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INTRODUCTION

This article reviews the application of various types
of optical spectroscopy and metrology to minimally in-
vasive medical diagnostics. The promises and hopes, as
well as the difficulties, of these developing techniques
are discussed.

The term ‘‘optical biopsy’’ has entered into common
usage among researchers in the field of biomedical op-
tics. Although it is inherently an inaccurate term—it is
perhaps something of an oxymoron because *‘biopsy’’
refers specifically to the removal of tissue, whereas the
implication of ‘‘optical’’ is that tissue is not removed—
it is nonetheless commonly understood to represent the
use of some form of optical measurement, often a type
of spectroscopy, to noninvasively (or minimally inva-
sively) perform a tissue diagnosis, in situ, in vivo, and
in real-time. The motivation is to reduce the need for
surgical removal of biopsy tissue samples; rather, some
form of spectral analysis of the tissue is recorded in vivo
by an imaging system or with an optical probe placed on
or near the surface of the tissue in question. The meas-
urement is frequently mediated by optical fibers, and a
diagnosis of the tissue is then attempted based on the
optical measurements.

For a number of endoscopic applications, for which
“‘random’’ biopsies are often taken in an attempt to find
premalignant or early malignant conditions, an instant
optical measurement could enable ‘‘guided biopsy,”” with
increased probability for sampling a diseased site, while
reducing the number of tissue samples. Thus, additional
motivation is provided by the potential for reduced health-
care costs as a consequence of eliminating unnecessary
histology. Moreover, the immediacy of diagnostic infor-
mation can reduce the emotional trauma to the patient
awaiting an answer. For diseases of the gastrointestinal
(GI) tract, for example, the potential benefits of optical
tissue diagnosis can be significant. Several disorders of
the GI tract are correlated with a predisposition for can-
cer, including colitis, colon polyps, and Barrett’s esopha-
gus. Typically, these diseases are followed with annual
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(or more frequent) endoscopic examination accompanied
by tissue biopsies. As many as 20—30 ‘‘random’’ biopsies
may be taken in one session. This is a time-consuming
(and therefore expensive) procedure, which entails some
degree of risk for the patient. For each conventional
biopsy, the biopsy tool must be withdrawn from the en-
doscope and the specimen removed before the tool can be
reinserted for the next biopsy. In contrast, an optical
diagnostic probe could be moved from site to site in suc-
cession, with each measurement being recorded in a
fraction of a second, by simply moving the location of the
probe tip. When a diseased site is found, the surgical
biopsy can be performed at that particular site.

OVERVIEW

Obviously there are also potential applications for optical
biopsy that do not require endoscopes. Skin cancers and
cervical cancer are immediate examples. Moreover, op-
tical biopsy can also serve as an aid in various surgical
procedures by, for example, helping to identify tumor
margins in real-time. In summary, optical diagnostic
techniques offer the potential to improve disease man-
agement, with reduced risks for the patient, and with the
potential for earlier diagnosis and immediate treatment.

Optical methods have also been the subject of intense
research aimed at developing noninvasive monitors for
glucose and other blood analytes. Such applications
deviate from the implication of optical biopsy and might
be better classified under optical sensors or noninvasive
blood chemistry. Consequently, they are not treated in
this chapter.

A range of spectroscopies have been investigated for
optical diagnosis, all of which have one basic principle in
common. The specific optical spectrum of a tissue sample
contains information about the biochemical composition
and/or the structure of the tissue. Biochemical information
can be obtained by measuring absorption, fluorescence, or
Raman scattering signals. Structural and morphological
information may be obtained by techniques that look at
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the elastic-scattering properties of tissue. These basic ap-
proaches are useful for the detection of cancer as well as
for other diagnostic applications such as blood oxygen
saturation, intraluminal detection of atherosclerosis, and
simply the identification of different tissue types during
surgical procedures.

Some research groups have been attempting to develop
intraluminal (sometimes fiber optic-mediated) approaches
to optical coherence tomography or confocal microscopy,
as methods of performing microscopic imaging of sub-
surface cellular structure, in situ. These methods might
likewise be logically included under the umbrella term
“‘optical biopsy.”” However, the technical approaches to
those methods, and the intent of the technologies, are
sufficiently different that they are covered under a dif-
ferent chapter of this Encyclopedia.

FLUORESCENCE SPECTROSCOPY

Tissues may contain several fluorescent chromophores
(fluorophores) such as NADH, elastin, collagen, and fla-
vins. By spectrally measuring the ultraviolet (UV)-in-
duced fluorescence of tissue, it should, in principle, be
possible to learn about the relative concentrations and
redox states of such compounds, and by extension to
learn something about the biochemical state of the tis-
sue. In other words, a motivation for utilizing fluores-
cence spectroscopy for the diagnosis of tissue patholo-
gies is that fluorescence is sensitive to changes in the
biochemical make-up of the tissue, which in turn reflects
upon its pathology. However, several complications arise
that make the fluorescence measurements in tissue sig-
nificantly more complicated than a laboratory measure-
ment of various fluorophores. Scattering cross-sections
are quite high in tissue and depend on wavelength,'
which can result in a distortion of the fluorescence spec-
trum. In various optical configurations used for meas-
uring fluorescence, the scattering in tissue can cause
apparent changes in the spectral shape of detected fluor-
escence. Tissue also contains nonfluorescent chromo-
phores, such as hemoglobin. Absorption by such chro-
mophores of the emitted light from fluorophores can
result in artificial dips and peaks in the fluorescence
spectra. Despite these difficulties, many studies invoking
a variety of methods have shown that fluorescence spec-
troscopy can be used for optical tissue diagnosis, and
methods are being developed to extract intrinsic fluor-
escence from measurements of turbid media.”””® Papa-
zoglou has written an overview of the diagnosis of ma-
lignancies and atherosclerotic plaque using laser-induced
fluorescence spectroscopy (LIFS).[”! Andersson-Engels
et al.’®! have published a review on the subject of the in
vivo use of fluorescence imaging, based on the fluor-
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escence from both endogenous and exogenous fluoro-
phores, and Ramanujam'®! has reviewed steady-state and
time-resolved fluorescence on neoplastic and nonneo-
plastic model systems.

