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Background—A method is needed to identify nonstenctic, lipid-rich coronary plaques that are likely to cause acute
coronary events. Near-infrared (NIR) spectroscopy can provide information on the chemical composition of tissue. We
tested the hypothesis that NIR spectroscopy can identify plaque composition and features associated with plaque
vulnerability in human aortic atherosclerotic plaques obtained at the time of autopsy.

Methods and Results—A total of 199 samples from 5 human aortic specimens were analyzed by NIR spectroscopy.
Features of plaque vulnerability were defined by histology as presence of lipid pool, thin fibrous cap (<65 um by ocular
micrometry), and inflammatory cell infiltration. An InfraAlyzer 500 spectrophotometer was used. Spectral absorbance
values were obtained as log (1/R) data from 1100 to 2200 nm at 10-nm intervals. Principal component regression was
used for analysis. An agorithm was constructed with 50% of the samples used as a reference set; blinded predictions
of plague composition were then performed on the remaining samples. NIR spectroscopy sensitivity and specificity for
histological features of plaque vulnerability were 90% and 93% for lipid pool, 77% and 93% for thin cap, and 84% and

89% for inflammatory cells, respectively.

Conclusions—NIR spectroscopy can identify plague composition and features associated with plague vulnerability in
postmortem human aortic specimens. These results support efforts to develop an NIR spectroscopy catheter system to
detect vulnerable coronary plaques in living patients. (Circulation. 2002;105:923-927.)
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here is widespread agreement that new diagnostic tech-

niques are required to identify coronary plagues that are
prone to disruption.’2 The type of plaque considered to be most
vulnerable to disruption is a thin-capped fibroatheroma with
increased inflammatory cell content.4-6 Multiple techniques are
being tested to identify such plaques before they disrupt and
cause thrombosis.”# |dentification of these potentially lethal
plagues before they disrupt will facilitate the development of
therapeutic strategies to prevent acute coronary events.

Diffuse reflectance near-infrared (NIR) spectroscopy has been
used extensvely to identify the chemical content of biologica
pecimens?® NIR spectroscopy is based on the aosorbance of light
by organic molecules. The reflectance spectra from wavelengths
between 400 and 2400 nm dlow detailed andyss of chemica
compaosition. NIR can provide s multaneous, multicomponent, non-
destructive chemicd andysis of biologicd tissue with acquisition
time <1 second.*> No sample preparation is required, and physica
and biologica properties as well as molecular informetion can be
derived from spectra. NIR spectroscopy has been used to monitor

systemic and cerebrd oxygenation and to identify hundreds of
plasma condtituents including glucose, total protein, triglycerides,
cholesteral, urea, creetining, and uric acid.6-2° NIR can dso
characterize human metdloproteins2:

Our group has reported on the use of NIR spectroscopy to
identify cholesterol, HDL, and LDL in arterial wall samples.2223
Images of fibrous cap, lipids, thrombus, ulceration, and necrosis
found in carotid endarterectomy specimens from humans have
also been obtained with the use of afocal plane array NIR video
camera.23

The present study was designed to test the hypothesis that
NIR spectroscopy can identify plaque composition and fea-
tures associated with vulnerability in human aortic athero-
sclerotic plagues obtained at the time of autopsy.

Methods
Histological Analysis

Five explanted human aortas were obtained at the time of postmor-
tem analysis. From each aorta, aortic wall circumferential strips
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(55 mm in length and 10 mm in width) were obtained above the
origin of the celiac trunk. Each strip was fixed in 10% buffered
formalin and sequentially cut into tissue segments measuring
1.5X10 mm, with a total area of 15 mm? per segment. Segments
were al scanned sequentially. A total of 248 segments were
prepared. After NIR scanning, each segment was imbedded in
paraffin and processed by conventional techniques. Serial 5-um
sections were cut from each segment until the halfway point of ~750
um was reached. Subsequently, the next two sequential 5-um-thick
sections were selected from each segment, mounted on lysine-coated
slides, and stained by hematoxylin and eosin and by a modification
of the elastic tissue-Masson'’ s trichrome method devel oped by one of
the authors and now in widespread use for evaluation of vascular
structures.24 Each section was evaluated by light microscopy by two
experienced pathologists for the presence or absence of lipid pool,
thin fibrous cap, and inflammatory cells. After processing, lipid
appeared as predominately solvent-treated empty spaces in stained
sections. We defined lipid pool as morphologicaly distinct spaces
composed of clear, needle-shaped cholesterol clefts (representing
ghost outlines of dissolved crystals) and/or clear, bubbly, granular,
mostly anucleate necrotic debris of foam cells. Lipid pool area was
determined by computerized planimetry as previously reported.2s
Mean (= SD) lipid pool areawas 5.3+3.2 mm? and ranged from 1.00
to 16.36 mm? Thus, the cutoff point for considering a segment
positive for lipid was set at the minimum measured area of 1.00 mm?,
Thin fibrous cap was defined as a cap thickness of =65 um,26
determined with the use of an ocular micrometer. The device was
calibrated in the reticle (Olympus WK 10x/20L) to a minimal
interval of 2 um with the use of an Olympus DplanApo X60
magnification (high dry) objective. Inflammation was defined as the
presence of =25 mononuclear round cells per field in hematoxylin
and eosin—stained sections with the x40 magnification objective.26
Pathologists were blinded to the results of the NIR analysis.

