack S, Paulsen K: Imaging breast
adipose and fibroglandular tissue molecular signatures by
using hybrid MRI-guided near-infrared spectral tomography.
PNAS 2006, 103:8828-8833.

15. Cerussi AE, Shah N, Hsiang D, Durkin A, Butler J, Tromberg B: In
vivo absorption, scattering, and physiologic properties of 58
malignant breast tumors determined by broadband diffuse
optical spectroscopy. J Biomed Opt 2006, 11:044005.

16. Liotta LA, Kohn EC: The microenvironment of the tumour-host
interface. Nature 2001, 411:375-379.

Current Opinion in Biotechnology 2009, 20:119-131

www.sciencedirect.com



17.

18.

19.

20.

Torigian DA, Huang SS, Houseni M, Alavi A: Functional imaging
of cancer with emphasis on molecular techniques. CA CancerJ
Clin 2007, 57:206-224.

Neves AA, Brindle KM: Assessing responses to cancer therapy
using molecular imaging. Biochim Biophys Acta 2006,
1766:242-261.

Sokolov K, Follen M, Richards-Kortum R: Optical spectroscopy
for detection of neoplasia. Curr Opin Chem Biol 2002, 6:651-658.

Bigio IJ, Bown SG: Spectroscopic sensing of cancer and
cancer therapy: current status of translational research.
Cancer Biol Ther 2004, 3:259-267.

Quantitative Optical Spectroscopy of Cancer Brown et al. 129

37.

38.

39.

40.

Srinivasan S, Pogue BW, Jiang S, Dehghani H, Kogel C, Soho S,
Gibson JJ, Tosteson TD, Poplack SP, Paulsen KD: Interpreting
hemoglobin and water concentration, oxygen saturation, and
scattering measured in vivo by near-infrared breast
tomography. PNAS 2003, 100:12349-12354.

Bigio IJ, Bown SG, Briggs G, Kelley C, Lakhani S, Pickard D,
Ripley PM, Rose IG, Saunders C: Diagnosis of breast cancer
using elastic-scattering spectroscopy: preliminary clinical
results. J Biomed Opt 2000, 5:221-228.

Bohren CF, Huffman DA: Absorption and Scattering of Light by
Small Particles. New York: John Wiley & Sons; 1983.

Georgakoudi I, Feld MS: The combined use of fluorescence,

21. C_hang S, Mirabal Y, Atkmspn E, Cox D, Malpica A, Follen M, reflectance, and light-scattering spectroscopy for evaluating
Richards-Kortum R: Combined reflectance and fluorescence dysplasia in Barrett’s esophagus. Gastrointest Endosc Clin N
spectroscopy for in vivo detection of cervical pre-cancer. Am 2004, 14:519-537.

J Biomed Opt 2005, 10:024031.
. ] . ) 41. Andersson-Engels S, Klinteberg C, Svanberg K, Svanberg S: In

22. Xu RX, Povoski SP: Diffuse optical imaging and spectroscopy vivo fluorescence imaging for tissue diagnostics. Phys Med
for cancer. Expert Rev Med Devices 2007, 4:83-95. Biol 1997, 42:815-824.

23. Badizadegan K, Backman V, Boone C, Crum C, Dasari R, 42. Ramanujam N: Fluorescence spectroscopy of neoplastic and
Georgakoudi |, Keefe K, Munger K, Shapshay S, Sheetse E et al.: non-neoplastic tissues. Neoplasia 2000, 2:89-117.
Spectroscopic diagnosis and imaging of invisible pre-cancer.

Faraday Discuss 2004, 126:265-279. 43. Georgakoudi |, Jacobson BC, Van Dam J, Backman V, Wallace MB,
. . . Muller MG, Zhang Q, Badizadegan K, Sun D, Thomas GA et al.:
24. Cerussi A, Hsiang D, Shah N, Mehta R, Durkin A, Butler J, Fluorescence, reflectance, and light-scattering spectroscopy

Tromberg BJ: Predicting response to breast cancer
neoadjuvant chemotherapy using diffuse optical
spectroscopy. Proc Natl Acad Sci U S A 2007, 104:4014-4019.

for evaluating dysplasia in patients with Barrett’s esophagus.
Gastroenterology 2001, 120:1620-1629.

This NIR study showed the potential of optical spectroscopy as an early 44,
indicator of response to chemotherapy in 11 patients, and is an example

Skala MC, Riching KM, Gendron-Fitzpatrick A, Eickhoff J,
Eliceiri KW, White JG, Ramanujam N: In vivo multiphoton

of the therapeutic utility of optical spectroscopy in breast cancer.

