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Abstract

Background: Recent studies have shown that chemical composition and morphology, rather than anatomy (degree of stenosis),
determine atherosclerotic plaque instability and predict disease progression. Current clinical diagnostic techniques provide accurate
assessment of plaque anatomy, but have limited capability to assess plaque morphology in vivo. Here we describe a technique for a
morphology-based diagnosis of atherosclerosis in the coronary arteries using Raman spectroscopy that can potentially be performed in vivo
using optical fiber technology. Methods: Raman tissue spectra were collected from normal and atherosclerotic coronary artery samples in
different stages of disease progression (n=165) from explanted transplant recipient hearts (z=16). Raman spectra from the elastic laminae
(EL), collagen fibers (CF), smooth muscle cells (SMC), adventitial adipocytes (AA) or fat cells, foam cells (FC), necrotic core (NC),
cholesterol crystals (CC), 3-carotene containing crystals (3-C), and calcium mineralizations (CM) were used as basis spectra in a linear least
squares-minimization (LSM) model to calculate the contribution of these morphologic structures to the coronary artery tissue spectra.
Results: We developed a diagnostic algorithm that used the fit-contributions of the various morphologic structures to classify 97 coronary
artery samples in an initial calibration data set as either nonatherosclerotic, calcified plaque, or noncalcified atheromatous plaque. The
algorithm was subsequently tested prospectively in a second validation data set, and correctly classified 64 (94%) of 68 coronary artery
samples. Conclusions: Raman spectroscopy provides information about the morphologic composition of intact human coronary artery
without the need for excision and microscopic examination. In the future, it may be possible to use this technique to analyze the morphologic
composition of atherosclerotic coronary artery lesions and assess plaque instability and disease progression in vivo. © 2001 Elsevier Science
Inc. All rights reserved.
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1. Introduction

The use of Raman spectroscopy has great potential for
diagnostic imaging of human coronary artery disease in vivo
[1-3]. Recent studies have shown that chemical composi-
tion and morphology, rather than anatomy (degree of
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stenosis), determine atherosclerotic plaque instability and
predict disease progression and the risk of life-threatening
complications such as thrombosis and acute plaque hemor-
rhage [4—16]. Current diagnostic imaging techniques such
as intravascular ultrasound (IVUS), MRI, and angiography
provide predominantly anatomic information about the
extent of luminal stenosis, but yield only limited informa-
tion about lesion composition [17—23]. A number of studies
have shown that quantitative chemical information regard-
ing lesion composition can be acquired from Raman spectra
of normal and atherosclerotic arterial tissue using mathe-
matical modeling [24—30]. We now report that quantitative
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morphologic information regarding lesion composition can
also be acquired from coronary arteries by Raman spec-
troscopy using a modification of the mathematical model.
Secondly, we show that this morphologic information can
be used for diagnostic purposes. To our opinion, the
chemical and morphologic information obtained by
Raman spectroscopy can be the basis of more powerful
diagnostic assessment of human coronary artery disease in
the future.

One of the early studies of Raman spectroscopy in
atherosclerosis used a principal component analysis (PCA)
model of the Raman spectra [26]. In this technique, the
principal components (or basis spectra) contributing to the
variance in the Raman tissue spectra, were extracted math-
ematically. Calculated model fit-coefficients for the princi-
pal components were then used as the basis of a diagnostic
algorithm to classify coronary artery tissues as either non-
atherosclerotic or calcified plaque or noncalcified plaque. In
this mathematical model, the principal components (or basis
spectra) do not necessarily have specific chemical or mor-
phologic counterparts. Therefore, although it can be used to
diagnose arterial tissue as atherosclerotic or nonatheroscler-
otic, it does not provide specific chemical or morphologic
information about the lesion.

One of the great advantages of Raman spectroscopy
over other diagnostic techniques is its ability to identify
the biochemical components of tissue and to determine
their tissue concentrations in situ. Recent studies using a
second linear least squares-minimization (LSM) model
take advantage of the biochemical information in Raman
spectra, using Raman spectra of biochemical constituents
extracted from arterial tissue as a basis set in a LSM model
to obtain the calculated model fit-coefficients (or relative
weight fractions) of the biochemical constituents in the
tissue [27,28]. The relative weight fractions of total cho-
lesterol and calcium salts were then used in an algorithm
to classify the arterial tissues as normal or atherosclerotic
as in the PCA model [29]. More importantly, this model
provides a quantitative analysis of the chemical composi-
tion of the arterial tissue that may contribute to the
diagnosis of the plaque’s instability.

