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Raman Spectroscopy for
Cancer Diagnosis

Raman spectroscopy is a promising new tool for noninvasive, real-time diagnosis of tis-
sue abnormalities. Here, we show evidence of its application for cancer diagnosis in four
distinct tissue types: skin, breast, gastrointestinal tract, and cervix. Multivariate statisti-
cal analysis and discrimination algorithms allow for automated classification of the spec-
tra into clinically relevant pathological categories using histology as a gold standard.
Although limitations exist, the technique shows every indication of being an exciting
prospect in the management of cancer in a clinical setting.

Matthew D. Keller, Elizabeth M. Kanter, and Anita Mahadevan-Jansen

ptical spectroscopy has been around for many years

and traditionally has been applied to a number of

diverse fields, including analytical chemistry, geology,
and even art history. Over the past 20-25 years, the use of
optical spectroscopy for biomedical applications has grown
significantly. Its attractiveness comes from its ability to pro-
vide quantitative information about the biochemical and mor-
phological states of tissue in a minimally invasive or nonin-
vasive manner. Spectra typically are collected with fiber-optic
probes and charge-coupled device (CCD) cameras, and diag-
nostic algorithms have been developed to discriminate between
different categories of tissue. Of the many optical spectro-
scopic techniques, fluorescence spectroscopy was one of the
first to be developed as a diagnostic tool for a variety of dis-
eases including cancers and plaques, as well as other condi-
tions such as burns. However, although fluorescence spec-
troscopy can differentiate between normal tissue and disease
(cancer) successfully, it suffers from a lack of specificity when
differentiating between multiple nonnormal groups. Diffuse
reflectance spectroscopy provides valuable structural infor-
mation by determining tissue optical properties. The lack of
information regarding tissue biochemistry makes this method
generally insufficient by itself for tissue diagnosis. In recent
years, Raman spectroscopy has garnered a great deal of inter-
est in disease diagnosis, particularly cancer, because of its abil-
ity to provide molecular specific information about tissues.

Raman Spectroscopy

Raman scattering is an inelastic scattering process that occurs
when an electron enters a virtual excited state due to an inci-
dent photon, then falls back to a higher or lower vibrational
energy level with accompanying release of a new photon. The
energy transfer is proportional to a specific vibrational mode
of the molecule, so Raman spectra are independent of exci-
tation wavelength, and the change in energy between the inci-
dent and released photon is displayed as relative wavenum-
bers (1/wavelength). Raman spectral peaks tend to be narrow,
particularly in the fingerprint region of about 700-2000 cm~1,
and each peak can be associated with specific vibrations in
molecular bonds. Thus, this technique provides biochemical
information about a sample, including conformations and
concentrations of constituents with the level of detail that is
determined by the instrumentation and the need of the appli-
cation (1).

Over the years, different forms of Raman spectroscopy have
been developed and used for biological applications. The ear-
liest of these is Fourier transform (FT)—Raman spectroscopy,
a method that measures Raman spectra with high signal-to-
noise ratio (S/N) and minimal fluorescence interference and
has been used for many in vitro applications. The typically
long integration times and bulky instrumentation negate this
technique for in vivo use. Ultraviolet resonance Raman (UVRR)
spectroscopy can be used to target specific molecules by select-
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ing excitation wavelength at their reso-
nance, thus yielding strong Raman sig-
nals. The high excitation intensities and
mutagenicity of UV light prevent the
application of this technique for in vivo
use. Surface-enhanced Raman spec-
troscopy (SERS) is an excellent technique
that can detect molecular signatures in
trace amounts and has been pursued for
such applications as biochips. However,
the use of silver and other such elements
for enhancement prevents its implemen-
tation in vivo. Thus, near-infrared (NIR)
dispersive Raman spectroscopy, in which
NIR excitation minimizes fluorescence
and absorption by tissue, has been the
technique of choice for in vivo applica-
tions (1).