There are two issues that must be addressed when
classifying the methodologies of LIFS: one is the possible
administration of a fluorescent tumor marker, and the
other is the question of whether the detection is a point
measurement or a fluorescence image of an area of tissue
surface. LIFS can detect the native tissue fluorescence
resulting from naturally occurring (endogenous) fluoro-
phores, and can also be used to detect emission from ex-
ternally administered (exogenous) fluorescent drugs that
concentrate preferentially in malignant or premalignant
tissues. The fluorescence from such drugs provides a large
signal, which can be helpful in the detection process''*'!!
and may be used as a detection tool for imaging of the
patterns of malignancy in a given area of tissue.''?! The
use of a fluorescent tumor marker, however, is not an
ideal solution for routine screening because the adminis-
tration of an exogenous drug is essentially an invasive
process and can result in concomitant undesirable side
affects. Consequently, Food and Drug Administration
(FDA) approval is required for the use of a photosensi-
tizer, following extensive testing for safety and efficacy.
When LIFS (usually with UV excitation) is used to detect
intrinsic tissue fluorescence, or autofluorescence, as the
diagnostic marker,''>™'° it becomes essentially noninva-
sive, although care must be taken to minimize the total
UV exposure, especially to internal tissues.

Regarding the issue of whether single-point or imaging
measurements are performed, if a small fiber-optic probe
is used, then the fluorescence is measured at a single
tissue site; whereas if filtered, video imaging technology
is employed, then the result is spectrally selective image
of a larger tissue surface. Typically, in a point meas-
urement, the entire fluorescence spectrum is recorded for
a given excitation wavelength, and this can be repeated
quickly for additional excitation wavelengths. On the
other hand, when the tissue surface is imaged, only a
small number of combinations of illumination and emis-
sion wavelengths are recorded. Then these can be com-
pared pixel-by-pixel for the entire image. Sometimes,
several discrete emission wavelengths are recorded for a
single excitation wavelength. Such multispectral imaging
can be performed in a reasonably short time."'”'® Hyper-
spectral imaging, in which a full spectrum is recorded for
each pixel, is possible, and is a result of adaptations of
technology previously developed for satellite-based sur-
veillance. However, the time required for recording hy-
perspectral imaging data becomes an impediment for cli-
nical application.

In short, point measurements provide a lot of spec-
troscopic information about one localized tissue site;
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whereas spectral imaging provides a modest amount
of spectral information, but for a significant area of tis-
sue surface.

Most point measurements of fluorescence make use of
intrinsic fluorescence. However, some spectrally resolved
measurements of exogenous fluorophores have been
made,“g] and in some cases a combined measurement
of fluorescence from exogenous and endogenous fluor-
ophores has been used as a diagnostic tool. This combined
approach, sometimes called ‘‘contrast enhancement,’’ has
been adapted by Anderson-Engels et al.***! and Svan-
berg et al.,"?! who made in vivo measurements of
skin and multiple in vitro measurements of the prostate
and breast tissue and in vivo measurements in the brain
and lung.

Some of the earliest works on diagnostic fluores-
cence spectroscopy by Profio et al.’*?! and by Alfano
et al.[** addressed differences in the native UV-induced
fluorescence in tissues of different pathology states. Ini-
tial (in vitro) studies of autofluorescence as a conse-
quence of a single excitation wavelength such as these
have been performed on a wide variety of tissue types,
including gynecological, kidney, lung, thymus, dental,
and a variety of tissues in the GI tract.”?***7% In seve-
ral of these studies, there is a general trend that fluor-
escence from normal tissue is greater than fluorescence
from abnormal tissue. This trend and other correlations
seen in in vitro studies have demonstrated the poten-
tial for fluorescence spectroscopy as a real-time, nonin-
vasive diagnostic.

A more sophisticated method of autofluorescence di-
agnosis, called excitation—emission matrix spectroscopy,
utilizes multiple-color illumination (sequentially), with
the full fluorescence spectrum recorded for each excita-
tion wavelength, and the data display typically looks like
a contour map.*" The different excitation wavelengths
might be expected to variously excite different chromo-
phores, resulting in more complex emission patterns with
more information relevant to biochemical changes than
for single-color excitation, and with presumed greater
likelihood of distinguishing malignancy from normal
conditions. This technique has been used for examining
the fluorescence from brain tissue®* and from skin in
vivo,**! and has been used in vitro both for identifying
spectral regions of interest for diagnosing cervical cancer
and oral neoplasia®*®! and for distinguishing different
organisms causing otitis media.”*”! The general technique
is based on earlier developments in the field of chemical
engineering.*%*!

While in vivo measurements can demonstrate a po-
tential for diagnosing tissue pathologies, care must be
taken in interpreting the results of in vitro measurements.
The biochemical properties of tissue may be significantly
different in vitro compared with in vivo. For example, the
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NAD*/NADH ratio may change, and the blood content
and oxidation state is likely to change. Both of these
changes can influence fluorescence spectra in the UV and
visible scales.!'>!*%%1 To truly test the effectiveness of
noninvasive diagnostics, in vivo clinical trials must be
performed with a significant number of patients. Clinical
trials that include tens of patients have been performed for
several organs including the colon, cervix, esophagus, and
lung, and are described below. The criteria used for eval-
uation of the efficacy of these studies are sensitivity and
specificity. Sensitivity is defined as the percentage of
diseased sites that were found to be abnormal by the
fluorescence diagnostic metric. Specificity is the percent-
age of normal sites that were found to be normal by the
fluorescence diagnostic metric.

One clinical study of the applicability of fluorescence
spectroscopy to the diagnosis of tissue pathologies of the
esophagus included 48 patients.'®" A nitrogen-pumped
dye laser at 410 nm was used for excitation via a fiber-
optic probe. A period of about 5—10 sec was spent at each
location to accurately locate the probe and record the data.
Differential normalized fluorescence (DNF) signals were
calculated by first dividing the intensity at each wave-
length by the total area under the curve, and a baseline
curve is calculated as the mean average of a selected
number of normal samples. The DNF for a tissue sample
is then the difference between its normalized fluorescence
spectrum and the baseline curve. For the 104 tissue sam-
ples compared with histopathology results, the authors
reported a sensitivity of 100% and a specificity of 98%.
It should be noted that these numbers are for retrospect-
ive correlation, and not predictive diagnosis. Nonethe-
less, these figures are promising.