In principal, both quantitative chemical and morphologic
information regarding atherosclerotic lesion composition
can be obtained from the same Raman spectrum. The
objective of the present study was to analyze coronary
artery tissue by modeling of Raman tissue spectra using
the spectra of morphologic structures rather than biochem-
ical components as a basis set. Basis spectra for the model
were obtained from morphologic structures commonly
observed in the normal artery wall and in atherosclerotic
plaque, including collagen fibers (CF), the internal and
external elastic laminae (EL), smooth muscle cells (SMC),
adventitial adipocytes (AA) or fat cells, foam cells (FC),
necrotic core (NC), cholesterol crystals (CC), 3-carotene
containing crystals (3-C), and calcium mineralizations (CM)
[30]. These basis spectra were then used to linearly fit the

spectra of an initial calibration set of coronary artery speci-
mens. Using the fit-contributions of the various morpho-
logic structures, an algorithm was developed to classify the
arteries as atherosclerotic or nonatherosclerotic as in the
biochemical model. To test the diagnostic performance of
this morphology-based model, the algorithm was subse-
quently applied to a second, prospective, validation set of
coronary arteries.

2. Materials and methods
2.1. Tissue preparation

Human coronary artery samples (n=200) from 16
patients, exhibiting different stages of atherosclerosis, were
obtained from explanted recipient hearts within 1 hour
after heart transplantation. Seven patients had heart failure
due to dilated cardiomyopathy and nine due to severe
ischemic heart disease. Immediately after dissection from
the explanted heart, the artery segments were rinsed with
neutral-buffered saline solution, snap-frozen in liquid nitro-
gen, and stored at — 85°C until use. The artery samples
were collected in two sets, the first containing 113 (cali-
bration set) and the second, 87 samples (prospective
validation set).

These artery samples were used for macroscopic and
microscopic Raman spectroscopy studies. For the macro-
scopic study, the samples (97 and 68, from the first and
second sets, respectively) were warmed passively to room
temperature, cut open longitudinally, placed in an aluminum
holder with the lumen side upwards, and examined under
x 10 magnification for selection of the region to be eval-
uated [27]. After spectroscopic examination, each spot
interrogated was marked with a small spot of colloidal
ink, and fixed in 10% neutral-buffered formalin.

Details of the collection of the Raman spectra using a
microspectrometer were described previously [30]. In short,
unstained, transverse tissue sections (6—8 pm) were cut
from the coronary artery samples. Four sections of each
sample were mounted on glass microscope slides and
stained for light microscopic examination, whereas serial
unstained transverse sections were mounted on BaF, or
MgF, flats (International Scientific Products, Tarrytown,
NY and Spectra-Tech, Stamford, CT), kept moist with
phosphate buffered saline (pH 7.4), and transferred to the
microscope stage for spectroscopic experiments. No cover-
slip was used. Under white light illumination, the major
morphologic structures were selected and recorded on
videotape under x 10 and x 63 magnification.

2.2. Histology
The formalin-fixed macroscopic tissue samples were

routinely processed, paraffin-embedded, and cut through
the marked locations in 5-pm thick sections, stained with
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hematoxylin and eosin, and examined by two experienced
cardiovascular pathologists who were blinded to the out-
come of the Raman spectroscopy analysis. The tissue
sections were classified according to the updated System-
ized Nomenclature of Human and Veterinary Medicine
(SNoMed) [31] and have been used previously [26—29].
The samples in both the calibration and validation data sets
were diagnosed as either (1) normal (=12 and 1), (2)
intimal fibroplasia (n=61 and 25), (3) atherosclerotic pla-
que (n=3 and 0), (4) atheromatous plaque (=6 and 16),
(5) calcified atherosclerotic plaque (=1 and 3), (6) calci-
fied atheromatous plaque (n="7 and 13), (7) calcified fibro-
sclerotic plaque (=5 and 10), or (8) calcified intimal
fibroplasia (=2 and 0, respectively). Because some of
these categories had small sample numbers, the eight
categories were condensed into three diagnostic classes for
the development of the diagnostic algorithm: Class I, non-
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atherosclerotic tissue (Categories 1 and 2; n="73 and 26);
Class II, noncalcified atherosclerotic plaque (Categories 3
and 4; n=9 and 16); and Class III, calcified atherosclerotic
plaque (Categories 5—8; n=15 and 26).

