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Abstract

Accumulation of numerous macrophages in the fibrous cap is a key identifying feature of plaque inflammation and vulnerability. This study
investigates the use of time-resolved laser-induced fluorescence spectroscopy (TR-LIFS) as a potential tool for detection of macrophage foam
cellsinthe intima of atherosclerotic plaques. Experiments were conducted in vivo on 14 New Zealand rabbits (6 control, 8 hypercholesterolemic)
following aortotomy to expose the intimal luminal surface of the aorta. Tissue autofluorescence was induced with a nitrogen pulse laser (337 nm,
1ns). Lesions were histologically classified by the percent of collagen or macrophage foam cells as well as thickness of the intima. Using
parameters derived from the time-resolved fluorescence emission of plaques, we determined that intima rich in macrophage foam cells can be
distinguished from intima rich in collagen with high sensitivity (>85%) and specificity (>95%). This study demonstrates, for the first time, that
a time-resolved fluorescence-based technique can differentiate and demark macrophage content versus collagen content in vivo. Our results
suggest that TR-LIFS technique can be used in clinical applications for identification of inflammatory cells important in plaque formation
and rupture.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction clinical complicationg1-6]. It is now clear that the risk of an
acute clinical event, such as sudden plaque rupture with sub-
Atherosclerosis develops through a progressive processsequent thrombosis, depends primarily on the composition
that is largely characterized by accumulation of lipids and fi- and “vulnerability” of the plaque rather than the severity of
brous constituents in the arterial wall. This results in stenosis stenosis. Chronic inflammatory conditions within the blood
and reduction of blood flod,2]. Over the past decade sig- vessel can result in the weakening and rupture of the plaque
nificant progress has been made in defining the cellular andfibrous cap and is associated with clinical complication re-
molecular interactions involved in the process of atherogen- sulting in either myocardial infarction or strok-6].
esis as well as in the understanding of mechanisms leadingto  Generally, differentiation of monocytes into macrophages
associated with accumulation of highly oxidized aggregate
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and weakening of the structural integrity of the fibrous cap. 2. Methods and materials
In addition, macrophages produce proteolytic enzyme that
digest extracellular matrix proteins in the fibrous cap that 2.1. Atherosclerotic animal model
further enhance this proce§s—6]. As recently acknowl-
edged in a consensus documgii, vulnerable plaques Twelve male New Zealand white rabbits (10-15 Ibs body
generally have thin fibrous caps and increased numbered ofweight) were used in this study. The animals were housed
inflammatory cells. Rupture typically occurs at the lesion in the vivarium facilities of the Health Sciences Center
edges that are rich in inflammatory cell$-7]. Thus, at the University of California at Los Angeles (UCLA)
detection of inflammation was identified as a major criterion under the current guidelines of the NIH. Afta 2 week
for diagnosis of “vulnerable” plaques. Atherosclerotic quarantine, the rabbits were divided in two groups and
plagues with active inflammation demonstrate extensive fed either a high cholesterol diet (0.3% cholesterol) (eight
macrophage accumulatigii—9]. Consequently, techniques animals—atherosclerotic group) for at least 8 weeks prior
that can detect macrophages in vivo are needed to assess the study, or a normal Prol&b(LabDiet, St. Louis, MO)
risk of plaque complication. A set of imaging to¢fs10-12] rabbit diet (six animals, control group). Prior to TR-LIFS
have been identified as potential diagnostic techniques forstudies, the animals were anaesthetized with IM injections
plague vulnerability. These include intravascular techniques of ketamine (10 mg/kg) and isopromazine (0.2 mg/kg). A
such as thermographyl13,14] contrast-enhanced MRI tracheotomy was performed for mechanical ventilation
[15,16], fluorodeoxyglucose positron emission tomography during the procedure. Angiocatheters (18-French) were
[17,18], immunoscintigraphy[19] and optical coherence inserted into the right common carotid artery to monitor
tomography (OCT)8,20]. For the studies reported here, we the systemic arterial pressure and to measure arterial blood
hypothesized that in addition, time-resolved laser-induced gases. Body temperature was maintained with a heating
fluorescence spectroscopy (TR-LIFS) could represent anpad set at 37C and monitored with a rectal tempera-