Another in vivo clinical trial has been performed to
assess the efficacy of fluorescence spectroscopy for the
diagnosis of pathologies of the cervix.'*'**! In this trial,
115 sites (66 colposcopically normal areas and 49 his-
tologically abnormal areas) in 28 patients were examined.
A nitrogen laser at 337 nm was used for illuminating the
tissue. The fiber-optic probe, which has separate delivery
and collection fibers, incorporated a tip with a 2-mm-
thick quartz flat to maintain the same spacing between the
fibers and the tissue for all measurements (in contrast to
the fiber ends being in direct optical contact with the
tissue, as in the trial described above). The diagnostic
algorithm for spectroscopically separating normal from
abnormal tissues compared a spectral feature (the nor-
malized slope of the spectrum at 420—440 nm) with the
relative peak fluorescence intensity, and was able to se-
parate abnormal tissue with a sensitivity of 92% and a
specificity of 90%. More specifically, cervical intrae-
pithelial neoplasia (CIN) was diagnosed with a sensitiv-
ity of 87% and a specificity of 73%. Recently, fluores-
cence spectroscopy has been compared to colopscopy for
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diagnosis of squamous interepithelial lesions and was
found to yield improved results.[**

A least three in vivo studies on the reliability of
fluorescence spectroscopy for the diagnosis of colon
cancer have been reported. In a study by Cothren et al., a
nitrogen-pumped dye laser, at 370 nm, was used for ex-
citation to examine 67 sites in 20 patients.”"*! The probe
used for light delivery and collection was similar to that
used in the clinical study of cervical cancer described
above. The metric in this case was quite simple—a plot of
the intensity at 680 nm vs. the intensity at 460 nm. Using
this diagnostic, a sensitivity of 100% and a specificity of
97% for detecting adenomas vs. normal and hyperplastic
tissue was achieved. In a study by Schomaker et al., a
nitrogen laser (337 nm) was used to examine 91 polyps
and 86 normal colonic tissues in 61 patients."'> In this
study, the probe consisted of only one 600-pm optical
fiber, which was used in contact with the tissue for both
light delivery and light collection. After normalizing a
fluorescence spectrum to unity, multivariate linear re-
gression (MVLR) was used to determine which wave-
lengths were most significant for discrimination. In this
manner, an algorithm for diagnosing neoplastic tissue
with a specificity of 80% and a sensitivity of 92% was
developed. When the MLVR analysis was performed on
the polyps alone the sensitivities and specificities for
separating neoplastic and nonneoplastic polyps were 86%
and 77%, respectively. In a study of hyperplastic and
adenomatous polyps, 351- and 364-nm excitation and
emission in the spectral bandwidth range of 400—700 nm
was imaged. A sensitivity of 83% for the identification of
dysplastic polyps was achieved. All hyperplastic polyps
were correctly identified.*

In the case of detection of severe dysplasia, fluor-
escence imaging is used as an adjunct to white-light en-
doscopy. A recent clinical trial of 65 patients demon-
strated that with LIFS, the sensitivity and specificity for
detection of severe dysplasia and cancer changed from
61.2% and 85.0%, respectively, to 89.8% and 78.4%, re-
spectively.! In a literature study, the effectiveness of
bronchoscopy alone to bronchoscopy plus laser-induced
spectroscopy was compared. The detection rate for prein-
vasive lesions was found to increase from 40% to 80%
when LIFS was added.!*®!

The use of LIFS for the in vivo detection of skin
pathologies has also been investigated, although the
studies involved smaller numbers of patients/measure-
ments. Skin contains the chromophores elastin, collagen,
keratin, and NADH, which are expected to contribute to
the fluorescence spectrum, as well as purely absorbing
chromophores like melanin and hemoglobin. Leffell and
Stetz studied the fluorescence of skin with 325-nm
excitation in hopes of correlating the results with chro-
nological or photoaging of the skin. 7! Although they did

MARCEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Optical Biopsy

not notice any correlation with chronological aging, they
did find a correlation with photoaging. This correlation is
not believed to be caused by simple differences in me-
lanin content, although this was not rigorously proven.
Fluorescence from skin has also been considered as a
diagnostic for skin cancer. Lohmann et al. have reported
several studies of skin fluorescence for the diagnosis of
melanoma."¥% In one study where 365-nm excitation
was used on 147 lesions, they were able to distinguish
benign nevi (‘‘birthmarks’’) from premalignant nevi and
melanoma. The metric used was the ratio of the maximum
fluorescence intensity outside the lesion to the maximum
fluorescence intensity inside the lesion. This metric
choice was motivated by the finding that the fluorescence
intensity inside the tumor region was much smaller than
normal tissue and the fluorescence intensity outside the
tumor was larger than for normal tissue. However, few
experimental details were provided. The results contradict
the outcome observed by Sterenborg et al.,*'”* who
attempted to reproduce the results of Lohmann et al. and
examined the fluorescence from several types of skin
lesions, also with 365-nm excitation. They concluded that
there was no significant differences between the fluor-
escence of control sites and nonmelanoma skin tumors.
For the eight melanomas and eight benign pigmented
lesions, they stated that ‘‘Neither the shape of the fluor-
escence intensity distribution, nor the spatial distribution
of the fluorescence intensity showed any signature spe-
cific to the histopathological nature of the lesions inves-
tigated.”” Also, by removing the stratum corneum and
measuring the fluorescence, they established that an im-
portant component of the fluorescence is from keratin in
the stratum granulosum. Minor contributions to the fluor-
escence from endogenous chromophores were also noted
in the tumors, but were not reliable enough to be used as
a cancer-diagnostic. Recently, delta-aminolevulinic acid
has been investigated as a method for increasing the diag-
nostic potential of fluorescence.>>4 Although the early
imaging experiments show promise, no larger-scale
clinical trials have been performed yet.

Another area of application for LIFS is the detection of
atherosclerotic lesions. The microscopic pattern of fluor-
escence in atheromas was studied as early as 1956.1°°! In
the 1980s, researchers began investigating LIFS as an
intraluminal diagnostic technique for arterial tissue!>®>"]
and developed optical-fiber catheters for in vivo use.”™
The diagnosis of arterial plaque is important for the ap-
plication of laser angioplasty, and LIFS has been tested
for guidance of laser ablation in vitro and in vivo.’”"!
Related to the detection of atherosclerotic plaque are
investigations of LIFS for the identification of fibrotic
endocardium and myocardium, and sinoatrial and atrio-
ventricular nodal conduction tissue for the treatment of
arrhythmia.'®®®!!" Also, work in the area of monitoring
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heart electrical activity using voltage-sensitive dyes began
in the early 1980s.[°%63!

This review does not cover the well-established uses
of fluorescence in ophthalmology (e.g., retinal vessel
imaging).!*! More recent research, however, has shown
that LIFS, when applied to ocular tissues, may be useful
in diagnosing both ocular and other pathologies. Zuclich
et al. have studied the fluorescence of the human lens,
with excitation—emission matrix spectroscopy, as a diag-
nostic for aging-related dysfunctions, and the predispo-
sition for early onset of cataract formation.!®! Interesting
correlations were found between spectral signatures and
the age-appropriate condition of the lens. Fluorescence
spectroscopy of the lens has also been shown to have
potential for noninvasive diagnosis of diabetes melli-
tus.[° Fluorescence spectroscopy may also be used for
monitoring the metabolic state of the cornea.'®”!