2.3. Instrumentation and Raman spectroscopy

The macroscopic and microscopic Raman spectra were
obtained using the Raman spectroscopy system shown in
Fig. 1. Detailed descriptions of the instrumentation for
macroscopic and microscopic measurements and the data
processing can be found elsewhere [30]. In short, near-
infrared (NIR) laser light (830 nm) was generated by an
Ar " -pumped Ti:sapphire laser system (Coherent Innova
90/Spectra Physics 3900S, Coherent, Santa Clara, CA).
The laser output was band pass-filtered (Kaiser Optical
Systems HLBF, Ann Arbor, MI) and, by insertion of a
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Fig. 1. Schematic representation of the combined Raman macrospectroscopy and confocal microspectroscopy system. NIR laser light (830 nm) is delivered by
an Ar " -pumped Ti:sapphire laser system and passes through a holographic laser band pass filter. Using a prism, the light is directed either to the microscope
system or the macroscopic system. When directed to the microscope system, the light is focused onto a tissue sample through a high numerical aperture
microscope objective. The scattered light is collected by the same objective, passes the beam splitter, and is focussed onto a pinhole (P), which enables confocal
resolution. The remaining light is passed through a Notch filter to remove Rayleigh-scattered laser light, and is then coupled into the spectrometer using a lens.
The dichroic beam splitter is used to direct either collected Raman scattered light from the sample to the spectrometer—CCD system, or white light images to
the video camera system. When directed to the macroscopic system, the light is projected onto a coronary artery sample, and the Raman scattered light is
collected by a lens, Notch-filtered, and projected into the spectrometer—CCD system. Raman signals are read from the CCD, collected by a personal computer

and stored on hard disk for later analysis.
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prism, either projected onto the tissue sample in the
macroscopic setup, or projected into a confocal microscope
and focused onto the tissue section with a x 63 infinitely
corrected water immersion objective (Zeiss Achroplan, NA
0.9). In the macroscopic setup, Raman-scattered light from
the tissue (sampling volume 1-2 mm?) was collected with
a lens, Notch-filtered, and focused onto the entrance slit of
a Chromex 250IS/SM spectrophotometer (Chromex, Albu-
querque, NM). In the microscope setup (sampling volume
approximately 1 pm?), the Raman light scattered from the
tissue was collected with the same objective that was used
to focus light onto the sample, passed through a pinhole
(giving the system its confocal characteristic), Notch-fil-
tered, and projected onto the entrance slit of the spectro-
photometer. Inside the spectrograph, a grating dispersed
light onto a deep-depletion CCD detector (Princeton
Instruments, Princeton, NJ) cooled to — 110°C. The
CCD interface (ST130, Princeton Instruments), along with
data storage and processing, was rendered on a personal
computer.

For the macroscopic measurements, the laser power was
350 mW, and the signal collection time was 10—100 s. For
the microscopic measurements, the laser power was 80—120
mW, and the signal collection time was 60—360 s. The
Raman spectra were collected in the range between 400 and
2000 cm ' (resolution 8 cm ~ ).

Each spectrum was frequency-calibrated and corrected
for chromatic variations in spectrometer system detection. A
fourth-order polynomial was fit to each spectrum and
subtracted from the spectrum to correct for remaining tissue
fluorescence [27]. The macroscopic tissue spectra were
modeled in the 680—1800 cm ~ ' Raman shift range as a

linear combination of the morphologic structure basis spec-
tra by LSM. This Raman shift range was chosen, because
this range contains most spectral information.

2.4. Morphologic spectral analysis

In this study, the Raman spectra of morphologic struc-
tures commonly observed in atherosclerotic plaque were
used as basis spectra. The Raman basis spectra were
obtained by microspectroscopy from the following 10
morphologic structures: CF, the internal and external EL,
SMC, AA or fat cells, FC, NC, CC, 3-C, and CM (Fig. 2). In
a previous study, we have shown that the spectral variation
for any one morphologic structure is very small, indicating
that the chemical composition of any morphologic structure
is relatively constant [30]. Therefore, in this study, each
morphologic structure was represented by a single Raman
spectrum. Furthermore, we have previously shown that the
chemical composition of FC and NC are nearly identical as
determined by this Raman spectroscopic technique. There-
fore, in the present study, we represent these two morpho-
logic structures by a single Raman spectrum (FC/NC).
Similarly, we have shown previously that the spectra of
the internal and external EL are nearly identical, and we
have represented them by a single spectrum as well (EL).

