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Background and Objective: This study characterized aortic time-
resolved fluorescence spectra for stratified levels of atherosclerosis
and proposed interpretation of spectrotemporal variations in terms of
histologic changes.

Study Design/Materials and Methods: Fluorescence emission transients
were measured at 370-510 nm (337 nm excitation) on 94 excised human
aortic samples, ranging from normal to advanced fibrous atheroscle-
rotic lesion. Global analysis yielded a three-exponential approximation
of the time-resolved spectra from which average lifetime and decay-
associated spectra were derived.

Results: Average lifetime at 390 nm gradually increased from 2.4 = 0.1
nsec (normal aorta) to 3.9 £ 0.1 nsec (advanced lesion). Fluorescence
intensity was markedly decreased above 430 nm in intermediate and
advanced lesions. Spectral intensity associated with the intermediate
decay increased at 470-490 nm for early and intermediate lipid-rich
lesions.

Conclusion: Time-resolved fluorescence spectra of aortic samples pre-
sented distinctive features for each atherosclerotic lesion type, which
could serve as characteristic markers for optical analysis of the aortic
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INTRODUCTION

Laser-induced fluorescence spectroscopy has
been widely researched as a nondestructive opti-
cal approach for medical diagnostic. In particular,
application to the identification of atherosclerotic
lesions has been explored in vitro and in situ by
using continuous-wave [1-4] and time-resolved
techniques [5-8]. Most studies examined ad-
vanced fibrous atherosclerotic lesions and de-
scribed characteristic differences in the continu-
ous-wave spectra of such lesions when compared
with normal arterial wall [1,2]. A few studies in-
vestigated the emission of less advanced lipid-rich

© 2000 Wiley-Liss, Inc.

lesions to conclude that distinct features could
also be found in their fluorescence spectra [9-11].
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Spectral characteristics of healthy and diseased
arterial tissue were interpreted in terms of arte-
rial wall content in specific fluorescent com-
pounds. The structural protein elastin abundant
in the intima and the media of normal arteries
was the most important contributor to the fluo-
rescence of healthy arterial wall [2,10]. Collagen
in the fibrous cap of advanced lesions determined
the emission characteristics of severely athero-
sclerotic tissue [2,3]. Fluorescent lipids and lipo-
proteins imparted recognizable features to the
spectra of lipid-rich lesions [11]. To our knowl-
edge, no study to date has fully investigated the
fluorescence spectra for the whole sequence of le-
sions that separates normal intima from ad-
vanced fibrous plaque or interpreted the spectra
in terms of morphologic and compositional
changes that accompany atherosclerosis develop-
ment.

A few studies measured with time-resolved
techniques the fluorescence emission decay of
healthy and diseased arterial wall [5-8,12,13].
The time-dependent fluorescence of fibrous ath-
erosclerotic plaque lasted longer than the emis-
sion of normal arterial wall [6,7,12]. This obser-
vation was thought to reflect the longer lasting
emission of collagen relative to that of elastin [8].
The fluorescence decay of healthy arterial wall
varied for different wavelengths of excitation and
emission to reflect the decay of dominant fluores-
cent compounds in different wavelength ranges
[5]. In most previous studies, the time-resolved
fluorescence of artery tissue was only measured
for the extreme lesion types and a few wave-
lengths of emission. The fluorescence decay of le-
sions in between healthy tissue and advanced fi-
brous atherosclerosis has been described in a
limited way [12,13]. Analysis of the fluorescence
decay characteristics for all arterial lesion types
and for a broad range of wavelengths would add a
second dimension of information to the spectra.
The additional information could improve the rec-
ognition of different types of atherosclerotic le-
sions and facilitate the interpretation of tissue
spectra in terms of lesion composition and mor-
phology.

Therefore, this study had two main goals.
First, we measured the time-resolved fluores-
cence emission spectra of human aortic samples
with graded levels of atherosclerosis and identi-
fied characteristic spectral and temporal features
for all lesion types ranging from healthy arterial
wall to advanced atherosclerotic lesion. Second,
we suggested an interpretation for both the spec-
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Fig. 1. Spectroscopy setup used to measure the time-resolved
fluorescence spectra of aortic tissue samples. PD; and PD,,
photodetectors; PMT, multichannel plate photomultiplier
tube; Preamp, 1 GHz preamplifier; Gate, gate-and-delay gen-
erator.

tral and the temporal features of the fluorescence
emission in terms of morphologic and composi-
tional changes that accompany each stage of ath-
erosclerosis development.

