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Abstract. Fourier-transform (FT)-Raman spectroscopy has been used
for identification and evaluation of human artherosclerotic lesions,
providing biochemical information on arteries. In this work, fragments
of human carotid arteries postmortem were analyzed using a FT-
Raman spectrometer operating at an excitation wavelength of 1064
nm, power of 200 mW, and spectral resolution of 4 cm™". A total of
75 carotid fragments were spectroscopically scanned and FT-Raman
results were compared with histopathology. Discriminant analysis us-
ing Mahalanobis distance was applied over principal components
scores for tissue classification into three categories: nonatheroscle-

rotic, atherosclerotic plaque without calcification and with calcifica-
tion. Nonatherosclerotic artery, atherosclerotic plaque, and calcified
plaque exhibit spectral signatures related to biochemicals presented in

Carlos A. Pasqualucci
University of Sao Paulo
Department of Cardiovascular Pathology

Av. Dr. Arnaldo, 455 each tissue type, such as bands of collagen and elastin (proteins),
Sao Paulo cholesterol and its esters, and calcium hydroxyapatite and carbonate
SP, Brazil, 01246-903 apatite, respectively. Spectra of nonatherosclerotic artery were then

classified into two groups: normal and discrete diffuse thickening of
the intima layer (first group) and moderate and intense diffuse thick-
ening of the intima layer (second group). FT-Raman could identify and
classify the tissues found in the atherosclerotic process in human ca-
rotid in vitro and had the ability to identify alterations to the diffuse
thickening of the intima layer and classify it depending on the inten-

sity of the thickening. © 2005 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction sis of plaque content was made by Kittrell et®aln which

Atherosclerosis, a stenotic lesion of arterial walls is a leading &1 €xcitation wavelength of 480 nm was used to induce au-
cause of death affecting almost one third of humans in devel- tofluorescence in atherosclerotic aorta. They demonstrated

oped countrie$. Evolution of atherosclerosis follows well- that fluorescence emission from normal arteries was signifi-
defined steps, including the progressive thickening of the ar- cantly different from fibrous plaque. Initially researchers
terial intima layer due to cellular proliferatiofioam cellg, were focused on autofluorescence emission for tissue

lipid and cholesterol intracellular deposition, extracellular characterization, aiming at its use as a laser angioplasty
lipid accumulation, with change in the musculoelastic layer guidance systerti.’ However, due to the little biochemical
and enlargement of the upper intin{ecollagenous cap) information carried out by fluorescence spectrum the use of
leading to a fibroatheroma plagéién advanced lesions lipid ~ Raman spectroscopy for biological tissue analysis has been
and necrotic deposits accumulate within the intima and cal- evidenced®1?

cium crystal build-up takes placécalcification of artery The Raman spectroscopy is an optical tool which could
wall).® Physician's intervention usually occurs when the permit less invasive and nondestructive analysis of biological
plague is symptomatic, with high commitment of important samples, allowing one to get precise information on bio-

organs, such as heart and brain. Some researchers believe thahemical composition from different types of human tissues,
instead of volume or area the plaque content is more effective g ,cp, a5 coronary arteri&!lung s and colon'® that can be

to prevent plaque evolution and management of disease
evolution?

The interest in using laser spectroscopy for atheromatous
plague identification and quantification has been increasing.
One of the first attempts to use laser spectroscopy for diagno-

