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Abstract: Availability of fast, noninvasive/minimally invasive, and accurate diagnostic tests can
maximize the benefit of patient care. The application of Raman spectroscopy (RS) in biological
and biomedical applications has surged recently as a result of technological advancements in
instrumentation and spectral data handling techniques. With maturation, the potential of RS in
clinical diagnosis of various diseases, in particular, early cancer, has been widely explored and
reported. This paper provides an introduction to the Raman theory and technology behind RS for
nonspecialists interested in its clinical uses. Latest achievements in oncological, cardiovascular,
and neurological applications of RS along with its clinical implementations are discussed.
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Introduction
Advancement in optics and photonics technologies enables us to manipulate light
to obtain clinically relevant information in a rapid and minimally invasive way. The
availability of optical components such as fiber optics, sensitive cameras, and diode
lasers has allowed researchers to bridge the gap between experimental setup and
clinical implementation. The clinical applications of optics, techniques based on
fluorescence and absorption in particular, have continuously claimed new frontiers
in the last 2 decades.'™ Researchers are now able to elucidate different disease states,
make diagnoses, and optimize treatment for a patient based on understanding the
fundamental interactions between photons and tissue. At the same time, maturation
in technologies such as lasers have largely overcome the limitations of conventional
Raman spectroscopy (RS) and made its biomedical utility a possibility. RS’s capability
to work with fiber optics, and with samples abundant in water, to provide information at
the molecular level makes it stand out as a highly desirable tool for tissue interrogation.
This review focuses on the fundamental principles of RS and its clinical utility.
Figure 1 shows the possible interactions between photons and tissue, specular or
diffuse reflection, absorption, elastic scattering, inelastic (Raman) scattering, and
fluorescence.” When the incident light reaches the tissue surface, some of it will be
directly reflected at the mirror direction, known as specular reflectance. The remaining
light that is not directly reflected will be transmitted into the tissue. If this light goes
through multiple scattering events and emerges back through the tissue surface, it is
known as diffuse reflectance. If these scattering events do not change the frequency and
energy (wavelength) of the photon, it is known as elastic scattering, where scattering
events that do alter the frequency and energy of the photon are known as inelastic
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Figure | Schematic diagram of the potential light—tissue interactions, as shown
specifically in lung tissue.

Note: Reprinted from Photodiagnosis Photodyn Ther, 2004;1(2), Zeng H, McWilliams A,
Lam S, Optical spectroscopy and imaging for early lung cancer detection: a review,
111-122.> Copyright © 2004, with permission from Elsevier.

scattering (Raman scattering). Absorption of a photon occurs
when the energy of the photon is transferred to a molecule,
putting the molecule in an excited state. The release of this
energy causing the molecule to return to a ground state is
known as fluorescence.’ Each modality carries morphologi-
cal or chemical characteristics of the tissue which are either
unique or complementary to others. For example, spectral
information obtained with Raman scattering and IR absorp-
tion are complementary due to different chemical bond selec-
tion rules.*® Raman scattering, one of the forms of inelastic
scattering, occurs when an incident photon is scattered by

a molecule and emerges at a wavelength different from that
of the incident photon. This wavelength difference is related
to the energy required to excite a corresponding molecular
bond into a different vibrational energy state, as shown in
Figure 2. When the photon transfers energy to the chemi-
cal bond in Raman scattering, a Stokes shift in wavelength
occurs, whereas when the photon gains energy from the bond,
an anti-Stokes shift in wavelength occurs.”!* Stokes scatter-
ing is a more likely occurrence because the vast majority of
molecules are in the ground vibrational state as described by
the Boltzmann distribution.®

Raman scattering can occur for all photon wavelengths
that make up the incident light, provided there is a vibrational
mode in the sample with a transition energy less than the
energy of the incident photons with the longest wavelengths.
In practice, most of the information about the sample can be
obtained from Raman scattering when using incident photons
with a very narrow, peak-shaped band of wavelengths. In this
case, the Raman-scattered light from one vibrational mode
is also emitted in the shape of a peak, called a Raman peak.
Thus knowing the center wavelength of the incident light
and measuring the center wavelength of the Raman peak, the
vibrational energy of a molecular bond can be determined.
The narrower the band of incident wavelengths, the better it
is for separating Raman peaks caused by different vibrational
modes that are separated by a small energy difference. RS
utilizes Raman scattering by probing a wide range of molecu-
lar vibrational energy modes of a sample either sequentially
or simultaneously which is more typical of modern systems.
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Figure 2 Schematic showing the difference between Stokes and anti-Stokes Raman scattering.

Notes: When a difference in energy occurs between the initial vibrational energy state and the resulting vibrational state, a shift in the frequency of the emitted photon
will occur. The incident photon has wavelength A, and the inelastically scattered photon has wavelength A . The difference between the inverse of these two wavelengths
is known as the Raman shift, a value that is directly related to the energy. As wavelength is in the order of nanometers, and Raman Shift is expressed in cm™', a conversion

between the two units is required.
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The output of this probing is a characteristic series of Raman
peaks called a spectral fingerprint (FP), containing informa-
tion about the chemical structures and quantities of specific
molecules in the sample.

When light is scattered by a molecule, most photons are
elastically scattered (Rayleigh scattering), and only approxi-
mately one in a million photons is inelastically scattered
and emerges with a change in energy.'* Although relatively
small in numbers, these Raman-scattered photons can be
quantified with reasonable statistical accuracy, at incident
light intensities that do not damage even the most delicate
of samples, and with relatively short exposure times. In
simple monomolecular samples, the measured intensity of
the Raman-scattered photons from one molecular vibrational
mode is proportional to the abundance of those molecules in
the sample.'* For biological samples, where many different
types of molecules can contribute to the measured Raman
signal, the relationship between the intensity of a Raman peak
and molecular abundance is complex since many types of
molecules can share the same chemical bonds, and different
chemical bonds can share the same energy. Nevertheless,
the variation in the wavelength position and intensity of all
the Raman peaks in a Raman spectrum is highly specific to
a unique set of chemical bonds, which enables the use of
RS for the clinical utility of multiple maladies in vivo and
ex vivo.

Clinical RS measurements can be accomplished through
macrosamplings (greater than or equal to a square millimeter)
of tissue or bodily fluids where the signal mainly comes from
proteins, lipids, and nucleic acids, within the excited tissue
volume. Changes in tissue pathological states, which are usu-
ally preceded by and correlated with biochemical changes,
can be inferred through spectral analysis, demonstrating
RS to be a valuable clinical tool.'>'” On the other hand, if
initial neoplastic growth begins within epithelial layers of
the tissue, macrosampling may introduce unwanted Raman
and endogenous auto-fluorescence (AF) signals generated
from deeper tissue layers that can overwhelm the clinically
relevant Raman signal. To overcome this problem, various
optical designs can be used to obtain Raman spectra predomi-
nantly from a thin tissue layer at a particular depth below
the surface. Both these sampling techniques are amenable
to in vivo measurement and ex vivo sample analysis.'8 Other
techniques for reducing the inherent AF of the tissue are by
using a different excitation wavelength or by detecting the
Raman in the high-frequency region (1,800-3,200 cm™)
since AF is usually most severe with shorter excitation
wavelengths and for Raman peaks in the FP spectral region

(=500-1,800 cm™). These two wavenumber regions can be
simultaneously measured with the same equipment or probed
separately at a higher spectral resolution through hardware
modifications such as a change of excitation wavelengths or
the spectrometer configuration.