25.

26.

27.

28.

29.

30.

Jakubowski DB, Cerussi AE, Bevilacqua F, Shah N, Hsiang D,
Butler J, Tromberg BJ: Monitoring neoadjuvant chemotherapy
in breast cancer using quantitative diffuse optical
spectroscopy: a case study. J Biomed Opt 2004, 9:230-238.

Choe R, Corlu A, Lee K, Durduran T, Konecky SD, Grosicka-
Koptyra M, Arridge SR, Czerniecki BJ, Fraker DL, DeMichele A
et al.: Diffuse optical tomography of breast cancer during
neoadjuvant chemotherapy: a case study with comparison to
MRI. Med Phys 2005, 32:1128-1139.

Sunar U, Quon H, Durduran T, Zhang J, Du J, Zhou C, Yu G,
Choe R, Kilger A, Lustig R et al.: Noninvasive diffuse optical
measurement of blood flow and blood oxygenation for
monitoring radiation therapy in patients with head and neck
tumors: a pilot study. J Biomed Opt 2006, 11:064021.

Welch AJ, Gemert MJCV: Optical-thermal Response of Laser-
irradiated Tissue. New York: Plenum Press; 1995.

Vo-Dinh T (Ed): Biomedical Photonics Handbook. New York: CRC
Press; 2003.

Arridge S: Optical tomography in medical imaging. /nverse
Problems 1999, 15:R41-R93.

45.

46.

47.

48.

49.

50.

microscopy of NADH and FAD redox states, fluorescence
lifetimes, and cellular morphology in precancerous epithelia.
Proc Natl Acad Sci U S A 2007, 104:19494-19499.

Taroni P, Pifferi A, Torricelli A, Comelli D, Cubeddu R: In vivo
absorption and scattering spectroscopy of biological tissues.
Photochem Photobiol Sci 2003, 2:124-129.

Zhu C, Liu Q, Ramanujam N: Effect of fiber optic probe
geometry on depth-resolved fluorescence measurements
from epithelial tissues: a Monte Carlo simulation. J Biomed Opt
2003, 8:237-247.

Liu Q, Ramanujam N: Experimental proof of the feasibility of
using an angled fiber-optic probe for depth-sensitive
fluorescence spectroscopy of turbid media. Optics Lett 2004,
29:2034-2036.

Pfefer TJ, Agrawal A, Drezek RA: Oblique-incidence illumination
and collection for depth-selective fluorescence spectroscopy.
J Biomed Opt 2005, 10:044016.

Liu Q, Ramanujam N: Sequential estimation of optical
properties of a two-layered epithelial tissue model from
depth-resolved ultraviolet-visible diffuse reflectance spectra.
Appl Opt 2006, 45:4776-4790.

Amelink A, Sterenborg HICM, Bard MPL, Burgers SA: In vivo
measurement of the local optical properties of tissue by

31. Hielscher AH, Bluestone AY, Abdoulaev GS, Klose AD, Lasker J, 4 d
Stewart M, Netz U, Beuthan J: Near-infrared diffuse optical use of differential path-length spectroscopy. Opt Lett 2004,
tomography. Dis Markers 2002, 18:313-337. 29:1087-1089.
32. Richards-Kortum R, Sevick-Muraca E: Quantitative optical 51. Ohno Y: Improved photometric standards and calibration
spectroscopy for tissue diagnosis. Annu Rev Phys Chem 1996, procedures at NIST. J Res Natl Inst Standards Technol 1997,
; . i i i i i 52. DeCusatis C, Optical Society of America: Handbook of Applied
3. Egﬁmgh\;\r/n Hv?,ggﬁ%%l;o%ﬁ %gﬁ/gaégfsrﬁggg; | Diagnostics. Photometry. Woodbury, N.Y. Washington, DC: AIP Press; Optical
’ ’ Society of America; 1997.
34. ,’i—/l,zgfgsgg:g;?\lgelﬁ YBc\Jll\’/ksEl\?lz)l:cel—ll zg;edktlJ(c;c:klggl_B/gg&eflca/ 53. Pogue BW, Patterson MS: Review of tissue simulating
’ ’ phantoms for optical spectroscopy, imaging and dosimetry.
. i . i J Biomed Opt 2006, 11:041102.
35. Bigio |, Mourant J: Ultraviolet and visible spectroscopies for
tissue diagnostics: fluorescence spectroscopy and elastic- 54. Resch-Genger U, Hoffmann K, Nietfeld W, Engel A, Neukammer J,
scattering spectroscopy. Phys Med Biol 1997, 42:803-814. Nitschke R, Ebert B, Macdonald R: How to improve quality
. assurance in fluorometry: fluorescence-inherent sources of
36. Zuzak KJ, Schaeberle MD, Gladwin MT, Cannon RO 3rd, error and suited fluorescence standards. J Fluorescence 2005,
Levin IW: Noninvasive determination of spatially resolved and 15:337-362.
time-resolved tissue perfusion in humans during nitric oxide
inhibition and inhalation by use of a visible-reflectance 55. Baeten J, Niedre M, Dunham J, Ntziachristos V: Development of