Instrumentation for Tissue

Raman

A typical system for measuring macro-
scopic Raman spectra of tissue, partic-
ularly in vivo, consists of a laser source
for illumination, a fiber-optic probe to
deliver the laser light and collect the
Raman-scattered light while rejecting

the laser line and Rayleigh-scattered
light, and a spectrograph and CCD to
record the spectra. An example of such
a system is shown in Figure 1. Early
attempts at measuring Raman spectra
of tissue were difficult because of the flu-
orescent nature of tissue and limitations
of sources and detectors. Over the last
several years, powerful, stable diode
lasers emitting NIR light have become
prevalent. These sources are ideal for
clinical use because they are easily
portable and are available at wavelengths
in the “optical window” of tissue, such
as 785 nm and 830 nm, at which they
generate minimal background fluores-
cence while penetrating fairly deeply into
tissue. On the detection end, high-
throughput spectrographs designed
specifically for NIR-Raman spectroscopy
are now readily available. Silicon-based
CCD detectors have made great strides
as well. Back-illuminated, deep-deple-
tion CCDs that avoid etaloning allow
high-resolution Raman spectra to be
gathered with short (<5 s) integration
times. Recent developments in cooling

technology have led to the development
of thermoelectrically cooled detectors
that can be operated at temperatures
below —80 °C rather than using liquid
nitrogen — again aiding portability.
With the rise in the availability of hand-
held spectrometers, the Raman indus-
try also has seen the development of
handheld Raman spectrometers. While
successful in manufacturing and indus-
trial applications, these systems still suf-
fer from high noise characteristics and
lack of cooling, preventing their use for
in vivo tissue applications.

Most in vivo Raman applications rely
on fused silica—based optical fibers for
remote sensing. However, the fibers
themselves have a Raman signal, so this
signal must be minimized using appro-
priate filters. A bandpass filter between
the delivery fiber and sample prevents
Raman-scattered light from illuminat-
ing the sample, while a longpass or notch
filter between the sample and collection
fibers prevents reflected laser light and
Rayleigh-scattered light from entering
the collection leg and generating addi-
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Figure 1: A typical macroscopic Raman probe system used for in vivo tissue studies.

tional Raman signal (Figure 2). Based  ber of different fiber-optic probe designs ~ Raman studies. Each of these designs is
upon this fundamental concept,a num-  have been implemented for in vivo optimized for increased S/N, targeted
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interrogation, and minimal background
signal from within the probe. Some of
these designs include obliquely polished
fiber tips to increase the area of excita-
tion and collection overlap, attaching a
ball lens to the tip of the fibers to increase
overlap or change the depth of focus, and
side-firing fibers to get 360° of coverage
(2). Some of these probes were devel-
oped by academic institutions. There also
exist numerous commercial Raman fiber
probes. However, these probes typically
are designed for industrial applications
and are not suitable for use on tissue.
Thus, most in vivo probes are custom
designed and built in-house or special
ordered.

Much of the discussion to this point
has been focused on macroscopic or vol-
umetric measurement of Raman signals
from tissue. Recently, there has been
much interest in obtaining depth-
resolved Raman signals from tissues
where discrimination could be improved
by filtering out signatures from above or
below the lesion. One way to obtain
depth resolution is with a confocal setup,
in which a pinhole (or a fiber) is used to
reject out-of-focus light, allowing for
depth separation. One such design is
shown in Figure 3. In fact, confocality for
Raman spectroscopy typically is incor-
porated in a microscope setting. These
systems provide excellent spatial resolu-
tion and are used for biochemical map-
ping and spectral characterization of tis-
sues. Although some of these systems
have been used to obtain tissue spectra
from easily accessible areas of the skin,
there is a need for compact handheld
confocal probes for routine clinical use.
Recent studies have demonstrated other
methods for depth resolution such as
Kerr-gated (3), spatially offset (4), and
polarized (5) Raman spectroscopy. These
methods show much promise for bio-
medical applications and will be worth
tracking in coming years.

In all tissue Raman applications, var-
ious data-processing steps must be fol-
lowed to extract the tissue Raman sig-
nal from the raw measured spectra
(Figure 4). These include system calibra-
tion, fluorescence background subtrac-
tion, and noise smoothing. Perhaps the
most challenging of these is the prob-
lem of fluorescence, the primary reason

that most researchers in the field have
moved to the NIR wavelengths. Current
methods rely on mathematical tech-
niques such as the use of second deriv-
atives, Fourier filtering, and polynomial
fitting (1) to remove the fluorescence
background. Once Raman spectra are
extracted, classification algorithms are
developed using a variety of multivari-
ate statistical methods such as linear and
nonlinear discrimination analysis, neu-
ral networks, genetic algorithms, and
cluster analysis. The goal in each case is
to obtain high sensitivity and specificity
in the recognition of a target condition
amidst a variety of tissue categories
depending upon the application at hand.