Measurements of NADH fluorescence have been
used for monitoring metabolism, with some of the earliest
work being reported by Chance and coworkers.!®®! Re-
nault et al. developed a system that combines fluo-
rescence and reflectance for in situ on-line monitoring of
NADH concentration in vivo.'*”! More recently, NADH
fluorescence has been applied to in vitro measurements of
redox changes in ischemic myocutaneous flaps'’®! and to
measurement of metabolism in the heart and brain.!”!7?!
Beuthan et al. have also reported that the time-resolved
fluorescence of NADH oscillates in vivo.!””!

Changes in the concentration of NADH or the redox
state of flavin cofactors (e.g., FAD) are sometimes cited
as the presumed origin of the fluorescence spectral sig-
naturest’*~"® that correlate with tissue pathologies such as
cancer. Some authors have attempted to determine how
changes in these and other chromophores affect the fluo-
rescence signal. Ramanujam et al. fit in vivo fluorescence
spectra to a model of turbid tissue fluorescence, which
included contributions from NAD(P)H, FAD, collagen,
and elastin, and took into account absorption by hemog-
lobin."!! Although there is quite a bit of scatter in their
data, they saw an average increase in NAD(P)H content
and an average decrease in the contribution of collagen
fluorescence as the tissue progresses from normal to CIN.
In contrast, NAD(P)H fluorescence of colonic tissue
measured in vitro appears to decrease as tissue progresses
from normal to abnormal.!'* The increase in the con-
tribution of collagen fluorescence seen by Ramanujam
et al. for cervical tissue is related to the results of Scho-
maker et al. and Bottiroli et al., who assert that changes
in fluorescence are at least partly attributable to differ-
ences in the structural organization of the tissue.!'>®! In
particular, in the case of polyps, there is a thickening of the
mucosa, which shields some of the underlying collagen
fluorescence. Several studies to determine the underlying
biochemical and tissue structural changes that cause a
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change in fluorescence of dysplastic tissue are underway.
Brookner et al. have reported on the contribution of var-
ious biochemical and structural features to fluorescence
from normal cervical tissue.!””!

ELASTIC-SCATTERING
SPECTROSCOPY (ESS)

When ESS is employed for tissue diagnosis, the tissue
pathologies are detected and diagnosed using spectral
measurements of the elastic-scattered light, in a manner
that is sensitive to both scattering and absorption pro-
perties of the tissue, over a wide range of wavelengths.
The use of a technique that is sensitive to the wavelength
dependence of scattering efficiency and angles, as well as
to absorption bands, is based on the fact that many tissue
pathologies, including a majority of cancer forms, exhibit
significant architectural changes at the cellular and
subcellular levels. The object in this approach is to gene-
rate spectral signatures of relevance to the tissue para-
meters that pathologists address. After preparing a slide, a
pathologist performs a microscopic assessment (histo-
pathology) of the cell architecture or morphology: the
sizes and shapes of cells, the ratio of nuclear to cellular
volume, the form of the bilipid membrane, clustering
patterns, etc. Because the cellular components that cause
elastic scattering have dimensions typically on the order
of visible to near-infrared (IR) wavelengths, the elastic
scattering properties will exhibit a wavelength depend-
ence that is more complex compared to simple (1/4%)
Rayeigh scattering. When source and detector fibers are
sufficiently separated for the diffusion approximation to
be valid (typically >0.5 cm), the spectral dependence of
the collected light will be less sensitive to the size and
shapes of the scattering centers. However, for small sep-
arations (<0.1 cm), as with an endoscope-compatible
probe, the wavelength dependence is quite sensitive to
details of the light scattering that depend on the shape and
size of the scattering centers. Thus, for such geometries,
morphology, and size, changes can be expected to cause
significant changes in an optical signature that is derived
from the wavelength dependence of elastic scattering.
These principles underlying ESS have been discussed
in publications by Bigio and Mourant et al.”®7"]

In clinical demonstrations of ESS for tissue diagnosis,
probes are designed to be used in optical contact with the
tissue under examination and have separate illuminat-
ing and collecting fibers (Fig. 1). Thus, the light that is
collected and transmitted to the analyzing spectrometer
must first undergo several scattering events through a
small volume of the tissue before entering the collection
fiber(s). No light is collected from surface reflection;
therefore, ESS is probably a more accurate term for that
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Fig. 1 Schematic diagram showing the optical geometry of
the fiber-optic probe used in optical contact with the tissue for
elastic-scattering spectroscopy. Only light that has multiply
scattered through the tissue can enter the collection fiber.

method than ‘‘reflectance’” spectroscopy. With the ESS
geometry, the resulting effective path length of the col-
lected photons is generally several times greater than the
actual separation of the fiber tips. Consequently, in ad-
dition to the scattering spectral sensitivity to microscopic
tissue morphology, this type of system can have good
sensitivity to the optical absorption bands of the tissue
components, over an effective operating range of 300
to > 850 nm (with an adequately broad-bandwidth light
source). Such absorption features add valuable complex-
ity to the scattering spectral signature. It is important to
note that the fiber probe, being used in optical contact
with the tissue, examines only that site and does not
image the tissue surface.

Although the type of instrument used generates a
spectrum that characterizes the wavelength dependencies
of both scattering and absorption of the tissue, without
separating those contributions, these composite signatures
appear to correlate well with differences in tissue types
and condition. Mourant et al. have demonstrated the po-
tential of this technique in vivo in the bladder, where a
sensitivity and specificity of 100% and 97%, respectively,
were obtained in preliminary clinical studies.*” Koenig
et al.®" have also tested scattering spectroscopy for sens-
ing bladder cancer, but with distributed illumination of
the tissue. They observed the changes in hemoglobin ab-
sorption, as a result of increased perfusion in neoplastic
areas, but did not sense the spectral differences associated
with structural changes. Consequently, the sensitivity was
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good (91%) while the specificity was poor (60%) because
simple inflammation can also cause increased perfusion.

Clinical tests of ESS for diagnosis of cancer in the GI
tract have also shown encouraging results.*>% In an
earlier study,®*! 60 sites in 16 patients were measured in
the lower GI tract (colon and rectum). A spectral metric,
based on the regions of the hemoglobin absorption bands
(400—-440 and 540-580 nm), was developed to separate
the eight sites that were diagnosed under histopathology
as being dysplasia (a potentially premalignant condition),
adenoma (premalignant growth), or adenocarcinoma, from
normal mucosa or more benign conditions (e.g., hyper-
plastic polyps or quiescent colitis). The sensitivity of this
metric was 100% with a specificity of 98%, although this
figure constitutes a retrospective correlation, not a pre-
dictive probability, and should be interpreted cautiously
until measurements have been performed over a larger
number of patients. A study with a larger database has
been recently published by Ge et al.,®¥ in which dys-
plastic and hyperplastic polyps of the colon were dis-
tinguished using the ESS method and neural-network pat-
tern recognition for spectral classification. Zonios et al.’®*
have also published a study applying ESS to diagnosis
of colon polyps. In the study reported in Ref. [83], 67
biopsy sites were measured in 39 patients with Barrett’s
esophagus (a potentially premalignant growth of intest-
inal-type epithelium in the esophagus, resulting from
chronic acid reflux). Diagnostic algorithms to distinguish
dysplasia from nondysplastic Barrett’s esophagus were
developed using 80% of the data, and tested on the re-
maining 20%. (This was repeated five times, to cover all
the available data, but the training and testing sets were
always kept separate.) The resulting sensitivity and spe-
cificity were 82% and 80%, respectively. Wallace et al.
have also recently studied Barrett’s esophagus using a
very similar ESS method, and likewise obtained encour-
aging results.!%¢!