alternative or synergetic approach for detection of fibrous ture probe. A midline sternotomy and laparotomy were
cap rich in macrophages or other inflammatory cells. performed to expose the thoracic and abdominal aorta.
Fluorescence spectroscopy-based techniques, includ-The entire thoracoabdominal aorta was exposed and all
ing steady-state (spectrally resolved) and time-resolved branches ligated with silk sutures to exclude the aorta. A
approaches, have been shown to detect elastin, collagenlongitudinal aortotomy was then made to expose the intimal
lipids and other sources of autofluorescence in normal luminal surface of the aorta. TR-LIFS data were collected
and diseased arterial walls as well as to characterize thefrom this surface. After spectroscopic investigations, the
biochemical composition of atherosclerotic plagues both ex animals underwent euthanasia, then arterial segments from
vivo and in vivo. These techniques and applications have where data were collected were removed for histological
been comprehensively reviewed elsewhg@®-23] In the analysis.
context of “vulnerable” plaque diagnosis, a few studies have
reported the application of fluorescence techniques to the2.2. TR-LIFS measurements—in vivo
identification of plaque disruptioj24], detection of plaques
with thin fibrous cap[25] and discrimination of lipid-rich The in vivo measurements were conducted with an
lesions[26]. Nevertheless, to the best of our knowledge, experimental TR-LIFS prototype apparatégy. 1), recently
the detection of macrophages/foam cells infiltration in developed by our grouf27] that allowed for spectrally
atherosclerotic artery wall using fluorescence spectroscopyresolved fluorescence lifetime measurements. Briefly,
techniques has not been reported. autofluorescence of tissue was induced with a pulsed
Extending on our previous work22,26] conducted nitrogen laser (Lasertechnik Berlin, Berlin, Germany, model
on human carotid and aortic specimens, and tailored to MNL200-ATM205, wavelength 337 nm, pulse width 700 ps,
staging of plaque based upon their composition and to frequency 30Hz) using a custom made sterilizable bifur-
identification of lipid-rich lesions, this study investigated cated fiber-optic probe (CeramOptec, East Longmeadow,
the ability of TR-LIFS as tool for the in vivo detection of MA). The probe consisted of a central excitation tapered
macrophages in the arterial intima. We employed a rabbit fiber-optic (diameter 60@m, numerical aperture 0.11) sur-
atherosclerotic model, previously used in the quantification rounded by a collection ring of 12 fibers (diameter 200,
of macrophage content in plaques by OQd] and a numerical aperture 0.22). The source—detector separation,
clinically compatible TR-LIFS apparaty27] that allowed center-to-center, was 480n. The laser excitation pulse
for collection and analysis of both spectrally and temporally width measured at the tip of the fiber was 1 ns full width at
resolved fluorescence emission spectra. The goals of thishalf maximum. The collected fluorescence was dispersed
study were: (i) to determine fluorescence-derived parametersby an imaging spectrometer/monochromator (Chromex
that allow discrimination between atherosclerotic intima Inc., Albuquerque, NM, model 250is/sm, F/4.4, 600 g/mm
rich in macrophages, from intima rich in collagen (fibrous grating, blazed at 450 nm) and detected with a gated multi-
tissue); and (ii) to evaluate the accuracy of this technique for channel plate photo-multiplier tube (MCP-PMT Hamamatsu,
predicting macrophage accumulation in the fibrous cap. Bridgewater, NJ, model R5916-50; rise time 180ps). The
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| I represent the temporal profile of the laser pulse. This profile
Light |«— was later used as input to the deconvolution algorithm for the
Source estimation of fluorescence lifetimes. Laser excitation output
% = - measured at the tip of the probe was setiaipulse (fluence
s omputer 1.8wJ/mn? per pulse, fluence rate HW/mn? at the tissue
-§_ Workstation) ¢ level). This output was found to be a reasonable compro-
° Pe— mise between an adequate signal-to-noise ratio and the pho-
_ué_’ VI tobleaching of the samp[@8]. To minimize the motion arti-
Imaging facts due to cardiac cycle and breathing, the investigated aor-
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o
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tic sections were gently stabilized with a plastic clamp. Blood
interference was kept at minimum with saline irrigation as
well as occasional application of surgical clamps to distal or
proximal area. The TR-LIFS data were recorded from regions
visually identified as either normal or atherosclerotic plaques
situated in abdominal and thoracic areas (15—normal control
group; 72—atherosclerotic group).