combined with optical cables for excitation and detection of
Raman signals without tissue removal. The longer wave-
lengths used in the Fourier-transform Ranjam-Raman sys-
tems reduce the effects of tissue fluorescence, promoting less
photolytic degradation of samples occurring due to the longer
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wavelength laser, this allows for higher powered laser to be  The m distance has advantages over Euclidean distance
used. because it takes not only the relative distance from the sample
The process of Raman scattering can be viewed as an in-to the mean of the group but also takes into account the co-
elastic phenomenon in which the scattered photon is shifted invariance matrix of the daf®.It means thatn distance gives a
frequency from the incident photon as it either gains energy statistical of how well the sample matches the grouped data.
from or loses energy to a particular vibrational mode of the According to the Eq(2) high m distance means better group
molecule. Thus, Raman spectroscopy can be used to accesseparation. Then distance can be used to classify the sample
the molecular constitution of a specific tissue and then clas- into well-defined classes.
sify it according to differences observed in the spetira. The primary objective of the present work is to verify if
Principal components analysBCA), a multivariate statis- FT-Raman spectroscopy, compared to histopathological analy-
tical tool, has been applied with success in spectral analysis ofsis as a gold standard, is capable of identifying and classifying
biological samples, detecting spectral alterations that occurthe different types of tissues found in the atherosclerotic pro-
after changes in the morphology and physiology of biological cess of human carotid artepostmortemusing an algorithm
tissues. Within a set of spectral data, there are usually manybased on the results of PCA anu distance applied over all
different variations that make up a particular spectrum. Back- spectra. Moreover, the secondary objective of this work is to
ground, differences in constituents, instrument variations, observe if the PCA algorithm is able to identify such alter-
sample handling, and others affect the appearance of the finalations in the nonatherosclerotic artery wall, with respect to the
spectrum. Yet with several changes occurring at the samediffuse thickening of the intima layer, and classify it depend-
time, there are only a few independent variables accountinging on the intensity(severity of the thickening.
for all spectral differences. Normally, the largest variation in
the spectral data is due to differences in the constitution of the 2 Materials and Methods
samples, a few variables. One can achieve simplification of
information redundancy or reduction of variables by using
PCA. PCA extracts the relevant information from the original Carotid artery samples were obtained from the Autopsy Ser-
data(A) and generates a new set of variables, called principal Vice at the University of Sa Paulo(Sz Paulo, SP, Brazil
componentyPC) and scoreS). The PC are related to the taken from cadavers without prior knowledgecaiusa mortis
most important variation of all spectra; first PC account for After extracting carotid artery segments approximately 50
most of the variation of the data, the last ones carry only mm in length from 22 subjects, they were snap-frozen and
noise, andS are related to the weight of each PC to recon- stored in liquid nitroger(—196 °Q prior to use. At the mo-
struct the original dafd ment of Raman spectral analysis the samples were unfrozen
with 0.9% saline solution to reach room temperature. Seg-
A=SxPC, (1) ments were cut infl0xX 10 mm fragments and placed in an
. . anodized aluminum sample holder. A total of 75 fragments
whereA is anm by n matrix of Raman spectrém=wave o6 spectroscopically scanned. This protocol was approved

number,n=numberof spectra, S is then by n matrix of by the Ethics Committee of the University of Vale do Pheai
reconstruction scores, and PC israbhy m matrix of principal under No. L014/2003/CEP.

components vectors. Sin&is the weight, meaning the im-
portance of each PC to form the original spectrum, and the PC2.2  Raman Spectra Collection
carries spectral information in the form of defined peaks and
valleys, it could be used to build an algorithm based on the
PCA scores to classify samples into well-defined categories
depending of the histopathological findings and the occur-
rence of Raman features.

PCA has been used for statistical analysis and classifica-
tion in a variety of human diseases, such as near-infrared fluo-
rescence spectroscopy of Alzheimer disedseear-infrared
Raman spectroscopy of cervical precancer analydisiman
breast cancer analysi$and skin?* Recently, Deinum et af
and Silveira, Jr. et dft showed that PCA combined with lo-
gistic regression and Mahalanobis distance, respectively,
could be used as a classification tool forvitro analysis of
atherosclerotic coronary artery samples, with high sensitivity.

The Mahalanobis distanc@lso calledm distance is a
very useful way to find the similarity of a set of values from
one group of samples compared to another group for discrimi-
nant analysis. Then distance(D?) is calculated as follows:

2.1 Human Carotid Artery Samples

FT-Raman spectra were obtained using a spectronmeiziel
RFS 100/S, Bruker Inc., Karlsruhe, Germarthat uses a
Nd:yttrium—aluminum—garnet laser at 1064 nm operating
wavelength and 200 mW of excitation power. Spectra were
obtained with 250 scans, with collection time of approxi-
mately 8 min under a spectrometer resolutiorta@im . Af-

ter spectroscopic scanning, the spot where the laser illumi-
nated the tissue was marked with India ink and the fragment
was immersed in 10% formalin solution, bottled, and labeled
for histopathological studies.