Reflectance spectroscopy can be closely related to
ESS, depending on the method of implementation. In
general, we define reflectance spectroscopy as referring to
the detection of both the diffuse and specular components
of the reflectance, with a noncontact probe or with imag-
ing optics. In some cases, measurements called ‘‘reflec-
tance’’ or ‘‘diffuse reflectance’” have been performed
with contact probes, wherein the method is essentially
identical to ESS.[%*%%%7] probes have been developed for
sensing probe contact with the tissue and for making
measurements at specified pressures.®® These methods
should reduce the variations in capillary perfusion re-
sulting from variations in the pressure of the probe tip on
the tissue surface.

The primary application of reflectance spectroscopy in
the visible spectrum has been for studies of skin, and the
optical properties of skin have been studied in some
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detail.”®®*°! The use of the reflectance of light from skin
as a diagnostic tool is an old technique—doctors have
always derived information from visual observation of
a patient. (A patient who appears blue may be hypoxic!)
Dawson et al. developed a reflectance spectrometer and a
theoretical model for indices of melanin and hemoglo-
bin.”!! Feather et al. developed indices for hemoglobin
and oxygenation,'®> and Hajizadeh-Saffar et al. have ex-
amined the accuracy of these indices.'”*! Measurements of
UV-induced pigmentation and erythema have also been
made by Kollias and Bager.”* More recently, applica-
tions of reflectance spectrometry have also been devel-
oped for measurement of bilirubin concentration.®>¢!

The application of reflectance spectroscopy to the de-
tection of skin cancer has been pursued by Marchesini et
al. Their technique incorporates a modified integrating
sphere with a standard UV/visible spectrophotometer, and
measurements are made over the range 420—780 nm. In a
study of 31 primary melanomas and 31 benign nevi, they
were able distinguish the two groups with a sensitivity of
90.3% and a specificity of 77.4%.°"! They are now de-
veloping a charge-coupled device (CCD)-based imaging
technique.'”® More recently, Wallace et al. have em-
ployed ESS, as specifically described above, for the de-
tection of melanoma.'”!

Clinical studies have also addressed three applications
of ESS to assist in diagnosis and management of breast
cancer: a transdermal-needle diagnostic and two peri-
operative applications.!"°! Instant diagnosis by ESS, with
the same size needle as for fine-needle aspiration (FNA)
cytology, would reduce patient anxiety (while waiting for
a diagnosis) and, in some cases, permit immediate treat-
ment. Image guidance for insertion of the needle, either
manually or by robotic insertion, could provide the ad-
ditional benefit of higher reliability (i.e., reduced false
negatives) when compared with traditional FNA. Optical
diagnosis also fits well with the general motivation of
robotic biopsy because of the immediate diagnosis. For
open surgery procedures, a potentially important purpose
of ESS diagnosis is to provide a probe for the surgeon to
use during wide local excision or partial mastectomy, for
assessing the resection margins in real-time. This could
reduce the number of required repeat surgeries, which
follow the discovery of positive resection margins.'%"
The third application being studied is the real-time assess-
ment of the associated lymph nodes during surgery. Re-
cent research has shown that if the sentinel (main) node
draining a tumor area is removed and does not show
cancer, then the chances of any other nodes in that region
showing cancer are only 1%."%% Thus if the sentinel node
does not show cancer, the rest of the axillary (armpit area)
nodes can be left in place, but if it does show cancer, then
a full surgical axillary-node clearance must be performed.
Using artificial intelligence pattern-recognition methods
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for spectral classification (neural networks and hierarchi-
cal cluster analysis), these studies have also yielded sen-
sitivities and specificities in the 1980s.

Other areas of potential clinical benefit of the use of
scattering spectroscopy for identifying tissues during sur-
gery abound, and two recent publications have addressed
applications in brain surgery. Johns et al."'%! investigated
the use of scattering spectroscopy to distinguish gray mat-
ter from white matter, for use during procedures that
invoke insertion of small probes into the brain for treat-
ment of certain neurological disorders. Another study,
conducted by Lin et al.,''% compared fluorescence with
scattering spectroscopy for assistance in brain tumor de-
marcation during surgery.

Polarization Effects in Elastic Scattering

The measurement of polarization properties of scattered
light has the potential to provide more information than
the measurement of unpolarized light scattering. The
observation of interesting optical patterns generated by
the propagation of polarized light in tissue has a long
history. A cross-like figure was observed over the macular
area when the eye was photographed using crossed po-
larizers as early as 1978.1'%! Methods for obtaining ef-
fective scatterer size and concentration from polarized
backscattering images of polystyrene spheres suspensions
have been described''°®! and the physical origin of pattern
features is well understood."'?’~""!1 Recently, a fiber-optic
method for measuring polarized light scattering, which
can be used to determine average scatterer size and den-
sity of polystyrene spheres, has been demonstrated.!'?”
Polarized fiber-optic and imaging measurements of cell
suspensions also provide information about scattering
structures.!''?!

Polarization methods can also be used to reject some
of the multiply scattered light from deep within the tissue
of interest. The rejection of deeply penetrating light is
important for the diagnosis of cancer because carcino-
mas typically originate in the epithelium, which con-
stitutes the top few hundred microns of tissue. Jacques
et al.''¥ have presented polarization images of skin that
display changes correlating with differences between
benign pigmented nevi and freckles. The images are
defined as (Jpar — Iperp)/(par + Iperp), Where Ip,, is a meas-
urement using parallel linear polarization for illumina-
tion and detection and I, uses perpendicular linear
polarizers for illumination and detection. Their analysis
demonstrates that such images provide information about
the top few hundred microns of skin only. Polarized-
light photography of skin has also been used to evaluate
photoaging.!"' Recently, Backman et al. have taken a
slightly different approach, using polarized light scat-
tering to isolate light scattered from near the tissue
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surface.' > They make point measurements of I, and
Iherp and subtract the two intensities. The resulting spec-
trum is then fit to an expression derived from the Mie
theory. They report that the distribution of cell-nucleus
sizes obtained agrees with microscopic measurements. In
a similar experiment, Sokolov et al. demonstrated that
wavelength-dependent results were consistent with the
scattering expected from epithelial cells.!''®

The basic physics of polarized light propagation in
scattering media is still under active investigation. Yao
and Wang have presented time-resolved movies of po-
larized light propagation in turbid media.''”! The pre-
servation of polarization in lipid, myocardium, and
polystyrene spheres has been studied in detail,!''®!!"!
and methods for examining light scattered from tissues
in the exact backscattering direction have also been
developed.''!