Raman for Cancer Diagnosis

The phenomenon of Raman spec-
troscopy makes it ideal for probing tis-
sue because numerous biological mole-
cules undergo some Raman scattering,
allowing one to recognize subtle changes
in tissue biochemistry. Many biomed-
ical applications of Raman spectroscopy
exist today, including characterization
of human atherosclerotic plaque (6),
evaluation of skin composition (7),
quantification of blood analytes (such
as glucose, cholesterol, and urea) (8),
estimation of secondary protein struc-
tures (9), and cell viability after expo-
sure to toxic agents (10). Raman spec-
troscopy is particularly suited for
diagnosing cancer because of its sensi-
tivity in detecting small molecular
changes that are associated with cancer,
such as an increased nucleus-to-cyto-
plasm ratio, disordered chromatin,
higher metabolic activity, and changes
in lipid and protein levels (11) (Figure
5). Many researchers and clinicians
believe that Raman spectroscopy can
thus provide real-time, noninvasive or
minimally invasive, differential diagno-
sis of cancer. As a result, there has been
a concerted effort in applying Raman
spectroscopy for the diagnosis of can-
cers in the skin, breast, gastrointestinal
tract, and cervix, among others (1).

Skin

Human skin, because of its ease of
access, has been studied a great deal with
Raman spectroscopy. Skin cancer is the
most prevalent cancer in the United
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Figure 2: Filter configuration within any fiber probe designed for tissue applications. The lens may or may not be used depending on the design.
LP = longpass filter, N = notch filter, BP = bandpass filter. The filters may be placed at the tip of the probe or anywhere within the fiber but close to

probe tip.

States, with over 1 million new cases each
year (12), so there is great interest in
being able to detect a skin neoplasm in
real time and to remove the lesion in the
same visit. Basal cell carcinoma (BCC)
and squamous cell carcinoma (SCC) are
by far the most prevalent types, while
melanoma is the deadliest (12).

Early in vitro studies of skin applied
FT-Raman methods to examine skin
structure, especially for characterizing
lipids and proteins of the skin. NIR FT-
Raman was used by Gniadecka and col-
leagues (13) to determine that similar
skin lesions showed similar molecular
structures of lipids and proteins and to
discriminate BCC from normal tissue.
They found significant spectral differ-
ences at a number of peaks, including
the amide I (1660 cm~1!), amide III
(1220-1300 cm~!), and lipid (1450
cm™!) peaks.

Because the instrumentation for FT-
Raman spectroscopy prevents its use in
a clinical setting, a more recent in vitro
study by Puppels and colleagues used
traditional NIR Raman spectroscopy to
delineate BCC margins by producing
two-dimensional pseudocolor Raman
images. Using multivariate methods such
as cluster analysis and logistic regres-
sion, an algorithm was developed to sep-
arate normal from BCC with 100% sen-
sitivity (14). Sensitivity is a measure of
the ability to correctly detect disease and
is defined as the number of true posi-

tives divided by the total number of pos-
itives. Several other groups have used
Raman spectra in combination with
other techniques to enhance discrimi-
nation between normal and cancerous
skin. Huang and colleagues (15) used

autofluorescence and Raman in a
murine model in diagnosing malig-
nancy. Using neural networks, Wulf and
colleagues (16) were successful in diag-
nosing BCC and melanomas from nor-
mal in 222 total cases.
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Figure 3: A typical confocal Raman system used
imaging capability for colocalization.

Because the skin is a stratified tissue,
a major goal for dermatological appli-
cations is depth sensitivity. To this end,
several groups have applied confocal
Raman spectroscopy or Raman
microspectroscopy to gather data from
only a thin layer of the skin at a time.
Such a technique was applied success-
fully in vivo by Puppels and colleagues
(17), not for cancer, but to determine
molecular concentration profiles, espe-
cially of water and other components
such as natural moisturizing factor, with
5-pm axial resolution for applications
such as cosmetics (now as a commercial
entity known as River Diagnostics).