hyperspectral imaging technique. Circulation 2001,
104:2905-2910.

fluorescent materials for Diffuse Fluorescence Tomography
standards and phantoms. Opt Express 2007, 15:8681-8694.

www.sciencedirect.com

Current Opinion in Biotechnology 2009, 20:119-131



130 Analytical biotechnology

56. Les CB: Spectroscopy focus: NIST develops calibration
tools for fluorescent instruments. Photonics Spectra 2007,
41:99-100.

57. Gaigalas AK, LiL, Henderson O, Vogt R, Barr J, Marti G, Weaver J,
Schwartz A: The development of fluorescence intensity
standards. J Res Natl Inst Standards Technol 2001,
106:381-389.

58. DeRose PC, Early EA, Kramer GW: Qualification of a
fluorescence spectrometer for measuring true fluorescence
spectra. Rev Scientific Instrum 2007, 78:033107.

59. Marin NM, MacKinnon N, MacAulay C, Chang SK, Atkinson EN,
Cox D, Serachitopol D, Pikkula B, Follen M, Richards-Kortum R:
Calibration standards for multicenter clinical trials of
fluorescence spectroscopy for in vivo diagnosis. Journal of
Biomedical Optics 2006, 11:14010-14011.

60. Palmer GM, Ramanujam N: Monte-Carlo-based model for
e the extraction of intrinsic fluorescence from turbid media.

J Biomed Opt 2008, 13:024017.
Describes the application of an inverse Monte Carlo model for extraction
of tissue optical properties allowing recovery of intrinsic fluorescence
spectra unfettered by tissue absorption and scattering.

61. Kienle A, Patterson MS: Determination of the optical properties
of turbid media from a single Monte Carlo simulation.
Phys Med Biol 1996, 41:2221-2227.

62. Thueler P, Charvet |, Bevilacqua F, Ghislain MS, Ory G, Marquet P,
Meda P, Vermeulen B, Depeursinge C: In vivo endoscopic tissue
diagnostics based on spectroscopic absorption, scattering,
and phase function properties. J Biomed Opt 2003, 8:495-503.

63. Palmer GM, Ramanujam N: Monte Carlo-based inverse model
for calculating tissue optical properties. Part I: theory and
validation on synthetic phantoms. App/ Opt 2006,
45:1062-1071.

64. Aerts JGJV, Amelink A, van der Leest C, Hegmans JPJJ,

ee Hemmes A, den Hamer B, Sterenborg HCJM, Hoogsteden HC,
Lambrecht BN: HIF1a expression in bronchial biopsies
correlates with tumor microvascular saturation determined
using optical spectroscopy. Lung Cancer 2007, 57:317-321.

An example of clinical validation of quantitative spectroscopy, this study

correlated in vivo hemoglobin saturation measurements in the lung with

independent molecular markers for hypoxia.

65. Amelink A, Kaspers OP, Sterenborg HJCM, van der Wal JE,
Roodenburg JLN, Witjes MJH: Non-invasive measurement of
the morphology and physiology of oral mucosa by use of
optical spectroscopy. Oral Oncol 2008, 44:65-71.

66. Bard MP, Amelink A, Hegt VN, Graveland WJ, Sterenborg HJ,
Hoogsteden HC, Aerts JG: Measurement of hypoxia-related
parameters in bronchial mucosa by use of optical
spectroscopy. Am J Respir Crit Care Med 2005, 171:1178-1184.

67. Chang SK, Marin N, Follen M, Richards-Kortum R: Model-based

e analysis of clinical fluorescence spectroscopy for in vivo
detection of cervical intraepithelial dysplasia. J Biomed Opt
2006:11.

Describes the application of a two-layered tissue model for quantitative

analysis of fluorescence remitted from the uterine cervix in vivo.