MATERIALS AND METHODS
Instrumentation

The laser-induced fluorescence system (Fig.
1) was similar to that used in our previous studies
[12-15]. Excitation pulses (3 nsec FWHM) from a
free-running nitrogen laser (EG&G, 2100; 10 Hz
pulse frequency) were focused on the proximal ex-
tremity of a UV-grade silica fiber (core diameter,
600 pm; NA = 0.22) connected at its distal end to
the illumination channel (diameter, 1.4 mm; 200
pm silica fibers; NA = 0.22) of a fluorescence
probe (Oriel, 77558). Output from the distal end of
the probe illuminated the inner surface of the ar-
tery sample (spot size, 14 mm?) to produce fluo-
rescence. The broadband emission transient was
sampled by a ring of collection fibers (200 pwm)
around the illumination channel and led to the
input slit of a scanning monochromator (Oriel,
77200; F/4.4; UV-Vis grating, 77232; 1,200
grooves/mm; bandpass, 5 nm) for wavelength se-
lection. The emission waveform at the selected
wavelength was measured with a gated micro-
channel plate photomultiplier (Hamamatsu,
R2024U; rise time, 0.3 nsec; high voltage, 2.0-2.2
kV) placed against the output slit of the mono-
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chromator. The photomultiplier signal was ampli-
fied (EG&G Ortec, 9306; rise time, 0.35 nsec;
bandwidth, 100 kHz-1 GHz) and sampled with a
digitizing oscilloscope (Tektronix, TDS640; band-
width, 500 MHz; sampling frequency, 2 G
samples/sec). A fraction of the laser output was
directed toward two silicon photodetectors to gate
the photomultiplier (gate duration, 4 wsec), trig-
ger the oscilloscope, and monitor fluctuations of
the laser output energy. A longpass filter (345
nm) at the exit of the monochromator eliminated
most of the laser light reflected by the sample.
With the monochromator tuned to near the laser
line, the amount of reflected light passing through
the filter was sufficient to measure the laser pulse
waveform.

A personal computer GPIB-interfaced with
the wavelength drive controller (Oriel, 77228) and
the oscilloscope controlled the tuning of the mono-
chromator and the transfer of data (excitation and
emission signals) from the oscilloscope to the com-
puter hard disk. To improve the signal-to-noise
ratio of the measurement, the oscilloscope was
programmed to average 16 consecutive traces be-
fore making the signals available to the computer.
After receiving data from the oscilloscope, the
computer reset the oscilloscope and shifted the
monochromator to the following wavelength of
measurement.

Samples

Time-resolved fluorescence spectra were ob-
tained for 94 aortic specimens resected at autopsy
from 13 human cadavers (age range, 11-85 years;
median age, 48 years) 24-48 hours post mortem.
The specimens were abundantly rinsed with buff-
ered saline, cut longitudinally, snap-frozen in iso-
pentane cooled in liquid nitrogen, and stored at
-75°C. Before measuring the fluorescence, the
samples were allowed to thaw to room tempera-
ture. The samples were carefully flattened and
pinned to a nonfluorescent plastic board with the
intima facing up toward the illumination channel
of the fluorescence probe. The samples were ex-
amined to select areas with normal or atheroscle-
rotic appearance for the fluorescence study. Dur-
ing the experiment, the samples were maintained
moist by dripping buffered saline. After the mea-
surement, small scalpel incisions were made
around the illuminated area to identify its loca-
tion. The samples were fixed in formalin and pro-
cessed for histologic classification. Hematoxylin
and eosin—stained 4-pm-thick transverse paraffin
sections cut through the center of the illuminated
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regions were classified based on the Stary-
American Heart Association classification [16,17]
by a pathologist uninformed of the results of the
fluorescence study. Six categories were consid-
ered: normal aortic wall, type I lesion (initial le-
sion), type II lesion (fatty streaks), type III lesion
(intermediate atheromatous lesion with droplets
and small pools of extracellular lipid), type IV le-
sion (advanced atheroma with extracellular lipid
core), and type V lesion (in this study, advanced
fibroatheroma with lipid core and collagenous
cap; corresponding to type Va in Stary’s classifi-
cation). Samples that did not fall unequivocally in
these categories were excluded from further con-
sideration. Calcified lesions (type Vb), which are
heterogeneous and yield highly variable emission
spectra [4,9], were also excluded. Intimal thick-
ness was measured by quantitative ocular mi-
crometry.