The morphologic structure Raman spectra were normal-
ized with respect to their maximum peak intensity. All
spectra in the two data sets could be modeled accurately
with the final set of eight morphologic basis spectra. The
Raman spectral model calculated the fractional fit-contribu-
tion of seven of the morphologic structures. The eighth
structure, (3-carotene, is an intense Raman scatterer that
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Fig. 2. Raman spectra of the eight selected coronary artery morphologic structures.
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often contributes to coronary artery Raman spectra, but is
present only in low concentrations. For this reason, its
spectrum was included in the spectral model, but no frac-
tional fit-contribution was calculated.

In calcified atherosclerotic plaques, CM often occupy
large volumes of the tissue examined by Raman spectro-
scopy. To obtain information about the remaining non-
calcified regions, and to compare the morphologic
structure fractional fit-contributions among the different
disease classes, we renormalized the spectra of calcified
plaques, neglecting the contribution of calcium mineral-
ization, and calculated the morphologic structure frac-
tional fit-contributions of the noncalcified regions
(denoted by Xncr), as was done previously in calculat-
ing the relative weight fractions in the biochemical
model [27-29].

2.5. Algorithm development

The relative fit-contribution of each morphologic struc-
ture to the spectra in the calibration data set was used to
develop an algorithm to classify the tissue into one of the
three diagnostic classes. The method of logistic regression
was used to generate a discriminant score, R;, based on a
linear combination of relative fit-contributions (C;) of each
morphologic structure / as R;=«;+3;C; +03,,Co+. .. with
«; being a constant and 3;; an adjustable coefficient for each
morphologic structure. This method was chosen over dis-
criminant analysis, because logistic regression does not
make any assumptions about the normalcy of the fit-coef-
ficients [31].

Using maximum likelihood estimation with the software
package STATA (Release 5.0, Stata, College Station, TX),
we determined the probability that an artery sample j is
nonatherosclerotic (P;;), or contains a noncalcified athero-
sclerotic plaque (P;;), or contains a calcified atherosclerotic
plaque (P;) as

1
P = 1 + eRil 4 eR2’

et

JE 3 Rl - o2

and Py =1 — Py — Py,
which sum to one [31]. Furthermore, using a likelihood-
ratio test on the initial calibration data set, it was determined
which morphologic structure relative fit-contributions were
significant for diagnosis, and what diagnostic thresholds for
these relative fit-contributions correctly classify the most
samples. The algorithm so developed was then used to
prospectively classify the artery samples in the second
validation data set.

To determine the level of error in the model, it is
necessary to analyze the signal/noise ratio (SNR) of the
spectra being used. Because the microscopic Raman
artery spectra of the morphological model could be
collected for arbitrarily long times, they are virtually

noise-free (see Fig. 2). Therefore, the limiting source
of error in the model is due to noise in the macroscopic
spectra of the intact arteries. The in vitro system is shot
noise-limited, and therefore, the noise for any given
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Fig. 3. Examples of fitting the morphologic Raman spectral model to
macroscopic spectra: (A) a nonatherosclerotic tissue, (B) a noncalcified
atherosclerotic plaque, and (C) a calcified atherosclerotic plaque. The solid
line is the macroscopic spectrum, and the dotted line the model fit. The
lower line in each graph is the residual between macroscopic spectrum and
model fit.
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Fig. 4. The results of the fit contribution of seven morphologic structures to
the calibration data set, and the diagnostic algorithm classification as: (A)
nonatherosclerotic tissue, (B) noncalcified atherosclerotic plaque, or (C)
calcified atherosclerotic plaque. AA: adventitial adipocytes, CF: collagen
fibers, EL: internal/external elastic lamina, SMC: smooth muscle cells, FC/
NC: foam cells/necrotic core, CC: cholesterol crystal, CM: calcium
mineralizations. Xycr: the relative contribution of X in the noncalcified
region. Data shown are mean+S.E.M. Note: different scaling in C.

sample is equal to the square root of the signal.
Following standard multivariate analysis techniques

[31], the concentration error is proportional to the noise
in the spectrum

E=N x B,

where B=P"(PP") "', is the calibration vector for the
morphologic basis spectrum of interest, and N is the noise in
the sample [32].