INFRARED (IR) AND
RAMAN SPECTROSCOPIES

IR and Raman spectroscopic measurements can provide
detailed molecular information about tissue. Conse-
quently, these spectroscopies have the potential to gen-
erate important biochemical information for tissue diag-
nosis. Some of the medical applications of vibrational
spectroscopy currently under investigation include char-
acterization of atherosclerosis (plaque in arteries) and
detection of cancer.

IR spectroscopy is the measurement of absorption at
wavelengths between ~5000 cm ! (2000 nm) and 100
cm ! (100,000 nm). At these wavelengths, most absorp-
tion arises from transitions between vibrational energy
levels of the molecules being probed. A single biological
molecule can have several absorbance bands because
multiple vibrations can occur within a single molecule.
The pattern of absorption bands depends strongly on the
type(s) of molecules present and consequently IR spec-
troscopy is very sensitive to tissue biochemistry.

Raman spectroscopy is an inelastic scattering process,
i.e. there is a difference between the energy of the inci-
dent and the scattered light. This scattering process causes
either an increase (anti-Stokes) or a decrease (Stokes) in

Table 1 Major protein vibrations

Amide I 1600—1700 cm ~ '
Amide I 1500-1600 cm ~*
CHj; scissoring ~1450 cm !
CHj; deformations and ~1400 cm ~ !

COO ™ vibrations

Amide 111 1200-1350 cm ~ !
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Table 2 Phospholipid vibrations

Symmetric methylene, ~2850 cm !
—CH,—, stretch
Asymmetric methylene, ~2920 cm !

—CH,—, stretch

C=0 stretch

CH, scissoring

PO, ™ antisymmetric stretch
Symmetric PO, ™ stretch

1710-1750 cm ~ !
~1450 cm ~!

1220-1260 cm ~ !
1080—1090 cm ~ !

energy equal to the difference between two vibrational
energy levels of the molecule scattering the light. The
intensity of scattered light is typically plotted as a func-
tion of the energy difference between the incident and
scattered light and this graph provides information on the
molecular vibrations of the molecules.

Four major components of biological tissues that con-
tribute to Raman and IR spectra are proteins (including
collagen), lipids, nucleic acids, and water. Representative
molecules of these classes are shown in Table 1. Proteins,
phospholipids, and nucleic acids each possess their own
unique spectra. The primary contributions of proteins to
Raman and IR spectra are attributable to vibrations of the
amide backbone."'*'"?*! Proteins also display a band near
1450 cm ~ ! attributable to CH, and CHj scissoring!'*>
and a band near 1400 cm ~ ! because of CH; deformations
and vibrations of COO — .['?®! Table 1 gives typical vib-
rational frequencies of globular proteins. In addition to
globular proteins, carbohydrates also contribute to vib-
rational spectra of tissue. Glycogen (a large branched
polymer of glucose residues) has vibrations in the 950—
1500 cm ~ ' spectral region.!'*”! In measurements of cells
containing high concentrations of glycogen, the glyco-
gen bands at ~1020, 1080, and 1150 cm ! are easily
discernable.!'?*!

Table 2 lists the major vibrations of phospholipids.
These are vibrations primarily associated with stretches
or deformations of CH,, and PO; groups."'**~"*!! Vibra-
tions of C=O contribute to the carbonyl region of IR
spectra.'?”]

Several vibrations of nucleic acids are given in
Table 3. Like phospholipids, the spectra of nucleic acids
contain bands attributable to the vibrations of phosphate
groups. Stretches caused by phosphodioxy, the PO;
group, and the phosphodiester O—P—O group are pre-
sent.!'?*! Table 3 lists the strongest IR absorptions; the

Table 3 Nucleic acid vibrations

1650—1720 cm !
1220-1240 cm !
~1100 cm ~ !

C=0 stretch
Asymmetric PO, ~ (weak in Raman)
Symmetric PO, ™ stretch
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phosphodioxy backbone vibrations and the C=0 stretch-
ing vibrations of the purine and pyrimidine bases. In the
Raman spectra, the phosphodiester bands and additional
vibrations of the bases have comparable Raman scatter-
ing intensity to the phosphodioxy vibrations.

The Fourier-transform IR spectra of some fibroblast
cells are given in Fig. 2. Spectral features have been as-
signed based on the literature discussed above. Measure-
ments were made in phosphate-buffered saline with the
cells at a concentration of 10® cells/mL, and a pathlength
of 100 pm.

Raman and IR spectroscopies both measure the vib-
rational spectra of molecules. Because the symmetry rules
for the two processes can be different, the Raman and IR
spectra for a given molecule can be subsequently dif-
ferent. As a general rule, IR spectroscopy is more useful
for studying polar bonds (such as C=0 and OH), while
Raman spectroscopy is more sensitive to nonpolar groups
(such as C=C and S—S). One of the most prominent ex-
amples of the difference between Raman and IR spec-
troscopies is the spectroscopy of water. Raman scattering
of water is quite weak between about 900 and 3000
cm ', with the only distinct feature in this region being
an H—O—H bend near 1620 cm ~'. Between 3000 and
3700 cm ', the Raman scattering resulting from an
O—H stretch is quite strong. In contrast, water absorbs
strongly in the IR from 1500 to 1750 cm ~ ', with con-
tinued significant absorption below 1500 cm ~'. The
intensity of IR light with a wavelength of 5 pm (2000
cm ~ ') is reduced by a factor of 10 at a depth of only ~65
pm in pure water. At a wavelength of 6.1 um (1640
cm "), water absorption is even stronger and the in-
tensity is reduced by a factor of 10 at a depth of only 7
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um.mz] Therefore, the penetration of IR radiation is of
limited value for in vivo measurements. In contrast, the
visible and near-IR wavelengths used for Raman ex-
citation penetrate deeply into tissue. For this reason pri-
marily, Raman spectroscopy is the preferred vibrational
technique for tissue characterization.