Experimental Procedures

Sample fluorescence was measured at 29
wavelengths (370-510 nm; 5-nm increment) that
captured the essential features of aortic wall
emission for UV excitation [4]. Ten consecutive
measurements of the fluorescence response were
recorded at 390, 430, and, 470 nm to compare
characteristics of the time-resolved decay across
the spectrum of emission. The measurement se-
quence required 370 seconds to be completed.

The laser energy output at the tip of the fluo-
rescence probe was adjusted to 0.6 pd/pulse. For
this energy, the total fluence delivered on the il-
luminated site was <0.6 mJ/mm?, below the level
expected to photobleach the emission of common
arterial fluorescent compounds [15]. We verified
in a few instances that photobleaching of the
sample fluorescence was minimal.

After the fluorescence measurements were
completed, the monochromator was adjusted to
slightly below the laser line and the laser pulse
waveform was recorded. Background noise was
measured with the monochromator tuned to 400
nm after removing the sample and lifting the fluo-
rescence probe assembly away from the optical
bench. The background noise was subtracted from
the laser and fluorescence signals before process-
ing.

Data Analysis

The analysis was composed of two steps.
First, we computed the fluorescence impulse re-
sponse function (IRF) at each wavelength and or-
dered the IRFs in a two-dimensional array, the
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time-resolved fluorescence spectrum, which ex-
pressed the variation of the emission intensity as
a function of time and wavelength. Second, we
applied a global analysis algorithm [18] to find
the optimal multiexponential fit of the time-
dependent emission decay. The time-resolved
fluorescence spectra and the parameters of the fit
were compared to identify characteristics of the
spectra that differed for the different types of ath-
erosclerotic lesions.

The fluorescence IRF at each wavelength of
emission (A(t,\)) was retrieved by numeric decon-
volution by using the laser excitation waveform as
input and the fluorescence emission waveform as
output. The deconvolution algorithm has been de-
scribed and validated in previous work [14,19].
Briefly, the fluorescence IRF was expanded on a
basis of discrete-time Laguerre functions [20].
The Laguerre expansion coefficients, which ex-
press the contribution of each Laguerre function
to the IRF, were computed by a least-squares it-
erative reconvolution scheme [21]. The algorithm
selected values of the coefficients that minimized
the squared distance between experimental and
modeled fluorescence responses, the latter being
represented by the convolution of the IRF with
the laser pulse waveform. Seven Laguerre func-
tions were used in the expansion to capture the
sub-nanosecond decay dynamics of arterial fluo-
rescence [6,8]. We verified on a representative set
of data that, by using more than seven functions,
the residual sum of squares between experimen-
tal and modeled fluorescence responses did not
decrease in comparison with the residual sum of
squares obtained with seven Laguerre functions
[22]. The time-resolved fluorescence spectrum
was constructed by juxtaposing the fluorescence
IRFs obtained at the different wavelengths of
emission. The raw spectrum was corrected to ac-
count for fluctuations of the laser pulse intensity
(<56%) and for the nonuniform spectral sensitivity
of the measurement system measured with a cali-
brated irradiance light source (Oriel, 63358). The
time-resolved fluorescence spectrum was then
normalized to set to 1 the 390-nm intensity at
time 0.