NIR Spectroscopic Analysis

After cutting, each aortic segment (with atotal area of 15 mm?) was
placed on a 5x5-cm alumina platform neutral to NIR light. A NIR
probe with a scanning area of 78 mm? was aligned over each segment
and lowered until it was in contact with the tissue. Hence, the entire
segment contributed to the NIR signal. The specimen was not
immersed in water or blood during the measurement. The acquisition
time for a single scan was 2 minutes.

I nstrumentation

The study was conducted with an InfraAlyzer 500 (Bran and L uebbe)
spectrophotometer. The instrument uses a tungsten light source to
generate near-infrared light, with a maximum power of 300 mW,
which provides tissue penetration of ~2 mm. Absorbance values
were obtained as log (I/R) data from 1100 to 2200 nm at 10-nm
intervals (Figure 1). Analytical software was written in Mathematica
3.0 (Wolfram Research, Inc), Matlab 5.1 (The Math Works, Inc), and
Speakeasy 1V Eta (Speakeasy Computing Corp). Calibration was
performed with the use of the Caldatas program.2” Three NIR scans
were performed on each segment. Principal component regression
was used to analyze the smoothed, scatter-corrected data. This
regression technique transforms a large number of correlated vari-
ables into a new set of noncorrelated variables, reducing the

Figure 1. NIR spectra collected from
atheromatous, lipid-rich aortic plaque. A,
NIR absorbance tracing from spectra
collected with an InfraAlyzer 500 spec-
trophotometer. Absorbance values were
collected from 1100- to 2200-nm wave-
length window at 10-nm intervals (see
text for details). B, Lipid-rich aortic
plaque (elastic trichrome staining).

dimensiondlity of a data set by linear transformation with principal
components (PCs). The PCs are structured so that the first few retain
most of the variation contained in al the original variables. Thus, the
first PC contains information from the constituent, which contributes
most to the total NIR spectral variation of the data. The second PC
is orthogonal to the first and weighs most heavily the wavelengths
that contribute most to the variation of the spectra after removal of
the first PC. Progressively smaller contributions to the spectral
variation are described by additional orthogonal PCs. A total of four
PCs was used for the analysis.

Algorithm Development and Statistical Analysis
Histology was used as the gold standard to validate NIR spectros-
copy results. The NIR spectra obtained from 50% of the samples (the
training set) were used to develop an algorithm to classify the
samples for presence or absence of lipid pool, thin fibrous cap, and
increased inflammatory cell infiltration. The algorithm was then
tested for its ability to predict plaque composition on unknown
samples (the test set). Spectra associated with each of the three
histological features of interest were defined by the results of the
training set. Thus, samplesrich in lipid produced one type of spectra,
those with thin caps produced another, and samples with inflamma-
tory infiltrates produced a third. In each case, the spectra merely
represent the chemicals associated with the histological finding. For
instance, in cases of inflammation, it is likely that certain chemicals
are found in higher concentration than in noninflamed plaques.z® In
the present study, major spectral features correlating with inflamma-
tion were observed at 1300, 1600, and 2100 nm.

NIR spectra were correlated to the histology, as previously
described.?223 Cross vaidation was used on the entire group of
samples, and calibration was performed by the bootstrap error—
adjusted, single-sample technique?2 before blinded prediction of the
test set. Sensitivity, specificity, and positive and negative predictive
values were cal culated by the use of established formulas. Total time
for data analysis was ~4 CPU hours on a 400-MHz PIl computer.

Results

A tota of 248 segments were analyzed by NIR spectroscopy
and by histology. A total of 49 specimens were excluded. Of
these, 42 were excluded for histological problems including
missing intima (34), broken fibrous cap (4), section artifact
(3), and intercosta branch (1). Seven additional sampleswere
excluded because of technical inadequacies of the NIR signal,
leaving a total of 199 specimens in the study. One hundred
sampleswere used as atraining set to develop an algorithm to
classify the samplesfor presence or absence of lipid pool, thin
fibrous cap, and increased inflammatory cell infiltration. Both
training and test sets contained samples randomly chosen
from all 5 autopsy specimens.