The application of Raman spectroscopy to tissue is
challenging because it is a weak effect. Additionally, tis-
sue fluorescence as well as Raman scattering and fluor-
escence from optical fibers complicate the measurement
of Raman spectra of tissue in vivo. Initially, many of
the measurements of biological systems were performed
using 1064-nm excitation and FT—Raman instruments
in order to avert tissue fluorescence. This method, how-
ever, was prohibitively slow with data acquisition times
took as long as 30 min.!"**! Recently, several technologi-
cal developments have enabled the development of Ra-
man systems using excitation in the 700- to 800-nm range
with much greater throughput. These technical advance-
ments include relatively inexpensive diode lasers, high-
efficiency (80% throughput) holographic spectrographs,
low-noise, high-efficiency (quantum efficiencies greater
than 80%) CCD cameras, and holographic notch filters
and dielectric filters with sharp cut-offs. The holographic
notch filter is used to reject the excitation light from the
collection path, while the dielectric filter is used to re-
move fiber (quartz) fluorescence and Raman scattering
from the excitation path immediately before the sample.
Recently, in vivo intravascular and GI measurements
have been demonstrated by Buschman et al."'**! and Shim
et al."** using incident laser powers of 100 mW and
integration times of 30 and 5 sec, respectively. However,
these systems have a minor disadvantage in that there is

amide Il —»>
proteins
0.06 — . —
PO, symmetric stretch
o lipids and DNA .
o - . CHa scissoring
- PO, asymmetric stretch proteins and
§ 0.04 lipids and DNA lipids .
-g CHaz, CHa deformation
2 proteins and lipids
<
0.02 -
0.00 ' L | I

1100 1200

1300

1400 1500

Wavenumber (1/cm)

Fig. 2 IR spectra of fibroblast cells suspended in phosphate-buffered saline, obtained by Fourier transform spectroscopy.
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some slowly varying fluorescence background that must
be removed by subtraction of a low-order polynomial.
Detectors with high efficiency and low-noise that could
detect light at wavelengths longer than 1000 nm would
alleviate this problem. However, more research is needed
before such detectors become available.3!

One final concern in the development of a Raman
system with in vivo applications is that the intensity of
light incident on the tissue must be limited to avoid tissue
damage. Many of the current standards for skin exposure
such as the American Conference of Governmental Indus-
trial Hygienists (ACGIH) threshold limit values (TLVs)
sometimes used by the FDA are quite low. The 2000 TLV
for a 10-sec or greater skin exposure is 0.6 W/cm? at 900
nm. For a 400-um delivery fiber, this only allows for an
incident light power of 0.75 mW. Studies to establish less
conservative values for tissue epithelial damage will be
needed. At the red or near-IR wavelengths, the major
concern is local heating of the tissue because near-IR light
is nonmutagenic. Recently, tissue heating has been in-
vestigated experimentally. Experiments with an IR
camera on ex vivo esophageal tissue show that 250 mW
of 830-nm light focused to a spot size of 500 pm produces
a temperature increase of less than 0.8° for an exposure
time of 1 min.!"** These small thermal effects are not
surprising because at wavelengths between 650 and
~1050 nm, light is only very weakly absorbed by tissue.
Consequently, the incident light is spread out over a
large volume because of scattering, and the temperature
rise because of absorption at any particular location is
quite small.

Two medical applications of Raman spectroscopy,
that have been significantly investigated are the chemi-
cal assay of atherosclerotic plaque and diagnosis of can-
cers and precancerous lesions. In the case of athero-
sclerotic plaque, the goal is to be able to diagnosis the
type of plaques that are most likely to rupture. The risk
of rupture is largest in plaques with high levels extra-
cellular cholesterol, low levels of collagen, and abundant
macrophages.''**! The general goal of developing vib-
rational spectroscopy for cancer diagnosis is to develop
a noninvasive method that can yield molecular infor-
mation. The advantages of such methods are discussed
in “‘Introduction.”’

In vitro IR experiments can help determine the po-
tential of vibrational spectroscopy for assaying medically
important changes in the molecular composition of tissue
because the signal-to-noise ratio of IR measurements is
higher than the corresponding Raman measurements.
Numerous studies have been performed to determine
whether IR spectroscopy is sensitive to carcinogenic/
tumorigenic changes and these are summarized below.
Furthermore, IR experiments can help in developing a
link between biochemistry and spectroscopy. In vitro IR
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experiments can assist in the molecular assignments of
spectral bands because of some vibrations that are not
Raman-active are IR-active.

Nearly all of the in vitro studies have used fixed or
frozen samples including the ones discussed below unless
otherwise noted. Wong and coworkers have reported dif-
ferences between cancerous and noncancerous tissue in
several studies.!"**~'**! Malins and coworkers have noted
a change in the spectra of DNA that is correlated with
metastasis.['**14%! Detailed IR measurements have been
performed on normal and leukemic lymphocytes.!'*!-'42!
The absorption at 1080 cm ~ ' divided by the absorption at
1540 cm ~ ' was found to be significantly different for 10
samples of B-chronic lymphatic leukemia and 10 normal
samples. Furthermore, by comparing spectra of mixtures
of ribonucleic acid (RNA)/deoxyribonucleic acid (DNA)/
protein, DNA/protein, and RNA/protein to spectra of
cells, it was found that the data are consistent with DNA/
RNA ratios for normal lymphocytes reported in the li-
terature. In a study of normal and malignant lung cancer
cells similar to the study of lymphocytes described above,
the absorption at 1080 cm ~ ' divided by the absorption at
1540 cm ~ ' was again found to be diagnostic."** The
band at 1080 cm ' is believed to be representative of
nucleic acid content, while the 1540 cm ! band is
representative of protein content. Complete verification of
these assignments has not been performed, however. As
mentioned above, phospholipids could also contribute
strongly to absorption at 1080 cm ~'. Multivariate
analysis methods have been applied to the IR spectra of
normal, hyperplastic, and neoplastic lymph cells.'"** A
partial-least-squares classification method using spectral
regions of 950—1725 and 2830-3000 cm ~ ' was able to
distinguish hyperplastic and neoplastic tissue. The
classification was performed using a cross-validation
method; however, the normal spectra were not classified
because of an insufficient number of samples. The
contribution of glycogen to IR spectra of liver tissue has
been studied. Vibrations of glycogen contribute signific-
antly between 900 and 1100 cm ~'."?* Finally, IR
spectra of cells fixed with ethanol and dehydrated were
found to be sensitive to cell cycle."*> The absorptions
because of nucleic acids were found to be stronger in cells
which were in the process of duplicating their DNA than
for cells containing only one copy of their DNA.