A multiexponential approximation of the
time-resolved fluorescence spectrum was com-
puted to characterize the decay trends of the time-
dependent emission. Under the assumption that
the same fluorescent species contribute to the
emission for all measured wavelengths, the time
decay constants were considered independent of
wavelength. The wavelength-dependent preexpo-

Maarek et al.

nential amplitudes accounted for the variable
contribution of each fluorescent species to the
overall response. A global analysis algorithm
[18,23] was programmed to find optimal values
for the decay constants and the preexponential
amplitudes by least-squares minimization. Be-
cause the fluorescence emission is attenuated for
wavelengths between 405 and 445 nm due to in-
creased blood hemoglobin absorption [10], we
chose to skip the corresponding portion of the
time-resolved spectrum in the estimation of the
global decay constants.

Use of three exponentials resulted in
trendless residuals [21] and a statistically signifi-
cant decrease of the residual sum of squares when
compared with a biexponential fit [22]. Further-
more, four distinct exponentials could generally
not be retrieved from the data or yielded a non-
significant reduction of the residual sum of
squares. Thus, the global analysis algorithm rep-
resented the fluorescence IRF at each wavelength
by a three exponential approximation:

h(m) — ase—InT/"rS + aIe—n’lT/TI + aLe—n’lT/TL (1)
where T is the sampling period. The approxima-
tion yielded a short (1), an intermediate (7;), and
a long (17 decay constant for each spectrum. Two
wavelength-dependent fractional amplitudes A;
= a/( ag + a; + a;) and A, = a;/( a;, + ag + a;)
expressed the relative contributions of the inter-
mediate and the long decay components to the
fluorescence IRF. The average lifetime at each
wavelength (7,,,) was computed as:

agTg T a;Ty tapT,

avg —

@)

T
ag tar+aj,

In addition, the experimental fluorescence
emission waveform was integrated numerically as
a function of time to compute the cumulative fluo-
rescence intensity at each wavelength. Represen-
tation of the cumulative intensity as a function of
wavelength yielded the time-integrated emission
spectrum, functionally equivalent to the continu-
ous-wave emission spectrum measured with an
integrating array detector. The time-integrated
spectrum was corrected to account for the wave-
length-dependent sensitivity of the detection sys-
tem and then normalized to set the intensity at
390 nm to 1. The decay constants and preexpo-
nential amplitudes were used to compute the de-
cay-associated fluorescence spectra (DAS), which
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TABLE 1. Number of Aortic Samples, Subject Age,
and Intimal Thickness for the Different Tissue Types*

Sample type N Age Thickness (pm)
Normal 14 32 (11-53) 80 (60-140)
Type I lesion 21 46 (36-63) 120 (80-140)
Type II lesion 19 46 (39-63) 220 (150-280)
Type III lesion 9 56 (39-85) 500 (400-600)
Type IV lesion 5 59 (48-85) 900 (700-1000)
Type V lesion 12 53 (39-85) 1400 (1200-2000)

*Age is reported as mean (minimum-maximum) for all sub-
jects from which the samples of a given type were obtained.
Thickness is reported as median value (25" percentile-75'"
percentile) for each sample type.

expressed the contribution of each decay compo-
nent to the time-integrated spectrum [23,24].

Decay rates and decay constants were ana-
lyzed (one-factor analysis of variance) to evaluate
the effect of lesion type on the fluorescence decay.
Fractional amplitudes, average lifetime, and DAS
intensities at wavelengths 390, 430, and 470 nm
were analyzed (one-factor analysis of variance) to
evaluate the effect of lesion type in three areas of
the emission spectrum. When a significant effect
was observed, difference between means was as-
sessed with a post hoc Scheffe test. In all analy-
ses, the level of significance was P < 0.05. Data
are reported as mean + SE.

RESULTS
Histology

Eighty aortic samples were retained after
histologic examination and classification. Three of
the 14 excluded samples presented extensive cal-
cified lesions and the remaining 11 samples had
lesions that could not be unequivocally assigned
to one of Stary’s classes of atherosclerotic lesions.
Partitioning of the 80 retained samples in the dif-
ferent categories of lesions, age range for the cor-
responding human subjects, and intimal thick-
ness information is provided in Table 1.