2.3 Histopathological Analysis

Traditional histopathological technique was performed. He-
matoxilin and eosin, Verhoeff, Masson, and Picrossirius stain-
ing were used for tissue structure observation and Sudan
staining was used for fat deposit identification. The histo-
pathological classification was done by a board-certified pa-
thologist according to the Committee on Vascular Lesions

2y T~ Liw Report* Based on these results the samples were then clas-
D= (¢ pi) V(= ), @ sified into three main tissue typds) nonatherosclerotigmor-
wherei denotes the known sample group numbeiis the mal and intimal thickening (b) atherosclerotic plague with-

vector of the sample parameter,is the mean vector for the out calcification; and (c) atherosclerotic plaque with
specific group, and/ is the covariance matrix of the group.  calcification.
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The fragments classified as nonatherosclerotic were subdi- -
vided into four categories(l) normal, (2) discrete diffuse -
thickening of the intima layer, when thickening represented __ | Calcified
up to 1/3 of the media layer thicknes8) moderate diffuse plaque

thickening of the intima layer, when thickening represented
from 1/3 to 1/2 of the media layer thickness, addl intense Atherosclerofic
| plaw
. . 1 Non-atherosclerotic
2.4 FT-Raman Spectral Analysis—Algorithm Based 1 Artery (@)
on PCA 4
All spectra were recorded in binary format and converted to

981

1071

1439) 1451

1262
1883

sented more than 1/2 of the media layer thickness.

Intensity (arb. units)
1451

1272
1655

diffuse thickening of the intima layer, when thickening repre-

ASCII format for postprocessing. In order to prepare the data 700 900 1100 1300 1500 1700 1900
to perform PCA, all spectra were normalized using the most Raman Shift (cm'1)

intense peak in the region 800—1800 cm? to obtain scale-

free intensity data. Fig. 1 FT-Raman spectra of in vitro human carotid artery: (a) nonath-

erosclerotic artery; (b) atherosclerotic plaque without evidence of cal-

In order to develop an algorithm for tissue classification, ~. >~ . ; A I
cification; (c) atherosclerotic plaque with prominent calcification.

the FT-Raman spectra were analyzed through PCA technique.
The PC andS were obtained from all 75 spectra using a
routine written in MatlaB software (The Mathworks, Inc., ) o
CA) with the NIPALS-PCA algorithm?” SinceS are the weight, pathological groups was Mah_alanobls distance, that has the_
or the importance of each PC to form the original spectrum, advantage to the Eucllqlean distance bgcause uses the covari-
they can be used to build an algorithm to correlate the histo- @nce of the data. M distance calculations were done using
pathological findings to FT-Raman features. Matlab Statistics toolbox.

PCA analysis was performed in two ways. First the PC and
S were calculated of all the 75 spectra to classify tissuég)in 3 Results
nonatherosclerotidNA), (b) atherosclerotic without calcifica-
tion (NC), and(c) atherosclerotic with calcificatiofiC). Af- 3.1 Histopathological Results
ter, the PC and were calculated using only the 48 spectra of Of the 75 fragments of carotid histopathologically analyzed,
the histopathologically nonatherosclerotic group. Using this 20 were classified as normal, 17 presented a discrete thicken-
approach the nonatherosclerotic tissues were classifiét) as ing, 7 with moderate thickening, and 4 with intense thicken-
normal and discrete diffuse thickening of the intinfal ing of the intima layer. A total of 19 fragments were classified
+DTh) and (2) moderate and intense diffuse thickening of as atherosclerotic tissues without evidence of calcification and
the intima(MTh+1Th). The discriminator among all histo- 8 were classified as atherosclerotic with calcification.
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Fig. 2 Spectra of the first four PC vectors calculated using 75 FT-Raman spectra. Labeled features represent main peaks of each PC that can be
related to Raman bands found in carotid arteries.
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3.2 Spectral Features 0.20
Typical FT-Raman spectra oh vitro human carotid artery 0.10 + 0
walls are shown in Fig. 1. A Raman spectrum shows vibra-

) : . 0.00 - X
tional bands from biomolecules and can reveal the composi- - S
tion of the artery wall. The FT-Raman spectrum of normal © 0.10 - 0.’ ',‘t
coronary tissue is shown in Fig(a). Most important bands & 020 | ¢
are assignable to structural proteins, mainly collagen and elas- ’ 5 - 8 XN+Th
tin. Observed predominant bands at 1655, 1451, and 0.30 1 o 5 2 8 ggc
1272 cmi'* are due to amide 1, C—H bending, and amide IlI 0.40

i i i H 4,25 - ! !
vibrations of _structural proteins, r_espectlvé‘h?. " '_I'he pres- 015 0.09 003 003
ence of protein peaks at normal tissue could indicates that the PC 2

spectrum comes probably from extracellular matrix in the me-
dia layer, and the intima contribution to spectrum can be neg- Fig. 3 Scatter plot of the second and third PC scores calculated using
ligible. Raman spectrum of atheromatous pladEig. 1(b)] 75 FT-Raman spectra of carotid arteries. N+ Th represent samples of

e ; ; .1, histopathologically normal and diffused thickening of the intima, NC
exhibits bands assignable to cholesterol and its esters with ; ) o