3

:

Fig. 1. Schematic representation of the TR-LIFS apparatus. The fiber-optic 2.3. HIStOlOglcal analySIS

probe enabled remote delivery of the excitation light to and collection of the
fluorescence emission from the rabbit aorta as exposed through the midline ~ Following in vivo acquisition, all spectroscopically in-

sternotomy and laparotomiXote: In future clinical implementation, the vestigated aortic areas/segments were removed, fixed (10%
fiber-c_)ptic probe can be integrated_ in anyofthe conven_tional cathgter-bgsedbuﬁered formalin), processed routinely and embedded in
techniques currently used for the interrogation of arterial vessels including . . . .
angioscopes and intravascular ultrasound catheters. paraffin. Two Sequent'_al A“'mfth'Ck sectlon§ were CUt. from
each segment and stained with hematoxylin and eosin (H&E)
and a combined trichrome/elastin method, respectively. Each
fluorescence was temporally resolved using a digital phos- section was evaluated by light microscopy for elastin, colla-
phor oscilloscope (TDS5104, Tektronix, Beaverton, OR; gen and macrophage content. Intima and media thicknesses
bandwidth 1 GHz, sampling rate 5 Gsamples/s) coupled to awere measured from the digitized pictures of the histological
preamplifier (Hamamatsu, Bridgewater, NJ, model C5594; slides using the AxioVision image processing software (Carl
bandwidth 1.5GHz). A long pass filter (360 nm) was used Zeiss Inc., Germany). Each digitized picture was further eval-
to remove the scattered excitation light (337 nm) from the uated for the composition of artery wall. Macrophages were
detection path. The laser triggering, wavelength scanningidentified in the H&E stained sections as cells with small,
and data acquisition, storage and processing were controlledusually central round nuclei, with abundant, surrounding
using a computer workstation and custom analytical software foamy to granular cytoplasm. Macrophage could be also seen
written in LabVIEW (National Instruments, Austin, TX) inthe trichrome/elastin stained slides as small cells with dark
and MATLAB (Mathwork, Inc). Overall, for the TR-LIFS  round nuclei and clear cytoplam. Mature collagen stained
measurements reported in this study, the time-resolvedblue, elastin stained black and smooth muscle cells stained
spectra were acquired with a spectral resolution of 5nm, red in the trichrome/elastin stained sections. Both the intimal
time-resolution of 300 ps and at a scanning speed of 0.8 s pewall thickness and the density of the macrophages and colla-
wavelength. gen in the intima were evaluated in several randomly selected
The fiber-optic probe was placed perpendicular to the inti- regions per transverse section by two cardiovascular pathol-
mal surface of the aorta and held in position with a specially ogists. The lesions were classified in six categories based
designed metallic holder that allow three-dimensional fine on the overall histological characteristics (normal versus
adjustments of the probe’s position with respect to the interro- atherosclerotic), composition (percent of collagen versus per-
gatedtissue. The time-resolved emission measurements wereent of macrophage content) and thickness (thin versus thick)
obtained by serial scanning of the monochromator across aof the intima as follows: normal-control group (N-Control),
spectral range from 360 to 600 nm in increments of 5nm. normal-atherosclerotic group (N-Athero), thin lesion colla-
At each wavelength, 16 fluorescence pulses were collectedgen rich (Thin-Collagen), thin lesion macrophage rich (Thin-
and averaged by the oscilloscope. To assess the fluorescenddac), thick lesion collagen rich (Thick-Collagen) and thick
lifetime reproducibility, five consecutive measurements were lesion macrophage rich (Thick-Mac). The lesions with the in-
conducted at two wavelengths: 390 and 450 nm. The total ac-timathickness less than pln were defined as “Thin”, the le-
quisition time across the scanned emission spectrum, includ-sions with collagen content greater than 50% and macrophage
ing the consecutive measurements, was about 37 s. After eacleontent less than 20% were defined as “collagen”-rich and
measurement sequence, the monochromator was tuned to the lesions with macrophage content larger than 20%
wavelength slightly below the excitation laser line. The laser and collagen content smaller than 50% were defined as
pulses reflected by the sample were measured and used téfoam”-rich.
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2.4. TR-LIFS data analysis and statistics 2.5. Classification
The time-resolved fluorescence spectrum or the intrinsic  The histolopathologic classification results were used to
fluorescence impulse response function (IR, was re- validate the TR-LIFS results for distinct tissue categories
covered by numerical deconvolution of the measured input using two classification criteria. Classification #1 was used
laser pulsex(n), from the measured fluorescence response to separate the Thick-Mac sub-group from Thick-Collagen
transienty(n), as given by equation: and from N-Athero sub-groups. Classification #2 was used
to distinguish Thin-Mac sub-group from Thin-Collagen