Time-Resolved Fluorescence Emission Spectra

Time-resolved spectra of normal aortic wall
and atherosclerotic lesions presented characteris-
tic differences in the spectral and the temporal
dimensions (Fig. 2). For normal tissue, the emis-
sion intensity was maximal at 385 nm and pre-
sented a secondary peak at 455 nm that was
nearly as high as the main peak of emission. A
prominent valley around 415 nm coincided with
the Soret absorption maximum of oxyhemoglobin

245

@ 15

-

Intensity (rel. unit

oo

Intensity (rel. units)

Intensity (rel. units)

Fig. 2. Normalized time-resolved fluorescence spectra of nor-
mal aortic wall (top panel), lipid-rich type III lesion (middle
panel), and fibrous type V lesion (bottom panel). Each repre-
sentation is the average of the normalized time-resolved spec-
tra for all samples of a given type. Standard error of the mean
is shown at times 0 and 5 nsec for wavelengths 380, 440, and
480 nm. Intrinsic fluorescence emission intensity varied as a
function of time (in nanoseconds) and emission wavelength
(in nanometers) in a characteristic manner for each tissue

type.

[10]. In the temporal dimension, the emission at
385 nm decayed to 5% of peak intensity in 9.6 +
0.4 nsec. The rate of fluorescence decay was ap-
proximately independent of wavelength. Thus, at
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440 nm, the fluorescence decay to 5% of peak in-
tensity occurred in 9.5 + 0.5 nsec.

For intermediate type III lesions, the main
peak of emission was at 380 nm. The secondary
peak was less prominent and blue-shifted when
compared with the secondary peak in the spec-
trum of normal tissue. Its intensity was 55% of
the main peak intensity and it was reached at 445
nm. The fluorescence decay at the main peak of
emission lasted significantly longer than that ob-
served for normal tissue. The intensity decreased
to 5% of peak intensity in 12.1 = 0.7 nsec. In con-
trast, for wavelengths above 420 nm, the fluores-
cence duration was similar to that observed for
normal tissue (decay to 5% of peak intensity in
10.0 + 0.5 nsec at 440 nm). For wavelengths be-
tween 470 and 490 nm, the rate of fluorescence
decay was slower during the first 2 nsec when
compared with the rate of decay at neighboring
wavelengths.

The main spectral and temporal differences
identified between normal tissue and intermedi-
ate type III lesions were exacerbated for advanced
type V lesions. In these samples, the wavelengths
of the primary and secondary peaks were the
same as those found in the spectra of type III
lesions, but the magnitude of the secondary peak
was reduced to 50% of peak intensity. Fluores-
cence intensity around the peak at 380 nm de-
cayed to 5% of peak intensity in 14.2 + 0.6 nsec.
The rate of fluorescence decay at 440 nm (decay to
5% of peak intensity in 11.2 + 0.5 nsec) was sig-
nificantly longer than the decay rates observed for
normal tissue and type III lesions at that wave-
length. The time-resolved fluorescence spectra of
the other types of lesions reflected the progression
of changes described from normal aortic tissue to
type V lesions.

Decay Constants and Fractional Amplitudes

The short decay constant 14 (0.4 + 0.1 nsec)
was not different for the different lesion types we
examined. In contrast, intermediate and long de-
cay constants significantly varied with lesion type
(Fig. 3). Intermediate decay constant 7; increased
by approximately 0.6 nsec for lesion types IV and
V when compared with the other lesion types. The
largest increase of the long decay constant 7, (0.9
nsec) was observed between type I and type II
lesions.

For all lesion types, fractional amplitude A;
gradually decreased as the emission wavelength
increased to 420 nm (Fig. 4a). Parameter A;
reached a plateau between 420 and 465 nm. For

Maarek et al.