68. Fawzy YS, Petek M, Tercelj M, Zeng HS: In vivo assessment and
evaluation of lung tissue morphologic and physiological
changes from non-contact endoscopic reflectance
spectroscopy for improving lung cancer detection. J Biomed
Opt 2006:11.

69. Mourant JR, Bocklage TJ, Powers TM, Greene HM, Bullock KL,
Marr-Lyon LR, Dorin MH, Waxman AG, Zsemlye MM, Smith HO: In
vivo light scattering measurements for detection of
precancerous conditions of the cervix. Gynecol Oncol 2007,
105:439-445.

70. Palmer GM, Zhu C, Breslin TM, Xu F, Gilchrist KW, Ramanujam N:
Monte Carlo-based inverse model for calculating tissue
optical properties. Part II: application to breast cancer
diagnosis. App/ Opt 2006, 45:1072-1078.

71. SunJ, FuK, Wang A, Lin AWH, Utzinger U, Drezek R: Influence of
fiber optic probe geometry on the applicability of inverse
models of tissue reflectance spectroscopy: computational

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

models and experimental measurements. App/ Opt 2006,
45:8152-8162.

van Veen RLP, Amelink A, Menke-Pluymers M, van der Pol C,
Sterenborg HJCM: Optical biopsy of breast tissue using
differential path-length spectroscopy. Phys Med Biol 2005,
50:2573-2581.

Volynskaya Z, Haka AS, Bechtel KL, Fitzmaurice M, Shenk R,
Wang N, Nazemi J, Dasari RR, Feld MS: Diagnosing breast
cancer using diffuse reflectance spectroscopy and intrinsic
fluorescence spectroscopy. J Biomed Opt 2008, 13:024012.

Zhu CF, Palmer GM, Breslin TM, Harter J, Ramanujam N:
Diagnosis of breast cancer using diffuse reflectance
spectroscopy: comparison of a Monte Carlo versus partial
least squares analysis based feature extraction technique.
Lasers Surg Med 2006, 38:714-724.

Zhu CF, Palmer GM, Breslin TM, Harter J, Ramanujam N:
Diagnosis of breast cancer using fluorescence and diffuse
reflectance spectroscopy: a Monte-Carlo-model-based
approach. J Biomed Opt 2008, 13:034015.

Zonios G, Dimou A: Modeling diffuse reflectance from semi-
infinite turbid media: application to the study of skin optical
properties. Opt Express 2006, 14:8661-8674.

Zonios G, Dimou A, Galaris D: Probing skin interaction with
hydrogen peroxide using diffuse reflectance spectroscopy.
Phys Med Biol 2008, 53:269-278.

Vishwanath K, Yuan H, Moore L, Bender J, Dewhirst M,
Ramanujam N: Longitudinal monitoring of 4T1-tumor
physiology in vivo with Doxorubicin treatment via diffuse
optical spectroscopy. Abstract number BTuC3, OSA Topical
Meeting, Biomedical Optics, Washington DC. 2008.

Vaupel P, Hockel M, Mayer A: Detection and characterization of
tumor hypoxia using pO2 histography. Antioxid Redox Signal
2007, 9:1221-1235.

Lundgren K, Holm C, Landberg G: Hypoxia and breast cancer:
prognostic and therapeutic implications. Cell Mol Life Sci 2007,
64:3233-3247.

Brennan DJ, Jirstrom K, Kronblad A, Millikan RC, Landberg G,
Duffy MJ, Ryden L, Gallagher WM, O’Brien SL: CA IX is an
independent prognostic marker in premenopausal breast
cancer patients with one to three positive lymph nodes and a
putative marker of radiation resistance. Clin Cancer Res 2006,
12:6421-6431.

Ghosh N, Mohanty SK, Majumder SK, Gupta PK: Measurement of
optical transport properties of normal and malignant human
breast tissue. App/ Opt 2001, 40:176-184.

Brown JQ, Wilke LG, Geradts J, Kennedy SA, Palmer GM,
Ramanujam N: Quantitative optical spectroscopy: A robust tool
for direct measurement of breast cancer vascular oxygenation
and total hemoglobin content in vivo. Cancer Res 2009, in press
(April 1).

Dellas A, Moch H, Schultheiss E, Feichter G, Almendral AC,
Gudat F, Torhorst J: Angiogenesis in cervical neoplasia:
microvessel quantitation in precancerous lesions and invasive
carcinomas with clinicopathological correlations. Gynecol
Oncol 1997, 67:27-33.

Abulafia O, Sherer DM: Angiogenesis in the uterine cervix.
Int J Gynecol Cancer 2000, 10:349-357.