Confocal Raman microscopy has been
used to discriminate between normal
and cancerous skin as well. Choi and col-
leagues (18) applied confocal Raman to
10 BCC samples with surrounding nor-
mal tissue and measured them at a series
of depths. Differences seen in the amide
I band and the PO2 symmetric stretch-
ing band allowed discrimination

to gather depth-resolved data with white light

between tissue types that correlated well
with histopathology. Both in vitro and
in vivo studies have been done on skin
by Lieber and colleagues (19) at Vander-
bilt University (Nashville, Tennessee).
Based upon the success of the in vitro
study, a handheld version of the confo-
cal system (shown in Figure 3) was built
and applied in vivo in a pilot study,
focusing on the diagnosis of BCC, SCC,
and nonnormal benign tissues. If the
spectra of each pathology were first cor-
rected by subtracting the paired normal
spectra, classification of BCC, SCC, and
inflammation was 100% accurate. How-
ever, there is a need for independent val-
idation before such techniques can be
applied toward routine clinical care.

Breast

Because it is the most common cancer
in women, several groups have exam-
ined Raman spectroscopy for rapid
breast cancer diagnosis. Infiltrating duc-
tal carcinoma (IDC) is the most com-

mon malignancy, so it has been a promi-
nent condition to study. There also has
been much interest in lobular carcinoma
and benign or precancerous conditions
like fibrosis, cyst formation, and ductal
carcinoma in situ (DCIS) (1).

Alfano and colleagues (20) were the
first to look at the ability of Raman spec-
troscopy to distinguish normal from
malignant breast tissue. Later, Redd and
colleagues (21) demonstrated the advan-
tages of NIR excitation particularly in
the context of breast cancer. Although
no rigorous algorithm was attempted,
they saw results similar to those of Alfano
— namely, a decrease in lipid contribu-
tions to spectra from IDC samples, as
well as an increase in the collagen con-
tributions in benign and malignant sam-
ples. More recently, Feld and colleagues
(22) have done extensive work on using
Raman spectroscopy for breast cancer
diagnosis. An early study showed com-
parable spectra, but multivariate statis-
tical algorithms improved diagnosis (22).
Over the past several years, this group
has developed a system that classifies
breast Raman spectra according to the
modeled contributions of individual
component spectra from materials like
fat, collagen, and DNA to discriminate
malignant from normal and benign tis-
sues with 94% sensitivity and 96% speci-
ficity (23). Specificity indicates the abil-
ity to correctly recognize normal tissue
and is defined as the number of true neg-
atives divided by the total number of
negatives.

Gastrointestinal Tract

Stone and colleagues (24) have used NIR
Raman spectroscopy to extensively clas-
sify many types of epithelial tissue from
the gastrointestinal tract, including lar-
ynx, tonsil, esophagus, stomach, blad-
der, and prostate. The spectra were clas-
sified into three to eight groups
depending upon tissue type, including
normal, precancerous, and varying
grades of cancer, using principal com-
ponents analysis and a linear discrimi-
nant function. The sensitivities ranged
from 73% to 100%, and the specificities
from 92% to 100%. In a more recent
study, Shetty and colleagues (25) used
Raman spectral mapping to identify bio-
chemical changes among normal tissue,
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Figure 4: Raman spectra for three tissue types. Shown are (a) raw and (b) processed spectra.

Barrett’s esophagus, and esophageal can-
cer. They noted differences in the distri-
butions of DNA, lipid, glycogen, and
protein that could be the basis for future
diagnostic applications.

Molckovsky and colleagues (26)
assessed the potential of using NIR
Raman spectroscopy in the colon to dis-
tinguish between two types of polyps:
adenomatous and hyperplastic. Both in
vivo and ex vivo spectra were collected
using a probe-based system, and multi-
variate statistical techniques were used
to classify the colon polyps. The differ-
ent polyps were classified with 100% sen-
sitivity and 89% specificity. Sterenborg
and colleagues (27) have used Raman
spectroscopy, in conjunction with auto-
fluorescence, for diagnosing human oral
mucosa lesions. Cluster analysis was used
to find a relationship between spectral
shape and lesion type, but the differences
between lesion types were not found to
be significant in this study.

Cervix

The cervix is another organ that is eas-
ily accessible, and early precancerous
stages in the cervix are detectible due to
the routine gynecological exam most
women in the Western world undergo.