Extracting a pure Raman signal from in vivo or ex vivo
tissue is challenging but can be effectively managed with
data processing techniques. Spectral contributions from other
light tissue interactions can greatly complicate the situation,
making it hard to separate the Raman signal from the AF
background. Many effective strategies have been employed
to separate Raman peaks from the AF. For example, the
Vancouver Algorithm' is an iterative polynomial that fits
the fluorescence background signal and is subsequently sub-
tracted, leaving the Raman signal. Although the polynomial
fit may not remove the fluorescence entirely or cause some
signal loss in the Raman peaks, it has been successfully used
to separate the Raman signal.?’ The use of second-order
derivatives has also shown to minimize the AF background.?!
Once the background signal is removed, one can analyze the
Raman signal using a variety of methods in order to determine
how the signal relates to a pathological state. Large amounts
of data come from each Raman spectrum, often at >1,000
discrete wavenumbers, which need to be reduced in a way that
preserves the spectral variations that hold relevant informa-
tion useful for classification. Many methods of data reduction
are currently in use including principal component analysis
(PCA), partial least squares (PLS), independent component
analysis (ICA), etc. PCA, for example, aims to summarize
the large amounts of data without losing too much important
information. The PCA accomplishes this through the use of
an orthogonal transform, causing the highest variance to be
captured in the early components. Multivariate statistical
analysis is often used to determine the important differences
in disease states because valuable spectral information may
come from more than one Raman peak. Alternatively, regions
of the spectra may not hold any relevant spectral information
at all, or are highly correlated to other peaks in the spectra
creating a colinearity problem. However, this problem can
be solved using some of the same techniques as used in data
reduction, including PCA and PLS.

Ongoing preclinical developments

Detecting the Raman peaks outside of the FP region and
mathematical processing, however, are not the only ways to
improve the Raman signal strength. Methods such as surface-
enhanced Raman spectroscopy (SERS), coherent anti-Stokes
Raman spectroscopy (CARS), and stimulated Raman
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spectroscopy (SRS) have been used in lieu of the classic
RS. SERS is a method in which the sample molecules are
in proximity to a metallic surface, which causes the Raman
signal to be enhanced by up to eleven orders in magnitude.?
The majority of SERS work has been done using roughened
gold and silver as substrates, but the use of metallic nanopar-
ticles has shown promising utility. Specifically, there are two
uses of the nanoparticles: enhancing the Raman signal from
a biological material, the nanoparticle comes into contact
with, or enhancing a Raman signal from a coating applied
to the nanoparticle itself. Both have shown to be of use when
tracking biological or metabolic processes since antibodies
are able to be tagged to the nanoparticles.”* > Yet, in all SERS
cases, the increase in Raman signal comes from enhancement
through either electromagnetic or chemical interactions.?
The theory that describes enhancement through electro-
magnetic interactions proposes that the excitation of surface
plasmons on the metallic structure causes an increase in the
local electric field, resulting in an increased Raman signal
from the material in the vicinity of this electric field.?*
In contrast, the theory that supports chemical interactions
describes the increase in signal as a result of the formation
of temporary charge-transfer complexes,? causing increased
electron and photon coupling. SERS is effective in a labora-
tory setting, and in animal models, but has not been adapted
to any great extent to clinical settings because of problems
such as nanoparticle delivery at target tissues and possible
toxicity effects.*

CARS, a method of nonlinear Raman scattering, involves
two laser beams, known as the pump beam and the Stokes
beam (or probe beam), that interact together with the sample
to produce a coherent signal that can produce an anti-Stokes
shift.’! The frequency of the pump beam is constant where the
frequency of the probe beam is tuned in such a way that the
frequency difference between the two beams corresponds to
the frequency of a Raman mode of interest, causing a large
increase in intensity of a specific Raman peak. One drawback
of CARS is that Raman peaks outside of this stimulated signal
are detected as well as emission from water vibrations which
contribute to the background signal. Although some in vivo,
real-time CARS imaging systems have been developed,®?33
they are still in the laboratory preclinical phase due to the
size and cost restraint of current systems.

SRS, a method similar to CARS, also involves two laser
beams (pump and probe beam) whose energy difference
matches a molecular vibration; however, SRS does not suffer
from the same background signal drawbacks because only
the stimulated signal is detected. Water is abundant in most

biological tissues; but SRS has the ability to remove the
endogenous water contribution to a Raman signal, showing
a highly specific application in the biomedical field. It gives
4-5 orders of magnitude enhancement when compared to
classic Raman scattering. Currently, thick tissues cannot
yield enough light for a good signal-to-noise ratio (SNR).*
SRS has yet to be used in a clinical trial setting for much of
the same reason as CARS. Despite the many challenges in
using SERS, CARS, and SRS, they remain important in the
medical field for ex vivo diagnoses and testing, and we believe
they will eventually make their way into the clinical setting.
Currently, the most abundant use of RS in a clinical setting is
classic Raman scattering, and, as such, this review will focus
on the clinical developments utilizing this modality.

Oncology applications and

developments

The earlier a cancer is detected, the better the prognosis and
a more favorable the outcome for the patient.*>” Typically,
a cancerous lesion will not suddenly appear; there is a progres-
sion of precancerous states in which the lesion will go through
first. For example, although some moderate dysplastic lesions
spontaneously regress, most have an increased probability of
progressing through a series of higher grade dysplasias before
becoming invasive cancer.*®* This progression is common in
most cancer subtypes that arise at epithelial surfaces. There-
fore, catching the lesion in a dysplastic or noninvasive state
will yield the best outcome for the patient. The high chemical
specificity of RS makes it an ideal tool to detect biochemical
changes in tissue before the macroscopic changes become
evident. Here, we review the use of RS for early detection of
different types of cancer. Many types of cancers at different
body sites including skin, lung, breast, gastrointestinal tract,
cervix, oral cavity, brain, and bladder have been studied with
several types of Raman measurement systems. Differentiation
between different histopathologic classes such as malignant
versus benign, dysplasia, and normal has been attempted
using a wide selection of data-analysis techniques such as
PCA and linear discriminant analysis (LDA). The overall
diagnostic sensitivities and specificities were somewhere
between 73% and 100% and 66% and 100%, respectively.
A detailed review of RS on different cancer types is given
in the following sections.