3.0

25/ 4d

2.0+ T

15+
1.0

05+

Intermediate decay constant -, (ns)

0.0

N 1 I n w v
Lesion type

9.0 1

est D . ) T i
801 T I I

75+
7.0+
6.5+
6.0 +

554

Long decay constant ¢, (ns)

N 1 1 1l
Lesion type

Fig. 3. Decay constants of three-exponential approximation
of the time-resolved fluorescence spectra for normal aorta and
for atherosclerotic lesions (mean + SE). a: Intermediate decay
constant ;. b: Long decay constant ;. Significant differences
associated with the progression of atherosclerosis from nor-
mal aorta (N) to type V lesions (V) were observed for both
decay constants. Asterisks indicate significant difference
compared with normal aorta.

all tissue types, fractional amplitude A; increased
in the 470—490 nm range when compared with the
values of A; in midrange of the spectrum (420-465
nm). The increase was substantially larger for
atherosclerotic lesions when compared with nor-
mal arterial wall. For wavelengths above 490 nm,
amplitude A; was slightly below the value ob-
served in the midrange of the spectrum.
Fractional amplitude A;, was approximately
independent of wavelength for normal arterial
wall and type I lesions (Fig. 4b), except for a small
dip at 470—490 nm in type I lesions. Type II le-
sions was associated with a reduced value of A},
over the whole wavelength range when compared
with type I lesions. For type III-type V lesions,
amplitude A; at 390 nm was substantially larger
than the value of A} observed for the other tissue
types at that same wavelength, A;, being largest
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cence spectra for normal aorta and for atherosclerotic lesions.
a: Intermediate decay amplitude Aj; b: Long decay amplitude
A;. Each data point is the mean value of the fractional am-
plitudes for all samples of a given type. To illustrate the vari-
ability of the results, the standard error of the mean is plotted
for the fractional amplitudes of normal, type III, and type V
lesions at 380, 440, and 480 nm.

for type V lesions. For these lesions, fractional
amplitude A; returned to the level observed in
normal tissue for wavelengths between 420 and
465 nm. Parameter A; decreased in the 470-490
nm range in comparison to its midrange values.

Variation of Average Lifetime

The observed variations of the decay con-
stants and fractional amplitudes resulted in the
following variations for the average fluorescence
lifetime 7,,,. For normal arterial wall, type I le-
sions, and type II lesions, parameter 7., aver-
aged 2.4 + 0.1 nsec at 390 nm and decreased to 2.1
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Fig. 5. Average lifetime 7,,, as a function of emission wave-
length for normal aorta and for atherosclerotic lesions. Each
data point represents the mean value of the average lifetimes
for all samples of a given type. To illustrate the variability of
the results, the standard error of the mean is shown for the
lifetime values of normal, type III, and type V lesions at 380,
440, and 480 nm.

+ 0.1 nsec at 430 and 470 nm (Fig. 5). The average
lifetime measured at 390 nm significantly in-
creased as the severity of the lesion increased to
type III and above to reach 3.9 + 0.1 nsec for type
V lesions. For type III and type IV lesions, param-
eter 7,,, measured at 430 nm was not different
from the values observed for the less advanced
lesion types. For type V lesions, parameter 1,
measured at 430 nm (2.4 + 0.1 nsec) was larger
than the values observed for the other lesion
types at that wavelength. At 470 nm, the average
lifetime was not different for the different lesion

types.

Time-Integrated Emission Spectrum and
Decay-Associated Spectra

The time-integrated fluorescence spectrum
of normal arterial wall resembled the emission
profile observed at time O in the time-resolved
spectra. The spectrum presented two peaks at
380-385 and 445-450 nm separated by a valley at
415 nm (Fig. 6). The amplitude of the secondary
peak was approximately 90% of that of the pri-
mary peak. Type I and type II lesions had a
slightly more marked primary peak located at 380
nm and a slightly depressed secondary peak when
compared with normal aorta. The relative ampli-
tude of the primary peak rose even further for
type IlI-type V lesions to reflect in part the in-
creased duration of the fluorescence decay around
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Fig. 6. Normalized time-integrated emission spectra for nor-
mal aorta and atherosclerotic lesions. Each data point repre-
sents the mean value of normalized emission intensities for
all samples of a given type. To illustrate the variability of the
results, the standard error of the mean is shown for the emis-
sion intensity of normal, type III, and type V lesions at 380,
440, and 480 nm. As the lesion type progresses toward more
advanced atherosclerosis, the emission spectra are increas-
ingly more pointed in the blue range and depressed in the red
range of the spectrum.