. 1 142425 S represents the atherosclerotic plaque without calcification, and C rep-
major _bands at 1439 arb63 cm ~.*"“"*The most signifi- resents the calcified plaque. Black line represents Mahalanobis-based
cant differences among normal and atheroma spectra are 0bz|assification surface.
served in the C—H bending because in normal tissues the peak
appears inl451 cm ! and in atheormatous tissues this peak
has a frequency shift appearing1439 cm !, This shift can sents 80% of such variation and the remaining PCs contribute
be related to the accumulation of lipids in the atheromatous with about 19%. Analyzing Fig. 2 it was observed that the
plague. This lipid deposits can also be observed in the peakhighest spectral differences between the three types of human
related to vibrational mode of amide | where in the normal carotid arteries can be found in the PC2 and the RI@S3,
tissue it appears id655 cm * and in the atherosclerotic tis-  peaks in 961, 1439, ari#53 cn 1), showing the presence of
sue in1663 cm L. Although atherosclerotic fibrous cap can relevant peaks in the same positions as the tissue spectra and
show the protein contribution to the spectrum of some athero- therefore they were used for the diagnostic algorithm. PC1
sclerotic samples, the lipid core is mainly composed of fat and [Fig. 2(a)] does not carry any additional information that
cholesterol, overlapping thd451 cmi® band of normal could be used for diagnosis, since it reproduces the average
tissue'* Calcified atheromatous plaques show a very distinct spectrum. PCZFig. 2b)] brings the entire spectral feature
Raman feature with main bands at 961 &@F1 cnm* due to from the original data, whereas P(Big. 2(c)] shows the
phosphate and carbonate symmetric stretching vibrations ofmain features for the atherosclerotic and calcified tissue. Al-
accumulated calcium hydroxyapatite and carbonateapatite re-though PC4Fig. 2(d)] has negative as well as positive feature
spectively[Fig. 1(c)].1424# it does not bring additional information from PC3.

3.3 Principal Components Analysis 3.3.1 Diagnosis of atherosclerosis applied to all 75

Each PC has a single axis in space and one is perpendicular t¢P€ctra
the other. When each observatispectrum in each PC is Figure 3 shows the scatter plot of PC2 versus PC3 evidencing
projected, new variables come up, the sc@ésrthonormals differences in scores among the three types of tissues. Two
in respect to each otherSince the scores represent the inten- diagnostic(discriminanj lines based on the Mahalanobis dis-
sity of each PC in the spectrum, they can be plotted as they dotance were drawn aiming for the best separation of three cat-
not carry redundant information. egories. A total of 46 out of 48 normal arteries were classified
The results of our calculation show that the first four PCs as NA, 17 out of 19 atheromatous plaques were classified as
represent more than 99% of all spectral variation. PC1 repre-NC, and 8 out of 8 calcified plaques were classifiedCas

Table 1 Results from tissue histopathology compared to Raman diagnostic algorithm and correspondent
sensitivity/specificity values. NA—nonatherosclerotic carotid artery; NC—atherosclerotic plaque without
calcification; C—atherosclerotic plaque with calcification.

PCA diagnosis

Sensitivity Specificity
NA NC C  Tofdl (%) (%)

Histopathological diagnosis

Nonatherosclerotic 46 2 0 48 96 93
Atherosclerotic plaque without 2 17 0 19 89 96
calcification
Atherosclerotic plaque with 0 0 8 8 100 100
calcification
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Fig. 4 Spectra of the first four PC vectors calculated using 48 spectra of nonatherosclerotic tissues. Labeled features represent main peaks of each
PC related to Raman bands of normal human carotid arteries.

Diagnostic algorithm’s sensitivity and specificity indices were FT-Raman spectra collected from fragmeptstmortenwith
calculated as described by Wefsor each one of the tissue  the spectral analysis performed by PCA. The PCA scores

categories. These results are summarized in Table 1. showed to be efficient in discriminating among the three types
of tissues, nonatherosclerot{mormak-intimal thickening,

3.3.2 Diagnostic algorithm applied to 48 spectra atherosclerotic plaque without calcification, and atheroscle-

of nonatherosclerotic samples rotic plague with calcification. The sensitivity and specificity