Skin cancer

Skin cancer has multiple forms, each with a varying malignant
probability. Although squamous cell carcinoma (SCC) and
basal cell carcinoma (BCC) are generally believed to be slow-
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growing and less aggressive cancers, malignant melanoma
(MM) is not. Similar to other cancers, when diagnosed at
the early localized stage, MM has a higher 5-year survival
of ~90%.*® However, this number drastically decreases if the
disease is diagnosed at a metastatic stage, resulting in a 5-year
survival of ~20%.3* Currently, the gold standard for detecting
MM is a biopsy followed by histopathology. Consequently,
when a patient is undergoing a clinical examination, often
multiple biopsies are taken, resulting in scarring and dis-
comfort for the patient. As well, histopathology most often
requires time to interpret the tissue, resulting in a diagnosis
that may take days. There is a great need for rapid, real-time,
and bedside classification of skin cancers.

Research into utilizing RS to determine problematic
moles began in the early portion of the decade. A clinical
skin system has been successfully developed,*** trialed
clinically,® and is currently being produced commercially
by Verisante Technology Inc. (Vancouver, Canada). The
first-generation system in 2008 consisted of a 785 nm excita-
tion laser (controlled by in-house software), a custom-made
Raman probe, and a spectrograph coupled to a charge-
coupled device (CCD),*#! as shown in Figure 3. The probe,
as shown in Figure 4, consisted of a single 200-um-diameter
excitation fiber and 58 pum and 100 um diameter collection
fibers. The in-house software enabled real-time dark noise
removal, calibration (intensity, wavelength, and spectral
response), signal saturation detection, cosmic ray detection,
and iterative fluorescence background removal." The 2008

study used a volunteer to demonstrate that the system was
able to show Raman peaks in vivo on human tissue.*

A single-center clinical trial was conducted to test the
utility of an RS system to detect skin cancers in vivo.? After
measuring 1,022 skin lesions, it was shown that an algorithm
based on the spectra was able to successfully classify three
separate criteria from benign skin lesions. Using multivariate
analysis (PCA-general discriminant analysis [GDA] or PLS),
malignant and premalignant conditions were separated from
benign lesions with 90% sensitivity and 66% specificity.
Melanomas were separated from benign pigmented lesions
with 90% sensitivity and 68% specificity. Melanomas could
also be separated from seborrheic keratosis with 90% sen-
sitivity and 68% specificity. A Raman system based on the
technology and the results of the research system used in that
clinical trial is now commercially available through Verisante
Technology, Inc.?” The mean Raman spectra, shown in two
different wavenumber ranges, can be seen in Figure 5. The
prominent peaks for the corresponding biochemical compo-
nents are found in Zhao et al.**

In 2008, Lieber et al developed a portable Raman system
for the detection of skin cancers.* They focused on nonmela-
noma cancers and developed a system based on micro-RS.
Their system consisted of a handheld probe coupled to a
825 nm laser and spectrometer. Twenty-one spectra were
collected, each with matched normal spectra. Preprocessing
included the extraction of diagnostically relevant spectral
information through maximum representation and dis-

In vivo Raman spectrometer system

Diode laser (785 nm)

s
Single
fiber
—
Fiber bundle
Raman
probe
Skin e
Calibration
fiber

Computer

VPT
grating

Spectrograph

Figure 3 Schematic of a real-time in vivo skin Raman system.

Note: Reproduced from Lui H, Zhao ], McLean D, Zeng H. Real-time Raman spectroscopy for in vivo skin cancer diagnosis. Cancer Res. 2012;72:2491-2500.°

Abbreviations: CCD, charge-coupled device; VPT, volume phase technology.
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Figure 4 Schematic of the probe design for an in vivo skin Raman system.

Note: Reproduced from Zhao J, Lui H, McLean DI, Zeng H. Integrated real-time
Raman system for clinical in vivo skin analysis. Skin Res Technol. 2008;14(4):484—492.
Copyright © 2008. With permission of John Wiley and Sons.

Abbreviations: BP, band pass filter; LP, low pass filter.

crimination feature, followed by probabilistic classification
analysis via sparse multinomial logistic regression. The group
was able to classify the spectra with 100% sensitivity and
91% specificity.*

A Mean Raman spectra by diagnosis (500-1,800 cm™")

Normalized Raman signal (au)

500 600 700 800 900 1,000 1,100 1,200 1,300 1,400 1,500 1,600 1,700 1,800
Raman shift (cm™)

o]

Mean Raman spectra by diagnosis (500-1,055 cm™)

N o
~ =)
L !
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o
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Figure 5 Mean Raman spectra by diagnosis in the (A) spectral range of 500" to
1,800 cm™, or (B) the spectral range of 500~ to 1055 cm™'.

Note: Reproduced from Lui H, Zhao |, McLean D, Zeng H. Real-time Raman
spectroscopy for in vivo skin cancer diagnosis. Cancer Res. 2012;72:2491-2500.2
Abbreviations: MM, malignant melanoma; BCC, basal cell carcinoma; SCC,
squamous cell carcinoma; AK, actinic keratosis; AN, atypical nevus; BN, blue nevus;
CN, compound nevus; IN, intradermal nevus; N, junctional nevus; SK, seborrheic
keratosis.

Lung cancer

Lung cancer is one of the leading causes of cancer-related
deaths in North America with a dismal 5-year survival
rate of ~15%.3 Current detection strategies for lung can-
cer include the use of computed tomography (CT) scans,
which suffer from a high false-positive rate and the need
to use other discriminatory factors to make an informed
predictive decision.* Similarly, white-light bronchoscopy
(WLB) and autofluorescent bronchoscopy (AFB) are also
used, but once again they suffer from either low sensitiv-
ity or specificity.!** There is little visual contrast in WLB,
making lesion detection difficult; in AFB, most abnormal
areas, including infection and inflammation, appear visually
similar to those of progressive cancer. There are almost no
visual changes in preinvasive lesions under WLB, but AFB
provides higher contrast, allowing the area to be visualized
more easily, as shown in Figure 6. However, due to the
lack of specificity in AFB, physicians have considerable
discretion when choosing which sites to biopsy, leading

Figure 6 White light (A) and fluorescence (B) images of the same location in a
bronchial tree during a bronchoscopy procedure, in which the arrow shows the
location of a carcinoma in situ lesion.

Notes: The same lung lesion is shown in both images, but is easily visualized under
fluorescent light. Reprinted from Photodiagnosis Photodyn Ther, 2004;1(2), Zeng H,
McWilliams A, Lam S, Optical spectroscopy and imaging for early lung cancer
detection: a review, | 11-122,° Copyright © 2004, with permission from Elsevier.
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to variability based on operator experience. RS has been
proposed as an adjunct method to classic WLB+AFB in
order to combat this.