380 nm observed in the more diseased samples. In
contrast, the emission intensity in the red range
of the spectrum was substantially reduced for in-
termediate type III lesions and diminished even
further for advanced type IV and type V lesions. A
small hump between 470 and 490 nm, more no-
ticeable in the spectra of type I-type III lesions,
corresponded to the increase of fractional ampli-
tude A; at these wavelengths.

The DAS of the short decay (not shown) was
featureless and =10% of the whole emission. The
DAS of the intermediate decay was markedly de-
pressed at the wavelength of the secondary peak
for type IlI-type V lesions when compared with
the less diseased samples (Fig. 7a). The DAS in-
tensity rose between 470 and 490 nm, especially
for type I-type III lesions. The DAS of the long
decay component had a higher peak of emission
around 380 nm (Fig. 7b) and a decreased intensity
in the red range of the spectrum for type III-type
V lesions when compared with the other lesion

types.

DISCUSSION

This study investigated the time-resolved
fluorescence spectra of excised samples of human
aorta with graded levels of atherosclerosis and
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sents the mean DAS intensity for all samples of a given type.
To illustrate the variability of the results, the standard error
of the mean is shown for the DAS intensity of normal, type III,
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identified specific features that characterized the
evolution from healthy arterial wall to advanced
fibrous atherosclerosis. The principal findings
were as follows. First, the time-dependent fluores-
cence decay lasted longer in the blue range of the
spectrum for intermediate and advanced lesions
(type IlI-type V) in comparison with the decay
measured in normal aorta and beginning lesions
(type I-type II). Second, the fluorescence intensity
was markedly decreased in the red range of the
spectrum for intermediate and advanced lesions.
Third, the rate of fluorescence decay was slower
for wavelengths between 470 and 490 nm during
the initial phase of the decay in the spectra of
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early to intermediate lesions (type I-type III).
These modifications resulted in increased expo-
nential decay constants for the atherosclerotic le-
sions and in alterations of the preexponential
terms, average lifetime, and DAS intensities at
specific wavelengths.

Methodologic Issues in the Estimation of
Time-Dependent Aortic Fluorescence

The time-resolved fluorescence spectra were
constructed by using fluorescence decay IRFs es-
timated by expansion on a Laguerre basis [14,19].
This approach was popularized by Marmarelis
[20] who showed that the Laguerre expansion
technique was effective at estimating the proper-
ties of a dynamic system by using short input-
output data records. The Laguerre functions con-
stitute a complete family for the space of square
integrable functions. Thus, one is guaranteed that
an expansion can be found to represent a fluores-
cence decay curve of arbitrary shape. In previous
work, we established the validity of the Laguerre
expansion technique for representing the time-
dependent fluorescence of arterial compounds
[14,15,25]. In the present study, we showed that
the technique could also be applied to compute the
intrinsic fluorescence decay of aortic tissue.

Two-dimensional time-resolved fluorescence
spectra of aortic tissue measured for different
types of atherosclerotic lesions could have been
compared by using intensity ratios at selected
wavelengths [10,26,27] and times or various
shape indices [28]. We chose to approximate the
decays by a weighted sum of exponentials from
which we derived decay constants, fractional am-
plitudes, average lifetime, and DAS. Use of a mul-
tiexponential approximation allowed us to com-
pare our results with previously obtained
characterizations of arterial fluorescence decay
[5,6,8]. Note that, in the present study, the expo-
nential approximation of the decay was computed
on the IRF expanded on a Laguerre basis rather
than as part of the deconvolution of the measured
fluorescence transient [5,6]. Early research
pointed out that there were advantages in sepa-
rating the computation of the IRF from the mod-
eling of fluorescence decay in terms of time-
dependent processes [29,30].