Cervical precancers are very common in
women, due to the prevalence of the
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human papilloma virus (HPV), a con-
dition known to be linked with cancer.
Cervical cancer is the second most com-
mon malignancy in women worldwide,
but also the most treatable one if
detected early. Thus, many researchers
have pursued optical methods as a diag-
nostic tool, including the application of
Raman spectroscopy.

Mahadevan-Jansen and colleagues
(28) were the first to report the applica-
tion of Raman spectroscopy in vivo in
human patients in an organ within the
body (such as the cervix). This in vivo
study demonstrated the applicability and
potential of Raman spectroscopy for
detecting cervical precancers with high
sensitivity as well specificity. In a subse-
quent study, in which 24 measurements
were collected before cervical biopsy,
Raman spectra were used to separate
high-grade dysplasia from all other
pathologies, and only one location was
misclassified (29).

The most extensive work on the
potential of Raman spectroscopy for cer-
vical disease has been done by
Robichaux-Viehoever and colleagues

Circle 27



40 Spectroscopy 21(11) November 2006

Figure 5: Normal cells (left) versus cancerous squamous cells (right) (from NCI Bethesda Web Atlas, http://www.cytopathology.org/NIH/).

(30) at Vanderbilt University. Raman
measurements were taken from both
normal and abnormal areas on 79
patients. Logistic regression discrimina-
tion algorithms were developed to dis-
tinguish between high-grade dysplasia
and benign areas of the cervix with a
sensitivity of 89%. More particularly,
variability among the spectra from the
same tissue type between patients and
within the same patient was a major
problem. Some of the factors considered
were menopausal status, smoking his-
tory, and overall patient diagnosis. Sig-
nificant differences were found between
pre- and postmenopausal women, and
significant differences also exist between
normal spectra from normal patients
compared with normal spectra from
patients with dysplasia (30).

Toward Translation Into a Clinical
Setting

Several other cancers also have been stud-
ied with Raman spectroscopy, such as
those in the ovary, brain, and lung, with
similar results. Thus, many researchers
have applied NIR Raman spectroscopy
in vitro, ex vivo as well as in vivo for the
diagnosis of cancer with varying degrees
of success. Despite this research for more
than 20 years, the technique has not been
incorporated into routine clinical care for

several reasons. There is a continued ten-
dency by researchers to use empirical or
several different classification techniques
after many spectra are recorded demon-
strating varying degrees of success. But
for successful widespread implementa-
tion, a robust, multiclass discrimination
algorithm is needed. Perhaps the single
most critical need that will lead to the
applicability of this technique in a real-
time diagnostic setting is one of inde-
pendent validation via large clinical tri-
als. The inherent intrapatient as well as
interpatient variability in the spectra is a
limitation that confounds the develop-
ment of these algorithms and thus, imple-
mentation of clinical trials. Raman instru-
ments with the sensitivity for in vivo
application must be assembled for imple-
mentation because there are few suitable
commercial instruments available. Inter-
est by companies to commercialize the
technique would facilitate great strides in
solving many of these problems.

There is every indication that Raman
spectroscopy is poised to follow through
on its potential to provide real-time,
noninvasive, automated diagnosis of var-
ious cancers. Although the process of
developing automated classification
algorithms has proven arduous, new cut-
ting-edge classification algorithms sug-
gest that, with enough data, this type of

diagnosis will soon be possible. Some
groups have begun to undertake large-
scale validation studies, although most
of these are conducted by or with the
help of industry. Researchers also are
beginning to understand the biological
basis of Raman spectral differences
between normal and cancerous tissues
with the help of techniques like spectral
mapping and using tissue model sys-
tems. This would not only further the
diagnosis of the disease but also would
enable improved understanding of the
underlying biochemistry associated with
the progression of cancer.

Although the end goal of Raman
spectroscopy being used routinely in the
operating room and the doctor’s office
is still a few years away, clinical studies
at medical centers around the world
have shown promise, and exciting new
discoveries like improved algorithms
and reliable tissue model systems can
only help. Early detection of cancer and
delineation of tumor boundaries are
critical in patient care. Raman spec-
troscopy is a tool that provides the infor-
mation necessary to make a difference
toward this process.
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