3. Results

3.1. Morphologic spectral modeling of macroscopic coro-
nary artery spectra

Fig. 3 shows macroscopic Raman spectra collected from
coronary artery samples representing each of the three
diagnostic classes (normal coronary artery, noncalcified
atherosclerotic plaque, and calcified atherosclerotic plaque),
together with LSM model fits. Residuals (data minus the fit)
are shown on the same scale. For all spectra, the calculated
fit agrees well with the measured spectrum, which suggests
that the morphologic basis spectra are a reasonably complete
representation of the Raman spectra of the macroscopic
tissue samples.

The Raman spectra of all 97 coronary artery samples
in the calibration data set, which were classified by a
pathologist into one of the three diagnostic classes, were
analyzed in the same way. The mean+ S.D. of the relative
fit-contribution of all eight selected morphologic struc-
tures in nonatherosclerotic tissue (I), noncalcified athero-
sclerotic plaque (II), and calcified atherosclerotic plaque
(IIT) are shown in Fig. 4. This figure clearly shows that
Raman spectroscopic modeling is able to detect morpho-
logic changes in coronary artery tissue. The morphologic
Raman model showed, as expected, that nonatheroscler-

Carotenoid level (a.u.)

—

Calcified
plaque

Non-atherosclerotic Non-calcified
tissue plaque

Fig. 5. The spectral contribution of 3-carotene in the calibration data set in
relation to the three diagnostic categories. The carotenoid level is expressed
in arbitrary units.
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otic tissue consisted mainly of AA, CF, EL, and SMC
(Fig 4A). In nonatherosclerotic artery, the intima is thin
and therefore, the contribution of the adventitial layer
(which contains a relatively large amount of adipose
tissue) to the spectroscopically examined tissue volume
is large, because the NIR laser light penetrates through
the entire vessel wall. In noncalcified and calcified
atherosclerotic plaque, the morphologic Raman model
revealed a dramatic change of the morphologic composi-
tion with progression of disease. In noncalcified athero-
sclerotic plaques, where the intima is thickened, the AA
contribution decreased, whereas the contribution of FC/

NC and CC increased (Fig 4B) due to accumulation of
lipids in the plaque. Raman spectra of calcified athero-
sclerotic plaques were dominated by the CM contribution
(Fig 4C). The contribution of AAncr and CFycr in
calcified atherosclerotic plaque was smaller than that of
AA and CF in noncalcified atherosclerotic plaque.

Although the concentration of 3-carotene in arterial tissue
is low, the modeling outcome showed large differences in
the contribution of carotenoids among the disease classes
(Fig 5). The largest contribution was found in noncalcified
atherosclerotic plaques, since (3-carotene is a lipophilic
substance that dissolves easily in the NC.
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Fig. 6. The diagnostic algorithm based on fit contributions of CM and CCycr + FC/NCncr- (A) Shows the algorithm developed with the initial calibration data
set. (B) Shows the results of the prospective validation data set. The symbols refer to the diagnostic classes: nonatherosclerotic tissue (O), noncalcified
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3.2. Diagnostic algorithms

Using logistic regression, we determined that an
optimal separation of the data into three diagnostic
classes was obtained using the fit-contributions of CM
and FC/NCycr+CCyncr, With P<.0001 using a like-
lihood-ratio test. In addition, the likelihood-ratio test
determined that no improvement in classification resulted
from inclusion of any of the remaining morphologic
structures (P <.05). The discriminant scores were deter-
mined to be le =—420.4+1870.0 x (FC/NCNCR"" CCNCR)
—60943 xCM, and R;=-83+23.3 x (FC/NCycr+
CCncr) t47.6 x CM.