In addition to in vitro IR studies that investigated the
potential of vibrational spectroscopy to differentiate nor-
mal, precancerous, and cancerous conditions, there have
also been some in vitro Raman studies of cells and ex-
cised tissue. A review of much of this work before 1996 is
provided by Mahadevan-Jansen and Richards-Kor-
tum."'?! More recently, Yazdi et al. have demonstrated
that the ratio of two resonance Raman bands, associated
with nucleotides and protein, respectively, may be used to
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separate malignant and nonmalignant breast and cervical
cells.'*°! In addition, they found that a ratio of bands
known to be sensitive to nucleotide stacking was cor-
related with malignant changes. This study is notable in
the literature because the cells were measured in aqueous
media and their viability was checked. Differences be-
tween normal and malignant hepatocytes have also been
noted. Using HeNe excitation (632.8 nm), Hawi et al.
found that bands at 1040 and 1083 cm ~ ' increased in
intensity and a feature at 1241 cm ~ ' decreased in in-
tensity for malignant hepatocytes as compared to normal
liver cells."*”! The assignment of these spectral lines
to specific biochemical features is difficult. As noted
by the authors, the band at 1241 cm ~' could originate
from either amide III vibrations or antisymmetric PO5;
stretches of DNA. The results of this study should be
treated with caution because the cells were air-dried.
Dehydration is expected to affect the vibrational spectra.
For example, spectral features of phospholipids are
known to shift as a function of hydration.

Manohoran et al. measured the Raman spectra of 61
breast tissue samples.[148] Based on histopathological di-
agnosis, the specimens were grouped into normal (fat and
glandular), benign (fibrocystic disease, adenosis), and
malignant (carcinoma in situ and infiltrating ductal car-
cinoma). With knowledge of the pathology, the authors
then used the results of a principal component analysis
(PCA) in a logistic regression analysis to estimate the
probability that a given sample belongs to one of the three
diagnostic categories. They correctly classified 14 of 15
normal samples, 13 of 15 benign samples and all 31 ma-
lignant samples. Unfortunately, they did not have enough
data to test their algorithm on an independent data set. A
similar ex vivo study of cervical cancer has been per-
formed.!"**! Using PCA and Fisher’s discriminant ana-
lysis, the authors were able to separate precancerous
squamous intraepithelial lesions (SIL) from non-SIL with
a sensitivity and specificity of 91% and 90%, respect-
ively. Although these studies were performed on rel-
atively small data sets, their results are encouraging.

Several in vitro Raman studies of arterial walls have
been performed with the goal of developing Raman
spectroscopy as a diagnostic methods for atherosclerotic
plaque. The risk of rupture is higher when the plaque has
large extracellular lipid and/or cholesterol deposits, and
low concentrations of smooth muscle cells and collagen.
Raman spectroscopy can quantify concentrations of cho-
lesterol, phospholipid, and calcium salt.!'>%!>") Recently,
it has been demonstrated that Raman spectroscopy can
provide quantitative information about cholesterols and
cholesteryl esters.''>?!

The most amenable organ for an in vivo study is the
skin. Consequently, most in vivo studies using Raman
spectroscopy and all in vivo studies with IR spectroscopy
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have been performed on skin. Recently, in vivo IR ab-
sorption measurements of skin have been reported."'>*
The measurements were performed using a silver-halide
fiber with good IR transmission. The surface absorption
was sensed with the evanescent wave using a fiber tissue
contact length of a few millimeters. At 4 cm ™' reso-
lution, recording times were about 15 sec and the tissue
depth probed was estimated to be 20 um. Spectral features
such as amide I and amide II were noticeably different for
skin on different parts of the body.

A Raman spectroscopic study has provided insight into
the molecular composition of different skin layers, such
as differences in concentrations of lipids and of natural
moisturizing factor.!'>*" Another study has illustrated the
complexity of measuring skin and the difficulties of un-
equivocal diagnosis by Raman spectroscopy.!'>> Spectra
are influenced by skin hydration, pigmentation, and non-
malignant abnormalities. More recently, Caspers et al.
demonstrated that Raman spectra obtained in 5 sec can
be used to determine the water concentration profiles in
human skin.'">®! The ability to carry out Raman meas-
urements in the gastroentestinal tract has also been de-
monstrated very recently.!'** Spectra with good signal-
to-noise ratio and a resolution of 12 cm ~ ' were obtained
in 5 sec.

Finally, in vivo Raman spectroscopic measurements
have been carried out on lamb and sheep arteries."'>” The
measurements took 10-30 sec, each using 100 mW of
830-nm laser power at the tissue, and had a resolution of
10 cm~'. The signal-to-noise ratio was sufficient to
calculate weight percentages of calcium salts, cholesterol,
protein, and phospholipids.

CONCLUSION

Optical spectroscopy for tissue diagnosis is being in-
vestigated for a wide range of clinical diagnostic needs,
and metrics based on the spectral information are being
developed for a wide variety of tissue pathologies. It is
important to note that these metrics are likely to depend
on the optical geometry of light delivery and collection.
For example, with LIF the geometries used must be
tailored to maximize the fluorescence collected from the
regions of interest, which for epithelial cancers is near the
surface of the tissue. The volume of tissue that is inves-
tigated by fiber-optic probes is being modeled by various
groups.!138-101]

Each type of spectroscopy poses advantages and
problems. While LIF has the advantage of being useful
for surface imaging, it provides only rough information
about tissue biochemistry. ESS, as defined here (distin-
guished from reflectance spectroscopy), is limited to point
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measurements but it is sensitive to the cellular and sub-
cellular structures that pathologists assess in histology
(the ‘‘gold”’ standard). The use of less expensive de-
tectors is enabled with ESS because the optical signals are
much stronger than for LIF. Nonetheless, for both LIF and
ESS, a white-light source (filtered in the case of LIF) can
be employed rather than a laser, and the data acquisition
and storage/display time of the best reported systems
of both types is typically <1 sec. Most of the de-
velopments of ESS and fluorescence spectroscopy dis-
cussed in this review have used unpolarized light. The use
of polarized excitation and detection for both ESS and
fluorescence may provide information for more detailed
and/or accurate diagnosis of tissue pathology. Time-re-
solved broadband spectroscopy may also provide addi-
tional information in the case of LIF.

Raman and IR spectroscopies are the only methods
that provide detailed information about the biomolecular
constituents in the tissue. This type of detailed infor-
mation can be essential for some diagnostic applications.
In the case of IR spectroscopy, however, fiber-optic me-
diation is difficult, and only a very shallow depth of
tissue can be assessed, often too shallow to be clinically
useful. Raman spectroscopy, on the other hand, can
probe appropriate volumes of tissue, but attaining ade-
quate signal-to-noise ratio within a clinically acceptable
integration time poses serious engineering (and funda-
mental) challenges.

In short, the potential benefits of optical biopsy meth-
ods in a variety of clinical applications are great enough
that a broad range of research activities has emerged
over the past decade at many major research institutions
around the world, and the medical community has taken
note of this trend.
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