M-1 and from N-Athero sub-groups. A set of intensity ratios
yin) =T Z h(m)x(n — m) (total of 5) at four emission wavelengths (360, 390, 450
m=0

and 500 nm) and time-resolved parameters (total of 16),

where parametev determines the extent of the system mem- values and ratios aj’s at three emission wavelengths (390,
ory andT is the sampling interval. A Laguerre expansion 450 and 500 nm) were used as input predictor variables in
techniqud29,30]was used for deconvolution. The technique @ Stepwise linear discriminant analysis algorithm (SLDA)
uses the orthonormal set of discrete time Laguerre functions[31]. Using a leave-one-out (cross-validation) approach, the

b%(n) to discretize and expand the fluorescence IRF: algorithm was tested for its ability to predict the dominance
/ of either macrophages or collagen in each sub-group

type as identified in the histopathological analysis. This
approach was shown to be suitable for the creation of the
test set when the number of samples is snfigll]. The
accuracy of prediction was determined for two situations:
(a) predictor variables selected only from spectrally derived
parameters, “Spectral” and (b) predictor variables selected
from spectrally and time-resolved-derived parameters,
“Spectral&Time”.

L-1
h(n) = cjb%(n)
j=0

where ¢ is the unknown Laguerre expansion coefficients
(LEC), which was estimated from the input—output data by
generalized linear least-square fittikg(n) denotes thgth
order orthonormal discrete time Laguerre functjafi] and

L is the number of Laguerre functions used to model the IRF.
The Laguerre parameter (=< 1) determines the rate of
exponential decline of the Laguerre functions. Once the fluo- 3. Results

rescence IRF's were estimated for each emission wavelength,

the steady-state spectrum), was computed by integrating 3.1, Histology

each intensity decay curve as a function of time. Further, to

characterize the temporal dynamics ofthe fluorescence decay, The normal aortic segments from the N-Control group
two sets of parameters were used: (1) the average lifetijie (  were characterized by a very thin intima composed of an
computed as the interpolated time at which the IRF decaysendothelial cell layer and small amounts of subendothelial
to 1/e of its maximum value and (2) the normalized value of connective tissue, with an underlying media composed of

the corresponding LEC's(, j=0,...,L—1). Thus, a com-

alternative layers of elastic fibers and smooth muscle cells.

plete description of each sample fluorescence as a function ofrhe aortic areas from the atherosclerotic rabbit group were

emission wavelengthig, was given by the variation of a set
of spectroscopic parametetsg,(zs andg’s). This represents a

classified as N-Athero =26 (intima thickness: beloywr),
Thin-Collagen=10 (median 424dn), Thin-Mac=7 (me-

new analytical approach for characterization of fluorescence dian 43.3.m), Thick-Collagen = 16 (median 119.4n) and

decay recently developed by our research giGop.

Thick-Mac = 14 (median 144 ,3m). Fig. 2depicts represen-

In order to identify a set of spectroscopic parameters that tative histological sections. The N-Athero samples show sim-
will best discriminate between different tissue types, a uni- jlar features with those observed in N-Control samples. In the
variate statistical analysis (one-way ANOVA) was used t0 Thin- and Thick-Collagen samples the intima is thickened
compare the spectroscopic parametéss € and ¢;’s) at mainly by collagen and smooth muscle cells, while in the
specificAg’s for each type of tissue as defined by histology. Thin- and Thick-Mac sample the intima is thickened primar-