A study conducted in 2008 by Short et al had demon-
strated the technical feasibility of measuring in vivo lung
lesions using RS.*’ Building from the success of the technol-
ogy development, a pilot study was then conducted by Short
etal in 2011*! testing the utility of using RS in vivo for clinical
lung lesion classification in the central bronchial tree. The
authors suggested that with objective Raman measurements,
a physician would be able to conclude whether to biopsy
a site without bias or with little clinical experience. The
pilot clinical study had a total of 26 patients (129 sites) and
used a real-time homemade RS system. The system con-
sisted of a liquid-nitrogen-cooled CCD camera coupled to
a spectrometer, a diode laser for excitation at 785 nm, and
a custom-made Raman probe — manufactured using one
excitation fiber and 27 collection fibers. Figure 7 shows the
detailed configuration of the system. The Raman signals are
collected by the Raman probe, which is coupled to a special
round-to-parabolic fiber bundle after a second-stage filtering
by the filter module. The curved arrangement of the fibers at
the spectrograph entrance serves to correct the spectral image
aberrations and facilitate CCD full-column vertical binning.
These innovative designs resulted in improved spectral reso-
lution and improved SNR.*” The system spectral resolution
was 10 cm™! and spectral acquisition was completed within
1 second. Three methods of preprocessing were used by the
authors, namely a three-point average smoothing, a polyno-
mial fitting routine to remove the endogenous fluorescence
of lung tissue, and the use of second-order derivatives. The

Filter
module

Figure 7 Schematic of a lung endoscopy Raman system.

Note: Reproduced from Short MA, Lam S, McWilliams A, Zhao |, Lui H, Zeng H.
Development and preliminary results of an endoscopic Raman probe for potential in
vivo diagnosis of lung cancers. Opt Lett. 2008;33:711-713.4

Catheter Spectrograph

101983190

second-order derivatives followed by PCA and LDA gave the
best classification of lung lesions. The authors were able to
elucidate changes in the spectra based on different disease
states, and were able to conclude the study with a sensitivity
and specificity of over 90%.2!

Breast cancer

Breast cancer is the second leading cause of cancer-related
deaths in women worldwide, exceeded only by lung can-
cer.’ In 2014, over 230,000 new cases of breast cancer were
diagnosed in the USA,* with similar statistics throughout the
developed world. Although in the past 2 decades there have
been some great successes made in breast cancer detection,
including finding high-risk patients who carry the BRCA
mutated genes, there will still be ~40,000 deaths annually
in the USA.*¢ Currently, low-dose screening mammography
has been shown to identify problematic nodules in the breast.
However, similar to CT used in other organs, there is a high
false-positive rate.

In 1998, Manoharan et al showed that the ex vivo clas-
sification of normal, benign, and malignant breast tissues was
possible using RS,* work that was important to the devel-
opment of other breast Raman systems. In 2006, Haka et al
investigated on the utility of taking RS measurements during
a mastectomy in order to elucidate tumor tissue margins.*
Twenty-nine normal tissue spectra were collected, along with
one malignant tissue spectrum. Even with a small dataset,
the group was able to achieve 100% sensitivity and 100%
specificity using a developed algorithm that compared the
tested spectra to spectra of fat and collagen, which in turn
determined how normal or abnormal the spectra were.

A group led by Fitzmaurice has worked extensively with
ex vivo breast tissue.’*> The most recent 2013 study from
the group looked at the utility of using RS at the bedside of
an operation in real time on freshly extracted samples. An
algorithm based on support vector machines was able to
yield a sensitivity of 62.5% and specificity of 100% when
classifying breast cancer and an overall accuracy of 82.2%
when the group classified lesions into normal, fibrocystic
change, fibroadenoma, or breast cancer.™

Colorectal cancer

Colorectal cancer annually contributes to >50,000 deaths
in the USA alone.’® Although colorectal cancer has a higher
S-year survival rate than most cancers (>60%), it remains
among the top three causes of cancer-related deaths due to
such a high incidence rate.* It also suffers from the same
detection problem as lung cancer, where current methods
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of detection have a low specificity. Colorectal cancer is
thought to develop from andenomatous polyps, which are
abnormal growths of tissue projecting out from the surface
of the intestinal lining. In many patients, these growths that
project out from the tissue surface will often be biopsied, as
they are all risk factors. However, diminutive polyps are not
visualized as easily, because they can look similar to normal
folds in the tissue. These diminutive polyps also do not pose
a large threat to the patient, as they are rarely malignant or
even high-grade dysplasia. Approximately half of these
polyps have been shown to be adenomas, and it has been
questioned how much the removal of these actually helps the
patient.> It has been suggested that sending biopsies of each
of these diminutive polyps is too costly and unnecessary, so
aresect-and-discard strategy has been proposed.** However,
if physicians had biochemical information at the bedside
using RS in real time, there would be minimal added cost to
the procedure, and an objective, reliable decision about the
risk of a polyp could be reached without sending biopsies
for histological assessment.

A system was developed as early as 2003 by Molckovsky
et al. Uniquely, the study collected both ex vivo and in vivo
clinical data, using a system that was custom-built with a
fiber-optic probe and near-infrared laser excitation. The group
collected 54 ex vivo samples (20 hyperplastic, 34 adenoma-
tous) and was able to successfully classify — using PCA
and LDA — samples into their appropriate groups with 91%
sensitivity and 95% specificity. The in vivo collected data
(ten adenomas and nine polyps) were able to be success-
fully classified with 100% sensitivity and 89% specificity.
The algorithm developed from the ex vivo data yielded poor
classification results when tested on the in vivo data. The
authors concluded that in vivo data must be treated separately
from ex vivo data.

More recently, a study was conducted testing the novelty
of using low-frequency (LF) and high-frequency (HF) RS
on ex vivo colon tissue. A system was developed similar to
other previously described Raman-based devices,?'"” where
a 785 nm diode laser was attached to a fiber-optic probe,
which in turn was connected to a spectrograph coupled with
a CCD. The authors found that in the LF region the spectra
were similar to those of the Molckovsky et al study,’ where
the malignant tissue showed a general increase in lipids
and a general decrease in proteins and amino acids. The
spectra were successfully classified into malignant versus
nonmalignant groups — using a PCA-LDA model — with
a specificity of 88% for excised tissue. The parallel study
done on the same samples using HF measurements were

also positive. Although it was difficult to see large spectral
changes between pathology groups in the HF spectra, the
study was able to conclude a classification into appropri-
ate groups with a specificity of 89% for excised tissue.*
The authors concluded that HF measurements would be
appropriate for the colon and have some advantages over
the traditional LF measurements. A large-scale trial should
be the appropriate next step.