Histopathological findings indicated that most of the normal for the nonatherosclerotic tissue was 96% and 93%, respec-
arteries were basically nonatherosclerotic intimal thickening. tively. The sensitivity for atherosclerotic plaque and calcified
In order to develop an algorithm to identify this thickening Plague diagnosis was very high, about 89% and 96% respec-
using the FT-Raman spectra, the PCA was calculated usingtively, and specificity was about 100% for both. It was found
only the 48 nonatherosclerotic spectra. Now, the first four PC that 71 out of 75 sample®4%) could be correctly classified
represented about 90% of all spectral variations. Figure 4 When compared with histopathologgold standard Compa-
states that the majority of the spectral characteristics of non- rable results were obtained by Silveira, Jr. et‘aiyhere 111
atherosclerotic spectra, as has occurred using all non- andrfagments of coronary arteries were analyzed by near-infrared
atherosclerotic spectra, was found in PC2 and PC3. Figure 5

shows the scatter plot of the scores of PC2 versus PC3 distin-

guishing two tissue categorie€) normal and discrete diffuse 0.40

thickening of the intima laye(N+DTh) and (2) moderate 0.30 |
and intense diffuse thickening of the intima layer aidiTh
+1Th). The line represents Mahalanobis-based classification 0.20 1
for best group separation. o 0.10 4
Observing the dispersion graph of the 37 spectra of the Q 000 4 X
group (N+DTH), 32 correctly had been classified by the 010 |
PCA if compared with the results gotten for the histopatho- ’ X (N+ED)
logical analysis and of the 11 spectra previously classified as 020 11 5 (EmE)
pertaining to the groupMTH +I1TH), 8 had found agreement -0.30 . ‘ ‘ .
in the classification, seen in Table 2. Sensitivity and specific- 005 000 0.05 0.10 0.15 0.20

ity indices for the diagnostic of nonatherosclerotic intimal PC2

thickening were calculated and also are shown in Table 2. Fig. 5 Scatter plot of the second and third PC scores calculated using

48 FT-Raman spectra of human carotid arteries histopathologically

4 Discussion and Conclusion classified as non-atherosclerotic. N+ DTh represent normal tissue and
. . . discrete diffuse thickening of the intima layer and MTh+ITh represent

In this work an algorithm has been developed forvitro moderate and intense diffuse thickening of the intima layer. Black line

diagnosis of atherosclerosis in human carotid arteries usingrepresents Mahalanobis-based classification surface.
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Table 2 Results from diagnostic algorithm based on the scores of the PC2 and PC3 versus histopathol-
ogy applied to 48 spectra nonatherosclerotic carotid arteries. N+ DTh—normal+ discrete diffuse thick-
ening of the intima layer, MTh+ Ith—moderate diffuse thickening and intense diffuse thickening of the

intima layer.
PCA diagnosis
N+ MTH+ Total Sensitivity Specificity
DTH ITH (%) (%)
Histopathological diagnosis
Normal+ discrete diffuse 32 5 37
thickening of the intima layer
Moderate+intense diffuse 3 8 11 86 73

thickening of the intima layer

Raman spectroscopy, with 95 samples correctly classified
(87% agreemeitleaving to high sensitivity and specificity
values.

It has been found that alterations of diffuse thickening of s
the intima layer could be detected with FT-Raman spectros-
copy. The analysis of arterial tissues with thickening using the
PCA technique allowed the classification of normal arteries,
discrete, moderate, and intense diffuse thickening of the in-
tima layer into two categorie$l) normal and discrete diffuse

thickening and2) moderate and intense thickening. The sen- 7.

sitivity and specificity indices for diagnosis of diffuse thick-
ening of the intima layer were 86% and 73%, respectively.

It has been shown that FT-Raman is capable of identifying g
and classifying the types of tissues found in the atheroscle-
rotic process, and alterations in the diffuse thickening of the

intima layer. Using FT-Raman spectroscopy it has been ex- 9

perimentally verified that one can get histochemical informa-
tion about the composition of human carotid artery. FT-

Raman spectrum not only discriminates between healthy and1g.

pathological artery wall with molecular specificity, but also
provides an exclusive diagnostic signature for each tissue. Ra-
man spectroscopy can go further, with identification of non-
atherosclerotic thickening of the artery wall, revealing an im-
portant condition not identified so far. Raman technique could
also enable the study of atherogeneisissitu, or even the
evolution of arterial thickening, allowing the investigation of

the disease progression as well as the response of different®

therapeutic modalities. These results suggest that Raman
spectroscopy may be turned into a promising diagnostic tech-
nique in therapeutics.
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