The NIR spectra from the training set were identified as
belonging to plagues with the histological features of interest.
From this information, the computer, through the use of PC
algorithms, learned the types of spectra associated with
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TABLE 1. Detection of Plaque Composition by NIR
Spectroscopy and Histology
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TABLE 2. NIR Detection of Plaque Composition Determined
by Histology

Histology
Lipid Pool Thin Cap Inflammation
+ - + - + -
NIR + 35 4 13 6 37 6
Spectroscopy - 4 56 4 76 7 49

different types of plagues. The remaining 99 samples were
used to test the prediction of plague composition. In working
with the test set, the spectroscopist was blinded to the
histological characteristics of the sample.

Results are given in Table 1. NIR spectroscopy identi-
fied 35 of 39 lesions (90%) with lipid pool and 56 of 60
lesions (93%) without lipid pool (Figure 2, A and B). For
fibrous cap thickness, NIR identified 13 of 17 lesions
(77%) with thin cap and 76 of 82 lesions (93%) with thick
cap (Figure 2, C and D). Finally, NIR identified 37 of 44
lesions (84%) with inflammatory cells and 49 of 55 lesions
(89%) without inflammatory cells (Figure 2, E and F).
Sensitivity and specificity for the various characteristics
are shown in Table 2.

Discussion
This blinded, controlled study indicates that NIR spectros-
copy can identify histological features of vulnerability in

Lipid Pool Thin Cap Inflammation
Sensitivity 90 77 84
Specificity 93 93 89
Positive predictive value 90 68 86
Negative predictive value 93 95 88

human aortic plaques obtained at autopsy. The technique
achieved 90% sensitivity and 93% specificity for identifi-
cation of lipid-rich atherosclerotic plaques characteristic of
those commonly associated with acute ischemic events.1-6
In addition, the sensitivity and specificity for identification
of thin fibrous caps and inflammatory cells ranged from
77% to 93%.

These findings are consistent with results obtained with
NIR spectroscopy by other investigators. Jarros et al2° deter-
mined cholesterol content of human aortic plaques obtained
at autopsy by using an Fourier Transform (FT) spectropho-
tometer and fiberoptic systems. The correlation coefficient
between cholesterol contents determined by NIR spectros-
copy and by reverse-phase, high-pressure liquid chromatog-
raphy was 0.96.20 The study by Jarros et al used chemical
content as a gold standard, whereas our study used a histo-
logical gold standard. The studies are complementary and
mutually supportive.

Figure 2. Histological examples of differ-
ent microanatomic features associated
with plague vulnerability. All samples are
stained by elastic trichrome method.
Color of connective tissue varies,
depending on ratio of collagen to elastin
and other variables. Connective tissue
stains blue in A, E, and F and green in
B, C, and D. Macrophages stain brown
in E. A, Lipid-rich plaque; B, fibrotic
plague; C, thin fibrous cap; D, thick
fibrous cap; E, plaque with abundant
inflammatory cells in the cap; and F,
plague without inflammatory cells.



926 Circulation February 26, 2002

The power of NIR spectroscopy to identify the chemical
composition of biological samples is based on interactions
between organic molecules and photon absorption that varies
depending on the wavelength of the incident NIR light.
Unique combinations of carbon-hydrogen, carbon-oxygen,
and other bonds result in characteristic absorbance at specific
wavelengths that can be used for sample identification.
Because lipid-rich and nor-ipid-rich samples contain many
similar constituents (including water, which absorbs strongly
in these wavelengths), the gross appearance of reflectance
spectra is similar for most samples. Precise identification of
subtle chemica differences is achieved through a highly
developed mathematical method (principal component anal-
ysis) that compares the characteristics of equations describing
the reflectance spectra. Just as the surface ECG does not
reflect the electrical activity of a single myocardial cell, the
reflection from a sample does not result from a single
chemical component. Both signals represent a composite
pattern with contributions from multiple sources. In the
spectroscopic determinations, a training set is used to teach
the computer the patterns associated with lipid-rich and
non-ipid-rich plaques.

The importance of the NIR/histology correlation demon-
strated in the study is enhanced by the current lack of a
technique to identify vulnerable coronary artery plaques in
living patients. Stress testing methods and coronary angiog-
raphy are designed to identify stenosis. However, nonstenotic
plagues are responsible for the majority of acute coronary
events. Noninvasive methods such as MRI and CT have
considerable potential for eventual use in the detection of
vulnerable plagues.2® However, it is likely that the noninva-
sive test would be used as a screening test to identify
high-risk individuals who would then undergo definitive
testing with an intracoronary device.