Pavlova I, Sokolov K, Drezek R, Malpica A, Follen M, Richards-
Kortum R: Microanatomical and biochemical origins of normal
and precancerous cervical autofluorescence using laser-
scanning fluorescence confocal microscopy. Photochem
Photobiol 2003, 77:550-555.

Collier T, Arifler D, Malpica A, Follen M, Richards-Kortum R:
Determination of epithelial tissue scattering coefficient using
confocal microscopy. /[EEE J Sel Top Quantum Electron 2003,
9:307-313.

Georgakoudi |, Jacobson BC, Muller MG, Sheets EE,
Badizadegan K, Carr-Locke DL, Crum CP, Boone CW, Dasari RR,
Van Dam J et al.: NAD(P)H and collagen as in vivo quantitative

Current Opinion in Biotechnology 2009, 20:119-131

www.sciencedirect.com



89.

90.

91.

92.

93.

fluorescent biomarkers of epithelial precancerous changes.
Cancer Res 2002, 62:682-687.

Georgakoudi |, Sheets EE, Muller MG, Backman V, Crum CP,
Badizadegan K, Dasari RR, Feld MS: Trimodal spectroscopy for
the detection and characterization of cervical precancers in
vivo. Am J Obstet Gynecol 2002, 186:374-382.

Ramanujam N, Mitchell MF, Mahadevan A, Warren S, Thomsen S,
Silva E, Richards-Kortum R: In vivo diagnosis of cervical

intraepithelial neoplasia using 337-nm-excited laser-induced
fluorescence. Proc Natl Acad Sci U S A 1994, 91:10193-10197.

Mayevsky A, Chance B: Intracellular oxidation-reduction state
measured in situ by a multichannel fiber-optic surface
fluorometer. Science 1982, 217:537-540.

Chang VT, Cartwright PS, Bean SM, Palmer GM, Bentley RC,
Ramanujam N: Quantitative physiology of the precancerous
cervix in vivo through optical spectroscopy. Neoplasia 2009, in
press.

Chang SK, Arifler D, Drezek R, Follen M, Richards-Kortum R:
Analytical model to describe fluorescence spectra of normal
and preneoplastic epithelial tissue: comparison with Monte
Carlo simulations and clinical measurements. J Biomed Opt
2004, 9:511-522.

Quantitative Optical Spectroscopy of Cancer Brown et al.

94.

95.

96.

97.

98.

99.

100.

131

Amelink A, Robinson DJ, Sterenborg HJCM: Confidence
intervals on fit parameters derived from optical reflectance
spectroscopy measurements. J Biomed Opt 2008, 13:054044.

Arridge SR, Lionheart WR: Nonuniqueness in diffusion-based
optical tomography. Opt Lett 1998, 23:882-884.

Finlay JC, Foster TH: Effect of pigment packaging on diffuse
reflectance spectroscopy ofsamples containing red blood
cells. Opt Lett 2004, 29:965-967.

Nath A, Rivoire K, Chang S, Cox D, Atkinson EN, Follen M,
Richards-Kortum R: Effect of probe pressure on cervical
fluorescence spectroscopy measurements. J Biomed Opt
2004, 9:523-533.

Reif R, Amorosino MS, Calabro KW, A’Amar O, Singh SK, Bigio 1J:
Analysis of changes in reflectance measurements on
biological tissues subjected to different probe pressures.

J Biomed Opt 2008, 13:010502.

Ti Y, Lin W-C: Effects of probe contact pressure on in vivo
optical spectroscopy. Opt Express 2008, 16:4250-4262.

Yu B, Fu H, Bydlon T, Bender JE, Ramanujam N: Diffuse
reflectance spectroscopy with a self-calibrating fiber optic
probe. Opt Lett 2008, 33:1783-1785.

www.sciencedirect.com

Current Opinion in Biotechnology 2009, 20:119-131



	Advances in quantitative UV-visible spectroscopy for clinical and pre-clinical application in cancer
	Introduction
	Biomarkers of cancer
	Vascular and metabolic factors
	Oxygenation and hypoxia
	Angiogenesis and blood volume
	Reduction-oxidation state of the cell

	Morphological factors

	Optical spectroscopy
	Instrumentation
	Instrumentation overview
	Probe geometry
	Calibration
	Algorithms

	Summary of pre-clinical and clinical applications
	Breast
	Pre-clinical applications
	Clinical studies
	Ex vivo studies
	In vivo studies

	Uterine cervix
	Homogeneous models
	Two-layer models


	Challenges and conclusions
	References and recommended reading