The fit-contributions of CM and FC/NCycgr + CCyncr of
each artery sample can be plotted in a decision diagram
(Fig 6A), using the corresponding R, and R, values. The
border separating the regions of nonatherosclerotic tissue
and noncalcified atherosclerotic plaque is given by
PI=PII, which is a line described by the equation
CM=-0.07+0.31 x (FC/NCycr + CCncr)- The border
separating the regions of nonatherosclerotic tissue and
calcified atherosclerotic plaque is given by PI=PIII, and
has the equation CM =0.17 — 0.48 x (FC/NCxcr + CCner)-
The line separating the regions of noncalcified atheroscler-
otic plaque and calcified atherosclerotic plaque is given by
PII=PIIl, and has the equation CM=—0.07+0.30 x (FC/
NCxcr + CCncr)- For 95 of the 97 (98%) samples in the
initial calibration data set, the decision determined by the
Raman-based diagnostic algorithm correlated with that of
the pathologist.

Subsequently, this algorithm was used prospectively to
classify the artery samples of the second validation data set
into one of the three diagnostic classes (Fig 6B). Prospec-
tively, the algorithm result agreed with that of the patholo-
gist for 64 of 68 samples (94%). Comparison of the
pathologic and Raman spectroscopic diagnoses for both
data sets is shown in Table 1.

Table 1
Comparison of pathologic diagnosis with that of the morphology-based
Raman diagnostic algorithm.

Raman diagnosis

Pathology diagnosis 1 I I Total

Calibration data set

I 72 0 1 73
I 0 9 0 9
il 1 0 14 15
Total 73 9 15 97
Prospective data set

I 26 0 0 26
11 0 12 4 16
il 0 0 26 26
Total 26 12 30 68

The classes are (I) nonatherosclerotic tissue, (II) noncalcified plaque,
and (III) calcified plaque.

Because the in vitro Raman system used for collecting
macroscopic artery spectra is shot-noise limited, the NIR
techniques used in acquiring the data have resulted in
extremely high SNR spectra. The average peak-to-peak is
less than 0.04 counts on normalized spectra. Calculation of
error on the fit-coefficients of diagnostic morphologic
components yield a three-S.D. error of 0.041 for CM, and
a three-S.D. error of 0.036 for FC/NCycr + CCner.-

4. Discussion

Recent studies have shown that chemical composition
and morphology, rather than anatomy (degree of stenosis),
determine atherosclerotic plaque instability and predict
disease progression and the risk of life-threatening com-
plications such as thrombosis and acute plaque hemorrhage
[4—12]. For example, the presence of cholesterol esters
may soften the plaque, whereas crystalline-free cholesterol
may have the opposite effect [13,14]. The presence of FC
and other inflammatory cells may also play a role in
plaque instability [15,16].

Current diagnostic-imaging techniques, including IVUS,
MRI, and angiography provide an accurate assessment of
plaque anatomy, but have limited capability to quantita-
tively assess plaque morphology or chemical composition
in vivo. Coronary angiography, still the “gold standard”
for diagnosing coronary artery disease, shows the degree
of luminal stenosis, but provides no chemical or morpho-
logic information about the plaque. In fact, unstable
atherosclerotic plaques are often “silent” on angiography
[19-22]. IVUS, the most accurate and quantitative tech-
nique currently in clinical use, uses the reflection of
acoustical waves delivered by an intravascular catheter
to probe tissue density and provide imaging information
[17]. It has advanced our understanding of atherosclerosis
significantly by demonstrating extensive atherosclerosis in
coronary arteries that appear normal on angiography.
However, although IVUS can identify the presence of an
atheroma core, it cannot specifically identify FC or CC
and does not provide any chemical information [22]. MRI
has the advantage of being a noninvasive technique, and
uses radio waves generated by applying a magnetic field
gradient to again probe tissue density and provide imaging
information. Like IVUS, it can be used to analyze anat-
omy and, to a lesser extent, morphology [23]. However,
conventional proton MRI techniques used clinically
largely ignore and often suppress the chemical shift
information. Thus, currently, plaque morphology and
chemical composition can only be assessed by micro-
scopic examination of excised tissues after endarterectomy
or atherectomy.

Previous studies have shown that a linear LSM
Raman spectroscopy model can be used to quantitatively
assess the chemical composition of coronary artery
atherosclerotic plaque [24—29]. In the present study, we
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have shown that a modification of that Raman spectro-
scopy model can also be used to identify the micro-
scopic morphologic structures comprising the plaque, and
that the pathological state of the artery could be accu-
rately assessed using a diagnostic algorithm based on the
relative contribution of these microscopic morphologic
structures to the macroscopic arterial Raman spectrum.
The diagnostic algorithm, constructed with an initial
calibration data set, was tested in a second prospective
data set, where it predicted discase classification with
94% accuracy.