In 2015, a study conducted by Huang et al tested the
feasibility of using combined FP and HF readings with the
same spectrometer on adenomatous polyps.*® The group
developed a system consisting of a diode laser with an
excitation wavelength of 785 nm, a high-throughput spectro-
graph with a gold-coated grating, a near-infrared optimized
CCD, and a fiber-optic probe — a system that was capable of
light collection in both frequency regions simultaneously. The
group measured 50 patients with the system and obtained
118 spectra from hyperplastic lesions and 184 spectra from
adenomatous lesions. Through PLS-DA, the group was able
to successfully separate adenomatous polyps from hyperplas-
tic polyps with 90.9% sensitivity and 83.3% specificity.*® The
authors suggest that the combined FP and HF region provides
superior results when compared to either region alone.*®

Cervical cancer

This is the third most common cancer of women world-
wide and the leading cause of cancer-related death among
women.*** Currently, the method of detection for cervical
cancer is exfoliative cervicovaginal cytology, which is also
known as a Papanicolaou (Pap) smear.® Although this method
has good specificity (>86%), the sensitivity is in the range
0f 30%—-87%.%! Subsequently, the traditional follow-up to an
abnormal Pap smear is known as white-light colposcopy.®
Similar to other mucosal surfaces, there is a great need to
be able to diagnose precancerous lesions at the bedside in
real time.

To date, five in vivo studies have been done using RS
for the differentiation of cervical abnormal tissue compared
to normal tissue. The first, which aimed at differentiating
squamous dysplasia compared to normal epithelium, was
conducted in 20019 and had 24 spectra measured from 13
patients. Using an algorithm based on the intensity ratios,
the group yielded a single misclassified spectrum. In 2007,5
a study was conducted with spectra taken from 79 patients.
Using logistic regression discrimination, the group achieved
a sensitivity of 89% and specificity of 81% for differentiating
normal ectocervix, squamous metaplasia, and high-grade
dysplasia.®
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In 2009,% 2011, and 2012, the same group reported
three different in vivo studies. In the 2009 study, a system
consisting of a 785 nm excitation laser coupled to a fiber-
optic probe that terminated in a ball lens measured 92 in vivo
spectra from 46 patients. Measurements were taken in the HF
region. The group was able to classify cervical dysplasia from
normal tissue with a sensitivity and specificity of 94% and
98%, respectively, using PCA followed by LDA.% However,
as Wang et al suggests, this high performance may be due
to over-training of the classification algorithm.'” In the 2011
study, a total of 105 spectra were measured from 29 patients,
using the same system as previously described.® Once again,
the group aimed to distinguish precancerous dysplasias from
surrounding normal tissue, but included genetic algorithm
(GA) as part of the feature selection prior to PLS-LDA. With
GA included, the sensitivity and specificity calculated were
72.5% and 89.2%, respectively.®® In the latest study con-
ducted, the group developed an integrated confocal system
capable of both LF and HF readings.*” A total of 476 in vivo
measurements were collected. Using the previous method of
PLS-LDA, the group was able to achieve similar sensitivities
and specificities to their previously reported work.

Upper gastrointestinal tract cancer

This includes both esophageal and stomach cancer. Esopha-
geal cancer has a poor 5-year survival rate of <20% and was
one of the top ten cancers deaths in men during 2014 in the
USA.*¢ These statistics are typical across most developed
nations.* Stomach cancer has a miniscule improvement over
esophageal cancer, with a 5-year survival rate of <30% and
was responsible for over 10,000 deaths in the USA during
2014.%¢ There is a unique environment in the stomach,
and (sometimes) in the esophagus, due to the presence of
hydrochloric stomach acid. In a condition known as Barrett’s
esophagus, the stomach acid continuously attacks the
epithelial cells around the cardiac sphincter after escaping
from the confines of the stomach. Barrett’s esophagus is a
complication from gastric reflux, which causes dysplasic
cells. These dysplasias may progress into invasive cancers,
but, similar to the lung and colon, determining which ones
will do so is currently impossible to predict.

Three studies conducted by Huang et al looked at
stomach ulcers in 2009, 2010,* and 2012.7° Between 1%
and 5% of gastric ulcers will progress into invasive cancer,
and those ulcers that will progress appear the same as
those that will not. In the 2009 study,*® a total of 65 gastric
lesions (44 normal and 21 dysplasia) were measured using
an in vivo Raman system. In order to determine a diagnos-

tic decision, the intensities of two peaks were combined
into ratios, 875 cm'versus 1,450 cm™ (I875/11450) and
1,208 cm™! versus 1,655 cm™ (11208/11655), which gave a
sensitivity of 90.5% and a specificity of 90.9%. The group
then measured 924 Raman spectra from normal tissue, 111
Raman spectra from benign ulcers, and 67 Raman spectra
from ulcerated adenocarcinoma in the 2010 study.® Once
again, the group used PLS-LDA and achieved good sepa-
ration of the groups. They were able to determine normal
gastric tissue with a sensitivity of 90.8% and a specificity of
93.8%.% They were able to classify benign stomach ulcers
with a sensitivity of 84.7% and a specificity of 94.5%.%°
Finally, they were able to classify malignant ulcers with a
sensitivity of 82.1% and a specificity of 95.3%.% The work
that this group has done shows the utility of using RS for
cancer diagnosis in the upper gastrointestinal tract. Finally, in
2012, the group measured a total 0f 2,748 in vivo gastric tis-
sue spectra (2,465 normal and 283 cancer) using a real-time
platform. Previous work was subjected to postprocessing
and offline algorithm development, which were overcome
in their latest study. The algorithm was tested on acquired
data (80% training with 20% testing), and they were able to
successfully classify gastric lesions using PLS-DA with a
sensitivity of 80.5% and a specificity of 86.2%. Interestingly,
the algorithm was then applied to ten new gastric lesions
during gastroscopy, to achieve a sensitivity of 90% with a
specificity of 73.3%.7

The same group looked at esophageal cancer in 2013,
and used in vivo RS to look at the biochemical signatures
of benign Barrett’s lesions compared to those of invasive
cancers.”! There were clear visual differences in the mean
Raman spectra from those from a system that had been
previously described (785 nm diode laser, fiber-optic probe,
and a spectrograph coupled to a CCD). The group was able
to successfully classify high-grade dysplasias from normal
esophageal lesions using PLS-LDA, giving a sensitivity of
91% and a specificity of 83%."