Several intracoronary methods have received attention for
the detection of vulnerable plague. Although intravascular
ultrasound is an excellent method to assess stenosis and
vessel wall remodeling,28 its ability to identify plaque com-
position is limited.22 Angioscopy may identify glistening
yellow plagues with increased subsequent coronary events.
However, the technique requires coronary occlusion.*t Ther-
mography is based on the novel observation that plagues with
inflammation are warmer than control plagues.*2 In vivo
studies have demonstrated increased temperature in plagues
from patients with acute coronary events*® supporting the
hypothesis that nondisrupted vulnerable plagues may be
detected by identification of a temperature gradient. Optical
coherence tomography obtains images based on reflection of
light with an exceptional resolution of 10 um.1° However, it
cannot obtain images through blood. Other techniques such as
intravascular MRI and Raman spectroscopy are under intense
investigation for human implementation.”.8.14

An important feature of the present in vitro study is the
high likelihood that the method can be adapted for coronary
plaque characterization in living patients. Of foremost impor-
tance is that NIR light can be safely delivered to the human
coronary by a fiberoptic catheter. In the present correlation
study, the light was supplied by a tungsten source and ranged
from 1100 to 2200 nm in wavelength. For a study in patients,

it is likely that a smaller number of wavelengths can be
identified that is sufficient for vulnerable plague identifica-
tion. For such clinical studies, in which a minimum exposure
to light and maximum speed of data acquisition are desirable,
it is likely that a laser delivering light in a small number of
informative wavelengths will be the optimal light source.

For use in the human coronary artery, it is desirable that the
measurement be made through blood, without the need for
direct contact with the arterial wall, thereby eliminating the
need for flushing or occlusion of the coronary artery. There
are both theoretical reasons and experimental data supporting
the possibility that NIR spectroscopy can be performed
through blood, without tissue contact. With regard to the
theoretical issue, cholesterol and other compounds of interest
have strong absorbance peaksin the range from 1600 to 1800
nm. Whereas water and blood absorb heavily around a broad
peak at 1500 nm and after 1800 nm,3:31 a cholesterol peak
occurs at 1700 to 1800 nm in an area of relatively decreased
water absorbance, sometimes referred to as a “water win-
dow.” The method described in this report relies on the ability
of principal component analysis to isolate the critical data
describing lipid absorbance from the strong signal s indicating
absorbance by water. With regard to experimental data, in a
prior study, a member of our group (with others) demon-
strated that NIR spectroscopy can identify cholesterol, HDL,
and LDL inliving arterial tissue through blood, without direct
contact with the vessel wall.22

Limitations

The internal validity of this correlation study is limited by a
discrepancy between the source of the NIR signal (the gross
tissue segment) and the source of the histological information
(two adjacent 5-um sections from the center of each seg-
ment). If the variation caused by this discrepancy were
diminished by more frequent histological sampling, the cor-
relations would be even higher than those observed. Future
studies, which will greatly increase the volume of data
available, will provide answers required before clinical utility
is achieved.

This study is limited to the variability observed in the
aortas of 5 patients. Additional studies are required to
increase the knowledge of the variability likely to be encoun-
tered in an unknown subject. In this study, there was no
attempt to differentiate a necrotic core from a lipid pool.
Because these structures may cause different risks of disrup-
tion, future studies based on histological stains that can
differentiate the two are needed. The spectroscopic signal,
which is determined by chemical content, is expected to be
different in areas rich in free versus esterified cholesterol.
Studies are also needed of the NIR features of ruptured
plaques and those with internal hemorrhage, because such
plaques will be encountered in patients for whom the tech-
nigue is intended.

It is likely that the combination of indexes of intimal
thickness, lipid content, and presence of inflammatory cells
will have a greater predictive value for a clinical event than
any single index. Although the present study was sufficient to
demonstrate the ability of NIR spectroscopy to identify
correlations for individual indexes, subsequent studies with
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larger numbers of samples and increased statistical power are
required to test the correlations for identification of multiple
plaque features.

Future Studies

The positive result obtained in the present study supports the
conduct of subsequent studies to answer questions that must
be addressed before the introduction of a technique that will
be useful for the care of patients. Spectroscopic informationis
dependent on arange of variables including temperature, pH,
and breakdown of tissue.” Hence, this promising in vitro
ability of NIR spectroscopy to detect signs associated with
vulnerability must be tested in vivo in an anima model and in
living patients. Furthermore, validation of these results in
coronary plaguesis also needed. The current system was used
to establish proof-of-principle without regard for speed of
data acquisition or processing. There is no obstacle to
congtruction of a system that will function much faster.
Acquisition and processing speeds similar to those of intra-
vascular ultrasound can be achieved, which will permit
scanning of the coronary vessels in a timely manner.

Conclusions

NIR spectroscopy successfully identified components of
plague vulnerability (thin cap, lipid pool, and macrophage
presence) in postmortem specimens from human atheroscle-
rotic plaques. These results support efforts to develop an NIR
catheter system for use in the coronary arteries of living
patients. Such an NIR system, probably in combination with
other intracoronary diagnostic modalities, would facilitate the
conduct of randomized studies of plague stabilization to
prevent the acute coronary syndromes.
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