A post hoc comparison test (Student-Newman-Keuls) wasily by macrophages and a small amount of smooth muscle
used to complement the results of the ANOVA tesP-&alue cells.

of <0.05 was assumed to indicate statistical significance. All

the results are presented as mgsstandard error (S.E.). The 3.2, Time-resolved fluorescence spectra and
results of this statistical analysis were used to identify Sig- characteristics

nificant differences among parameters that characterize each

tissue type and provided a semi-empirical evaluation of those  Representative time-resolved fluorescence spectra of nor-

spectroscopic parameters likely to provide means of discrimi- ma| and rabbit atherosclerotic lesions, as retrieved using the
nation between different compositional features of the carotid Laguerre expansion technique and employed in the recon-

plaque. struction of the conventional steady-state spectrum and the
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Fig. 2. Examples of aortic wall. (a) Normal (N-Athero sub-group), (b) Thin-
Mac, (c) Thick-collagen, (d) Thick-Mac and (e) Thick-collagen. Scale bar
50pm.

characterization of the intensity decay are giveRim 3. N-
Athero (Fig. 3a), Thick-CollagenKig. 3v) and Thick-Mac
(Fig. ). The normalized steady-state spectrum of each type
of the tissue sample is depictedkig. 2c. Each sample was
defined by arelatively broad-band emission (two peaks: main
peak at~385-395 nm and a second peak-a40—-450 nm)
and modulated by a valley at 415 nm. The valley corresponds
to the hemoglobin absorption as previously repoit&2].
The largest broad-band emission spectrum was recorded fo
the N-Athero and Thin-Collagen samples (main peak at about
395 nm,~80% of the main peak at 440 nm). The emission
of the Thick-Collagen and Thick-Mac lesions was found nar-
row broadband with a lightly blue-shifted main peak emis-
sion (~385 nm) and low intensities values$0% of the main
peak at 440 nm). The emission intensity of the Thin-Mac sub-
group at 440 nm averagedb5% of the main peak intensity.
The characteristics of fluorescence intensity decay are
shown inFig. 3e—g. For the wavelength range below 400 nm,
the average radiative lifetimes values were found to be similar
for all tissue types, ranging from about 1.8 to 2 Rgy( 3e).
The lifetime values (380nm) were slightly larger for
Thick-Collagen (2.04: 0.05) and Thick-Mac (2.0% 0.05)
lesions when compared with the N-Athero (189.02)
and Thin-Collagen (1.9% 0.05) sub-groups. The lifetime
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values diminished gradually with the increased emission
wavelength for all samples. However, the rate of lifetime val-
ues decrease was found tissue-type dependent. The shortest
lifetime values and the steepest decrease of lifetime values
with increased wavelength were recorded for the thick-
macrophages samples. For example at 500 nm emission, the
fluorescence lifetime of Thick-Mac tissue sub-group was
significant lower €;=500=1.41+ 0.04) than that retrieved
for Thick-Collagen (1.58-0.04), Thin-Mac (1.53- 0.05),
Thin-Collagen (1.680.02) and N-Athero (1.720.02)
samples. Along the emission wavelengths, the Laguerre ex-
pansion coefficients of zero-order, LECH. 3e), followed
trends that were similar with those of the lifetime values
(Fig. 3). While the Laguerre coefficients of first-order, LEC-

1 (Fig. 3g), revealed opposite trends. The minimal variation
of LEC-1 with wavelength was observed for the Thick-Mac
samples.Table 1summarizes the values of main spectro-
scopic parameters from both spectral- and time-domain that
allow discrimination between distinct types of tissues. Over-
all the spectroscopic characteristics of N-Control samples
were found similar with those of the N-Athero samples (data
not shown).

3.3. Classification

The two-dimensional scatterplot of two discriminant
functions used to separate (a) Thick-Mac samples from
Thick-Collagen and N-Athero samples and (b) Thin-Mac
samples from Thin-Collagen and N-Athero samples are
given in Fig. 4a and b, respectively. The functions were
constructed using predictor variables derived from both
spectral-resolved (ratios of intensity at discrete emission
wavelengths) and time-resolved (values of fluorescence
lifetimes values and values and ratios of Laguerre expansion
coefficients at discrete emission wavelengths) domains.
The predictor variables identified to account for more than
90% of the variance werelg@dl450, |390/|3601 |450/|3601
LEC-0500, LEC-1450, LEC-2500/LEC-2399, LEC-3390) in
the first case andldgo/l4so, LEC-2500/LEC-239g) in the
second caselable 2summarizes the classification results

H(Ieave-one-out approach) for the two situations “Spectral”

and “Spectral&TR”". The overall classification accuracy has

improved when both spectral and time-resolved features
were used to build the discriminant algorithm from 76.8%

(“Spectral”) to 92.9% (“Spectral&TR").