Oral cancer

Oral cancer has a 5-year survival rate of <60%.*¢ Although
access to the oral mucosa is easy, there is no visible change
in the mucosa until the tumor has reached a later stage, result-
ing in a poor prognosis, which is also due to the inherent
heterogeneity of oral cancer, poorly defined tumor margins,
and the large error associated with oral biopsies. These
compounding factors also result in a high reoccurrence of
oral cancer because complete lesions are often not removed
the first time.
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A group lead by Krishna et al created a system for in
vivo oral Raman classification that attempted to combat the
increasing numbers of oral cancer cases found in South and
Southeast Asia.” The study had a total of 171 patients with
oral lesions and 28 healthy volunteers.” The Raman spectra
of the diseased tissue were of the following diagnoses (either
determined by histopathology or by clinical assessment): oral
squamous cell carcinoma (OSCC), oral submucosa fibrosis
(OSMF), or oral leukoplakia (OLK). Preprocessing included
the extraction of diagnostically relevant spectral information
through maximum representation and discrimination feature,
followed by analysis using probabilistic classification via
sparse multinomial logistic regression. The study achieved
good diagnostic accuracy for the three diseased groups and
the normal group, which were 89%, 85%, 82%, and 85%,
respectively.” The system was constructed from a 785 nm
excitation laser, an electrically cooled back-illuminated CCD
coupled to a spectrograph, and a fiber-optic probe. The probe
consisted of a central 400 um diameter excitation fiber sur-
rounded by seven 300 um diameter collection fibers. The
spectral resolution was 20 cm™, and the data acquisition
time was <5 seconds.

A better in vivo Raman system has been designed for
diagnostic use in the mouth and oral cavity”>™ in North
America. The pilot study conducted by Guze et al in 2014
succeeded in excellent group separation of oral diseases from
18 patients. Spectra were classified into a benign or malignant
category, and analysis using PCA-LDA, which provided 100%
specificity with 77% sensitivity.” The authors concluded that,
although a larger study group was needed, there was promise
for the use of RS as an effective diagnostic tool. The system
design was published in 2009,%” and consisted of an excitation
laser (785 nm), spectrograph coupled to a detector, optical
filtering in two stages, and specially designed fiber bundles,
similar to what is shown in Figure 5. The detachable Raman
probe was also specially designed for use in the oral cavity,
which was constructed of one excitation fiber surrounded by
31 collection fibers.” The spectral resolution was 10 cm™,
and the data acquisition time was <1 second.

Although the aforementioned studies have shown the
utility of RS for in vivo oral cancer classification, there
have also been multiple studies carried out on the use
of RS as an ex vivo diagnostic tool. These studies have
shown that RS is able to successfully show the presence
of proteins, hydroxyapetite, lipids, and nucleic acids. One
study used Fourier transform Raman Spectroscopy (FTRS),
which was able to successfully suppress the endogenous
fluorescence signal while providing a good separation of

malignant versus normal groups with 100% sensitivity and
69% specificity.” Another study has shown that micro-RS is
able to classify ex vivo oral tissue sections into the correct
cell layers.”® The overall conclusion from ex vivo research
has been that RS has great clinical potential and utility for
oral mucosa.

Brain cancer

Brain cancer has a dismal 5-year survival rate of ~35%, and
over 23,000 new cases will be diagnosed each year in the
USA alone.*® Often, the intervention includes the removal of
cancerous brain tissue through surgical procedures. Yet, there
are forms of brain tumors (grade 2/3 astrocytomas, grade
2/3 ogliodendrogliomas, and grade 4 glioblastomas) that are
locally invasive,”” and so removal of sections often means that
cancerous tissue is only partially excised. Currently, there is
no way to clinically determine which tissue is normal and
which is invasive cancer.”’ The inability to determine tumor
tissue margins in the brain negatively affects the patient as
a relapse is common.

Although the majority of brain cancer research has been
done on mouse models, or ex vivo tissue, a group in Montreal,
Canada, has developed a Raman system for in vivo use on
human brain tissue.”” The system consists of a 785 nm diode
laser, a handheld custom-built probe, and a spectrograph
coupled to a CCD. The handheld probe was designed to touch
the surface of the brain intraoperatively and contained fiber-
optic cables connected directly to the diode laser. The group
measured 161 (66 normal spectra and 92 cancer spectra) spectra
from a total of 17 patients. Spectral analysis was done through
the use of boosted trees, and the group achieved a sensitivity of
93% and a specificity of 91%.”” Although the study comprised
a small number of patients, and the spectra were significantly
different from those of ex vivo brain tissue, it was shown that
they could be used to successfully classify brain lesions.

Bladder cancer
Bladder cancer was one of the top ten diagnosed cancer
subtypes in the USA in 2014, with incident rates in men
over double that in women.*® Currently, nonmuscle-invasive
bladder cancer is diagnosed through the use of transurethral
resection of bladder tumor (TURBT) to obtain biopsies for
histopathology to stage the tumor. Following diagnosis,
treatment of the tumor using TURBT is often carried out as
an intervention method; however, as many as 50%-70% of
patients suffer from a recurrence.”

In 2004, Crow et al developed an ex vivo system to test
the differences between normal and cancerous bladder (and
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prostate) lesions.” The system consisted of a 785 nm exci-
tation laser, a high-throughput spectrograph, and a liquid-
nitrogen-cooled CCD. Samples of bladder were collected
through TURBT and snap-frozen prior to RS analysis. Using
a fifth-order polynomial fitting for background removal and
an algorithm developed with PCA-LDA, the group was able
to achieve an overall diagnostic accuracy of 84%.” The
authors concluded that the results were promising and would
pave the way for in vivo studies.

In 2010, Draga et al tested a high-volume RS system
in vivo with the intent of determining how invasive a
bladder tumor was.?’ They used a system that consisted of
an excitation source of 785 nm, a fiber-optic probe, a CCD
camera, and a custom-made imaging spectrograph. In vivo
measurements were taken during TURBT procedures on
suspicious and nonsuspicious lesions, which were then biop-
sied to determine the true pathology. The group was able to
develop an algorithm through PCA-LDA multivariate tech-
niques, which gave a sensitivity of 85% and a specificity of
79% when distinguishing normal from malignant lesions.*

Table 1 summarizes the most recent use of RS for in vivo
cancer detection among multiple cancer subtypes. Although
several studies have included a high number of spectra and
patient samples?0-21:6466677277 the majority of studies have
small sample sizes*#733:6365687L7380 wwhich is an indication
of the lack of statistical power. As well, some studies focus
on differentiating between normal sites and cancerous
sites*49727780 excluding the preneoplastic changes in a lesion,
which is more important for patient survival. As a result,
clinically relevant claims are unsubstantiated, although the
data may show a proof of principle. Data analysis and clas-
sification techniques commonly rely on linear classifiers,
avoiding the need for transforms. Good separation can be
achieved without resorting to complicated mathematical
techniques. Furthermore, linear techniques and models are
quickly computed and are able to be extrapolated for pre-
dictions. Clinical Raman work should be performed with a
large sample size (n>1,000), as was done by by Lui et al in
2012.%° This would provide the statistical power needed to
make clinical conclusions.