CM and FC/NCycr+ CCncr, Which were found to
increase with severity in atherosclerotic plaque, were the
most predictive parameters for classifying arterial tissue as
nonatherosclerotic, calcified plaque, or noncalcified plaque.
B-C also had predictive value in discriminating the three
diagnostic categories, and an algorithm could be made
using 3-C and CM as diagnostic parameters. Its diagnostic
power, however, was less than that for CM and FC/
NCncr T CCnir-

Initially, eight atherosclerotic classes were used for
comparison with previous studies using the PCA and
chemical models. These eight classes were reduced to three,
because it was not possible to individually distinguish all
eight diagnostic (SNoMed) classes using our current mor-
phology-based Raman spectroscopic model. This is partly
due to differences in the number of samples in each of the
diagnostic classes, as described previously [29], but also due
to the inability of the current Raman spectroscopic model to
discriminate subtle morphologic differences between certain
diagnostic classes. For example, using the current Raman
spectroscopic model, it was not possible to distinguish
atherosclerotic plaques (which contain FC only) from athe-
romatous plaques (which contain both FC and NC). This is
due, in part, to the small numbers of atherosclerotic plaques
in the study set. It is also due, in part, to the similarity of the
FC and NC basis spectra [30]. This is most likely due to the
fact that the NC is largely an extracellular accumulation of
cytoplasmic lipid released from FC when they undergo
necrosis or apoptosis.

Currently, the diagnosis of atherosclerosis and assess-
ment of plaque stability and extent of disease progression is
most accurately done by post procedural pathologic exami-
nation of excised tissue. The morphologic structures
selected as basis spectra in the Raman model represent
those structures that are commonly used in pathologic
diagnosis and classification of atherosclerotic lesions by
light microscopy. On pathologic examination, the presence
of FC, NC, and CC are significant predictors of plaque
instability and disease progression [4—16]. The present
study showed that Raman spectroscopic analysis of these
same morphologic structures could be used to diagnose
atherosclerotic lesions in intact coronary arteries, without
the need for microscopic examination. This suggests that,
with further development, Raman spectroscopy can provide
not only quantitative chemical information, but also quanti-

tative morphologic information regarding atherosclerotic
lesion composition, such as the presence of CC, not readily
available in current diagnostic imaging techniques such as
IVUS, MRI, and angiography.

The current chemical- and morphology-based Raman
spectroscopy models also have potential limitations. The
explicit nature of these models requires a thorough under-
standing of arterial tissue and its chemical or morphologic
composition. Although extensively studied, the biochemis-
try and morphology of atherosclerosis are still imperfectly
understood, and small but diagnostically significant differ-
ences in chemical composition or morphology may be
missed with these types of modeling, as was seen for NC
and FC in the morphologic model.

It should also be noted that while useful for comparison
to previous studies, the eight-class SNoMed classification
system does not distinguish between stable and unstable
plaque, and some of the morphologic features associated
with unstable plaque, such as inflammatory cells other than
FC, were not included as basis spectra in the model.
Therefore, further studies are needed to ascertain whether
our current morphology-based Raman spectroscopic model
can, in fact, provide the type of quantitative morphologic
information necessary to distinguish stable from unstable
atherosclerotic plaque.

5. Conclusions

Diagnostic classification of atherosclerotic plaques in
human coronary arteries can be performed accurately by
quantitative assessment of their morphologic composition
using Raman spectroscopy. The rapid and nondestructive
nature of Raman spectroscopy provides the opportunity to
diagnose coronary artery plaques in vivo, when applied in a
clinical setting using optical fiber technology. So used, this
technique cannot only classify an atherosclerotic lesion, but
may provide an in vivo quantitative assessment of its
morphologic features, such as the presence of FC, NC,
and CC, which may be used to assess plaque instability
and the extent of disease progression, and thereby, the risk
of life-threatening complications such as thrombosis and
acute plaque hemorrhage. So used, this technique may
provide insight into as yet poorly understood dynamics in
the evolution of atherosclerotic lesions and the effects of
lipid-lowering and other therapies.
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