4. Discussion

This study demonstrates that TR-LIFS can be used to
identify macrophage infiltration in the fibrous cap, a key
marker of plaque inflammation, and thus targets one of the
major criteria for detection of histological features associated
with plaque vulnerability. Using parameters derived from the
time-resolved fluorescence emission of plagues measured in
vivo in a rabbit atherosclerotic model, we determined that
intima rich in macrophages can be distinguished from intima
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Fig. 3. Representative time-resolved fluorescence spectra or IRF of the (a) N-Athero aortic wall, (b) Thick-Collagen lesions and (c) ThickAslac lesio
Spectroscopic features retrieved from the IRFs of each tissue group: (d) normalized spectrum, (e) fluorescencerfjietfineaguerre coefficients of
zero-order (LEC-0) and (g) Laguerre coefficients of first-order (LEC-1). Data are given astn®Bn

rich in collagen with high sensitivity (>85%) and specificity thin fibrous cag25] and lipid-rich poolg22,26], this study
(>95%). While it has been reportggR—37]that fluorescence  demonstrates, for the first time, that a fluorescence-based
spectroscopy is sensitive to atherosclerotic plague composi-technique is also sensitive to differences in macrophage

tion including identification of atherosclerotic plaques with content versus collagen content.

Table 1

Representative set of spectroscopic parameters that allow tissue sub-groups discrimination

N-Athero Thin-Collagen Thin-macrophage Thick-Collagen Thick-macrophage
1450/1360 1.19+ 0.02 1.22+ 0.03 1.56+ 0.16 1.86+ 0.09 2.00+ 0.12
LEC-0500 0.768+ 0.003 0.760+ 0.003 0.725t 0.012 0.730+ 0.009 0.679t 0.012
LEC-1s50 0.024+ 0.003 0.026+ 0.005 0.049+ 0.005 0.049+ 0.007 0.081+ 0.009
LEC-2500/LEC-2390 1.24+ 0.01 1.28+ 0.01 1.40+ 0.03 1.47+ 0.02 1.57+ 0.04
LEC-3390 0.019+ 0.001 0.017+ 0.001 0.011+ 0.003 0.009+ 0.001 0.008+ 0.002
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Norrmal 337 nm in artery ranges between 150 and 260 Thus in
Iomvciokagae the current_stut_jy, we expectgd that the thinner the.les_lon, the
Group/Mean more contribution from media fluorophores (elastin in par-
| . ticular) to the overall fluorescence emission observed. Upon
; = * & ultraviolet light excitation, elastin has a broad emission spec-
[ o g O © trum (above 70 nm half W_idth at half maximum (HWHM),
ot A o O@Om o® peak at~400-410 nm) lasting (lifetime) for about 2 ns, while
Ay % @® the collagen type | emission, for example, is blue-shifted
_2[ A { £ ‘A o (~385 nm), narrow (about 40 nm) and long-lastingd(ns)
Py [22,38]
The increase of intima thickness due to either buildup of
" ) o 5 y 8 collagen fibers or accumulation of macrophages resulted in a
(a) Discriminant Function 1 narrow broad-band emission centered at about 380-390 nm
and a slight lifetime €2 ns) increase relative to normal sam-
Nemal - ples. These trends suggest a strong contributio_n qf the col-
Thin/Mac lagen type | fluorescenci38] to the overall emission of
Group/ean Thick-Collagen and Thick-Mac lesions. However, the fluo-
1t . rescence lifetime of these lesions was found to be wavelength-
dependent. At the red-shifted wavelengths, the emission was
characterized by a fast decay dynamics that appears to be
associated with the accumulation of macrophage in the in-
tima (Fig. 3), the shortest lifetimes being retrieved for the
Te . Thick-Mac lesions. Lipid components were reported to ex-
2} o " hibit shorter-lived emission when compared to structural pro-
teins elastin or collagef22]. Recently, Arakawa et aJ25]
2 0 2 1 6 reported that lipids such as cholesteryl oleate and oxidized
(b) Discriminant Function 1 LDL, which are a hallmark of macrophage-rich plaques, are
Fig. 4. Results of the stepwise linear discriminant analysis. Scatterplot de- characterized by.a red'.ShI_ft_ed ﬂuorescenc_e e.ml-ssmn..Thus,
picts the discriminant score of the each the three tissue sub-groups: (a) N-OUr results, showing a significant decrease in lifetime primar-
Athero vs. Thick-Collage vs. Thick-Mac and (b) N-Atherovs. Thin-Collagen ily at longer wavelengths, are in agreement with this early
vs. Thin-Mac. work.