Current challenges

Current Raman systems designed for oncology applications
face the challenge of the heterogeneous nature of most
tumors. Often, a tumor will not be a uniform lesion; there
will be portions of that lesion with normal cells, some with
cancerous cells, and some within the gradient of the two
extremes. This poses a problem for probe-based Raman

research, as only a finite area of tissue is excited at one time.
If the excitation area does not capture the worse diagnosis
of the lesion, there could be a misclassification. However,
it should be noted that endoscopic biopsies (often using an
end-grabbing tool) could suffer from the same problem. To
combat this, physicians often take more than one biopsy
of the lesion, and then determine the appropriate treatment
based on the worst diagnosis found. In vivo Raman research-
ers have adopted this method as well, taking multiple read-
ings of a single lesion and then averaging the readings.?"”
However, this averaging may cause a classification score that
does not reflect the worst diagnosis of the lesion. Similarly,
there is a challenge of matching the endoscopic biopsy site
to the Raman reading site, potentially causing a mismatch
in spectra and pathology that will affect the training set of a
classification algorithm.

Future prospects

In future, Raman technology could expand in multiple
directions; however, in the immediate future, building on
the successes of the aforementioned researches is a likely
option. Tumor classification and tumor margin detection will
be a large area of future oncology applications, as cancerous
lesions form in almost every organ of the body, showing the
need and use of in vivo Raman systems trained on particular
cancers. Furthermore, the ability to determine the differences
between lesions that will progress, lesions that will become
malignant, lesions that will become metastatic, and lesions
that will spontaneously regress will have great clinical value.
A Raman system able to detect the biochemical characteristic
changes associated with progression risk is a much needed
tool. Similarly, a system that is capable of providing accurate
and reliable staging information in real time would reduce the
need for countless biopsies, multiple surgeries, and appoint-
ments per patient.

Cardiovascular applications and

developments

Cardiovascular disease (CD) is responsible for the highest
number of deaths in the Western world.®' It has been found
that risk factors such as smoking, high rates of obesity, and
physical inactivity have lead to a high percentage of the
population who will contract the disease in their lifetime.*! Of
those who acquire a form of CD, well over 5% will eventually
have either a stroke or a heart attack.®! If cardiovascular con-
ditions, especially those that lead to heart attack and stroke,
are able to be caught in early stages, there is a better chance
of clinical intervention and, thus, patient survival.
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Table | Summary of in vivo Raman spectroscopy for oncology applications

Cancer type Classification analysis Type of Raman Authors Number of spectra Analysis method Reference
of interest groups system (HF/LF) (year) (number of Sensitivity:
patients) specificity
Skin cancer Malignant + premalignant vs ~ Macro-Raman (LF)  Zeng group 518 (453) PCA-GDA and PLS 20,4043
benign and normal (2001-2012) 90%:66%
Skin cancer Nonmelanoma cancers vs Micro-Raman (LF)  Mahadevan-Jansen 42 (19) MRDF-SMLR 44
normal lesions group (2008) 100%:91%
Lung cancer Malignant + premalignant vs ~ Macro-Raman (HF) ~ Zeng group 129 (26) PCA-LDA 21,47
benign and normal (2008-201 1) 90%:91%
Breast cancer  Tumor vs normal (tumor Macro-Raman (LF)  Feld group 30 (9) Model fitting 49
tissue margin detection) (2006) 100%:100%
Colorectal Adenomatous tissue vs Macro-Raman (LF)  Wilson group 19 (3) PCA-LDA 55
cancer hyperplastic polyps (2003) 100%:89%
Cervical Squamous dysplasia vs Macro-Raman (LF)  Richards-Kortum 27 (13) Intensity ratios 63
cancer normal, inflammation and group (2001) NA
metaplasia
Cervical High-grade preneoplastic Macro-Raman (LF)  Mahadevan-Jansen 172 (66) Logistic regression 64
cancer lesions vs normal group (2007) 89%:>81%
Cervical I. Dysplasia vs normal Micro-Raman (LF)  Huang group 1. 92 (46) PCA-LDA 65-67
cancer 2. High-grade dysplasia vs 1. (2009) 2. 105 (29) 1. 94%:98%
normal 2. (2011) 3. 476 (44) 2. 73%:89%
3. High-grade dysplasia vs 3. (2012) 3. 85%:82%
normal
Upper Gl High-grade dysplasia vs Macro-Raman (LF)  Huang group (2) PLS-LDA 71
(esophageal normal (2013) 91%:83%
cancer)
Upper Gl I. Normal tissue Macro-Raman (LF)  Huang group 65 PLS-LDA 68-70
(stomach 2. Benign ulcer 1. (2009) 1. 90.8%:93.8%
cancer) 3. Malignant ulcer 2. (2010) 2. 84.7%:94.5%
3. (2012) 3. 82.1%:95.3%
Oral cavity I. Normal vs malignant Macro-Raman (LF)  Gupta group 802 (28 healthy + MRDF-SMLR 72
2. Normal vs potentially (2013) 171 nonhealthy) I. 96%:99%
malignant 2. 99%:98%
3. Normal vs diseased 3. 94%:94%
Oral cavity Premalignant and malignant vs  Macro-Raman (LF)  Sonis and Zeng (18) PCA-LDA 73,74
normal and benign group (2014) 100%:77%
Brain cancer Normal brain vs dense Macro-Raman (LF)  Leblond group 161 (17) Boosted trees 77
cancer and normal brain (2015) machine learning
invaded by cancer cells 93%:91%
Bladder cancer Normal bladder vs cancer Macro-Raman (LF)  Bosch group 63 PCA-LDA 80
(2010) 85%:79%

Abbreviations: HF, high frequency; LF, low frequency; PCA, principal component analysis; GDA, general discriminate analysis; PLS, partial least squares; MRDF-SMLR,
maximum representation and discrimination feature, followed by probabilistic classification analysis via sparse multinomial logistic regression; LDA, linear discriminant

analysis; NA, not applicable.

Atherosclerosis

Atherosclerosis is a disease by which plaque deposits are
found along the interior artery wall.'> These plaque deposits
cause a narrowing of the artery, preventing oxygen-rich
blood getting to certain parts of the body, which is especially
important if that oxygen needs to get to the heart or the brain.
However, there is a structural and chemical difference between
the plaques that will break off and cause cardiovascular events
and the ones that remain stable and will not break off.3%
The gold standard of determining where plaque deposits are,
which is known as X-ray angiography,'*$¢ does not have the

capability of determining the difference between stable and
unstable plaques, spurring new technologies in the last decade.
These technologies, such as intravascular magnetic resonance
imaging (MRI), intravascular ultrasound, and tomography,
are now commonly used, yet have not been able to address
the initial issue, since they too are unable to determine the
differences between stable and unstable plaque deposits.
Spectroscopic information would be able to provide distinct
chemical signatures needed to determine this difference.

A study was conducted in 2006 by Motz et al in which
74 spectra were acquired throughout the cardiovascular
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system from locations, where biopsies or excised tissue were
the standard procedure at the time.* They employed a Raman
system that consisted of an 830 nm diode laser, which was
coupled to a fiber-optic probe for both excitation and col-
lection.®¢ At the end of the probe, there was a ball lens that
collimated the excitation light while also effectively gathering
the Raman-scattered light. This provided a spatial resolution
of 1 mm in both axial and lateral directions. Through the use
of non-negativity-constrained least-squares minimization,
modeled from in situ biological data, as well as additions
to the model from probe components (to accurately show in
vivo data), the group was able to find a separation between
stable versus unstable plaques. They achieved a sensitivity
of 79% and a specificity of 85%.% The authors suggest that
technology optimizations are needed before the system can
become clinically viable.

In 2008, a study conducted by Chau et al tested the utility
of a side-firing custom Raman probe and system capable of
measurements in both the fingerprint (FP) and high wave-
number (HW) region for the purpose of determining the
chemical composition of atherosclerotic lesions.?” A unique
system design, which used shutters to rapidly switch between
the FP and HW regions, allowed Raman measurements to
be captured at the same spot for both regions, although each
region had a different excitation wavelength (830 nm for FP
and 740 nm for HW). The system was tested in vivo on a
living swine heart that had diseased human coronary tissue
xenografted onto it for the purpose of replicating the disease.
Although statistical analysis was not carried out due to the
small number of samples, the authors conclude that the
spectra can show differences among arterial sites but further
work is necessary.®’

A current challenge

A challenge of Raman-based instrumentation designed
for use in the cardiovascular system is creating a Raman
probe that can be efficiently used to obtain the spectrum of
an arterial plaque. As Motz et al describes, an end-facing
probe requires the surgical area to have the lights turned
off, a condition that is not ideal because it requires limited
visibility during a medical procedure.’ A side-firing probe
would eliminate this need, as physicians could access the
plaque through a small puncture instead of an incision,
thereby eliminating the need of exposing the vessel being
measured.® Yet, creating a side-firing probe has challenges
of its own, as noted by Chau et al in 2008, mainly how to
optimize the optics for use, especially if the probe will be in
a tubelike structure (vessel).®” Finding a way to either rotate

the probe without super coiling, taking a 360° spectrum, or
finding a way to align the probe with the plaque is particularly
difficult in vivo if the plaque is only on one side of the vessel.
Finally, maintaining a diameter size capable of entering blood
vessels while having sufficient light collection efficiency
remains a challenge.®’

Future prospects

Future prospects of using Raman-based technology in vivo
for CDs include an extensive variety of applications. As Motz
et al notes, intervention, guidance, and follow-up are all
medically necessary, and are all areas that could benefit with
the knowledge of biochemical information about a plaque.®
Other cardiovascular and blood diseases, such as sickle cell
anemia,®® are currently being studied using ex vivo Raman
systems. A real-time or shorter excitation period allows for
a number of spectra to be taken in a relatively small amount
of time, indicating that there is potential to create a system
capable of detecting multiple different blood malignancies,
reducing the number of tests and the time needed to analyze
patient samples.

Neurological developments

Alzheimer’s disease

Alzheimer’s disease (AD) is a common form of dementia,
the chronic disorder of mental processes, that usually impairs
memory and reasoning resulting in personality changes.® !
AD itself is characterized by both plaques and tangles
of abnormally folded proteins causing impairments with
the normally functioning neuron cells.!>? The plaques
are formed from B-amyloid proteins where the tangles
are formed from t-proteins. Although there are meth-
ods available for detecting an assumed diagnosis of AD,
including cognitive assessments, MR imaging, positron
emission tomography (PET) imaging, and cerebral spinal
fluid analysis,” there is no definitive method and a confirmed
diagnosis is determined at the time of autopsy.” It is a disease
that is found mainly in the elderly population — although
cases of early onset have been described in detail — meaning
that a larger percentage of the population will be afflicted
with AD due to the global increase in life expectancy.” The
major restriction in diagnosing the presence of AD is the
lack of noninvasive imaging methods in the brain, a hurdle
that may be overcome by RS.

Although research on the use of RS remains in a labora-
tory setting, due to the difficulty in obtaining fully consenting
patients and facilities, it has been shown to have great potential
in differentiating AD tissue from normal tissue. The next logi-
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cal step is to see the use of RS in vivo. Sudworth et al have
shown on several occasions®*® the ability of a laboratory
system to differentiate between AD and Huntingdon’s disease
and normal brain tissue. In 2005, the group obtained 18
samples from various stages of AD along with matched normal
donors. The system used an 830 nm diode laser for excitation,
and the spectral acquisition time was 10 seconds. Through the
use of PCA, it was shown that they were able to effectively
group AD away from the Huntingdon’s tissue or the matched
normal tissue. The authors concluded that there remained many
possibilities to use RS as an in vivo diagnostic method.

Current challenge

A current challenge in the use of a Raman-based system on
the brain is the significance of the procedure involved. Such a
system has been used to detect tumor margins, and the authors
have outlined that the measurements were performed during
a brain surgery, which carries a high risk of complications
for the patient. The vast majority of patients diagnosed with
AD are elderly, further increasing the risk of an open surgery.
As well, AD is usually determined postmortem, so there
are little chances (without great risk) of correlating Raman
spectra with a positive pathology to create a training set for an
algorithm. One solution proposed by Hanlon et al is a method
of inserting the Raman probe through the olfactory tract, thus
avoiding the need for open surgery. The group also states that
AD can also be present in the membrane of this tract, provid-
ing a location for a biopsy." This proposed method has not
yet been attempted in vivo to our knowledge.

Future prospects

Future prospects of utilizing Raman-based technology for the
detection of AD include the progression of ex vivo systems
adapting to become in vivo diagnostic tools. Once the chal-
lenges of patient safety and biopsy correlation are overcome,
there is a significant need for a reliable diagnosis of AD by RS.
Although currently there is no cure for AD, a definite diagno-
sis could provide physicians with a treatment path. As well,
RS-based systems would allow for the opportunity of earlier
detection and the determination of the extent of the disease.
Other brain maladies, such as Parkinson’s disease (PD) could
benefit from the same technology since Lewy bodies (inclusions
made of insoluble proteins) are a hallmark of the disease.

Conclusion

Owing to rapid technological advancement in lasers and
detectors, clinical RS has come of age. For biomedical
applications, RS has unique strengths in providing highly

specific molecular information, the flexibility to work with
existing diagnostic devices, and real-time diagnosis with
accuracy that supersedes current technology. Most recent
scientific publications have demonstrated the great potential
of RS in numerous fields of medical research. Although there
are a number of systems that are being used for the detection
of preneoplastic lesions, or to elucidate tumor tissue margins,
there remain diagnosis and detection areas where RS would
be of great value. Both cardiovascular and neurological areas
of medicine require real-time decisions for diagnoses, which
is possible with the current optical and photonic technologi-
cal developments.
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