Our study also demonstrates that TR-LIFS allows detec-
tion of the relative changes of collagen and macrophage con-
. ) tentin the atherosclerotic intima of our hypercholesterolemic

Structural proteins elastin and collagen types | and Il 5pima) model, including changes within thin atherosclerotic
are broadly recognized as the main fluorophores in _th? " intima (<50p.m) underlined by media rich in elastic fibers.
terial wall [22,23,26,32,33]'_I'he quorescenpe characterlstps Although the atherosclerotic plaques in this animal model do
O_f the normal wall and thm-goll_agen lesions (,b“?ad EMIS- ot replicate the human atherosclerotic plaques predisposed
sion spectrum: 360-500 nm; lifetime at peak emissionregion: , 1, re, this finding is important, because the composition

~1.9ns) closely resemble the emission of elastin slightly o yese plaques share similarities with those of the fibrous
modulated by that of collagej22,26,32,33] thus suggest- ., covering the lipid-rich core in human vulnerable plagues

ing that the elastin largely found in the media and internal [14]. The fibrous cap is typically composke-8] of collagen-
elastic dominates the fluorescence emission of these two tis-

: ) o rich matrix, relatively small number of smooth muscle cells
sue sub-groups. The penetration depth of irradiation at aboutand small number of macrophages, features that were also

observed in the plaques of the hypercholesterolemic rabbits
used in this study. In addition, within the same plaque thick-
ness of this rabbit model, plagues with reduced number of
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4.1. Spectroscopic characteristics and composition

Table 2
Classification accuracy (selectivity and specificity)

Group sub-type  Spectral only Spectral and TR macrophages and increased content of collagen can be found.
Selectivity ~Specificity Selectivity Specificity Such features resemble the histological features of fibrous le-
(%) (%) (%) (%) sions that are likely to be more stable. Thus, this model allows
N-Athero 92.3 100 96.2 100 studies of the characteristics of fluorescence emission from
Thick-Collagen 62.5 8B 93.8 929 plaques with distinct macrophage versus collagen ratios but
Thick-Foam 64.3 8D 85.7 9%0 similar plague thicknesses, which is also the case commonly
N-Athero 61.5 76 69.2 706 seen in vulnerable fibrotic cap.
Thin-Collagen 70.0 66 60.0 857 The cap itself and the lipid-rich core, however, are not
Thin-Foam 42.9 o4 85.7 972

present in this rabbit animal model; thus, the fluorescence
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signal collected from thinlesions in our study is influenced by Therefore, TR-LIFS is a potentially important tool for study-
the fluorescent constituents of the media (elastin), rather thaning the contribution of inflammatory processes to atheroscle-
those found in the lipid core of a human plaque (lipid compo- rotic plaque formation, rupture and plague response to ther-
nents). Since lipids, typically, are characterized by shorter- apeutic agents in patients.

lived fluorescence when compared to elastin or collagen, cur-

rent results suggest that for a human plaque, the TR-LIFS

detection of increased number of macrophage can be furtheracknowledgment

enhanced. Human plaques prone to rupture are characterized

by a thin cap with large number of macrophages covering a  This work was supported by The National Institute of
lipid rich core. Thus, even shorter overall lifetimes are ex- Health Grant RO1 HL 67377-01.

pected for these plaques. Albeit, studies in more complex

atherosclerotic human plaques are needed to further validate
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