Multiexponential approximations have been
used in different studies to represent the time-
dependent decay of arterial fluorescence [5,6,8,
12,13]. To the best of our knowledge, the present
work is the first in which a global analysis ap-
proach [18] was used to estimate the decay con-
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stants of the exponential approximation. Global
analysis methods take advantage of the relation-
ships that exist between decay curves measured
for different values of a parameter (in our case,
the emission wavelength). These methods have
been proven more accurate in selecting the proper
order for the exponential approximation [18,23].
Decay constants and preexponential amplitudes
are also more accurately estimated with global
analysis [18]. For complex systems like the arte-
rial wall, the decay constants are usually not in-
terpretable in terms of fluorescent species in the
system but mainly serve to represent different
trends in the decay [31]. Thus, the DAS in the
present study may not represent the fluorescence
of individual fluorophores in the samples [24].
Use of the DAS was found to be an original and
effective way for comparing the fluorescence emis-
sion of artery samples by using information from
both the spectral and the temporal dimensions.

Spectral Characteristics of Aortic Emission

The time-integrated fluorescence emission
spectra of normal aortic wall and atherosclerotic
lesions resembled the continuous-wave spectra
obtained by different groups with UV excitation
ranging from 308 to 337 nm [1-4,9-11,27]. The
spectrum of normal aorta was broader than the
spectra of lipid-rich and fibrous atherosclerotic le-
sions [4,9]. Normal intimal spectra usually pre-
sented two peaks at 370-410 nm and 430—460 nm
[4,9,11,27] separated by a valley around 415 nm.
The 415-nm valley was shown to be caused by
increased blood absorption around that wave-
length [10]. Indeed, normal aortic spectra were
found single-peaked in some studies [2], possibly
because of differences in sample preparation. The
spectra of lipid-rich type III-type IV lesions and
fibrous type V lesions were similar [4,9]. The pri-
mary peak was located around 380 nm, and the
blood absorption valley was less noticeable. The
emission in the red range of the spectrum was
substantially reduced in comparison with the
emission observed in normal tissue, resulting in a
single-peaked shape for the spectra. The results of
this study are in agreement with these well-
documented observations. The present study adds
to the state of knowledge in that it describes the
fluorescence of aortic samples for all the classes of
atherosclerotic lesions between normal arterial
wall and advanced fibroatheroma in the Stary
classification [16,17]. Use of this fine stratifica-
tion allowed us to show that the transition from a
broad two-peaked spectrum to a narrow single-
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peaked spectrum occurred between type II and
type III lesions. Gradual changes were identified
in the two-peaked spectra of normal, type I, and
type II lesions on the one hand and the single-
peaked spectra of type III, type IV, and type V
lesions on the other.

The time-resolved emission spectra were
measured on aortic samples that had been snap-
frozen for preservation and slowly thawed just be-
fore the experimental measurements. A few stud-
ies investigated the effect of freezing-thawing
procedures on the fluorescence emission of aortic
tissue [10,32]. No substantial differences were
found between the emission spectra of fresh
samples and those of samples that had been fro-
zen for up to 10 days [32]. Fluorescence emission
spectra measured on freshly collected aortic tis-
sue and on frozen samples studied in a cold mi-
crotome showed no differences that could be at-
tributed to freezing [33]. These observations
suggest that freezing and thawing the aortic
samples in the present study did not markedly
affect their fluorescence response and contributed
slightly if at all to the spectral differences ob-
served between the different types of lesions.

Temporal Characteristics of Aortic Emission

To our knowledge, this study is the first to
report the time-resolved fluorescence decay of hu-
man aorta over its full spectrum of emission and
for all lesion types in the progression of athero-
sclerosis from normal aortic wall to advanced fi-
brous lesions [16,17]. Previous investigators ex-
amined the time-resolved characteristics of
arterial tissue fluorescence only at a few selected
wavelengths and for the extreme types of lesions
[5-8]. In particular, Andersson-Engels and col-
leagues [6] used picosecond excitation at 337 nm
coupled with single-photon counting detection
and an iterative reconvolution scheme [21] to
evaluate the fluorescence decay characteristics of
aortic and coronary samples at 380, 437, and 480
nm. Normal arterial wall and samples with thin
or thick fibrotic plaque, probably type IV and type
V lesions, were examined. These authors found,
as we did, three exponential components in the
fluorescence decays of normal arterial tissue and
atherosclerotic lesions. The decay constants of
normal samples (380 nm: 7 = 0.2 nsec, 1, = 1.7
nsec, 1;, = 6.0 nsec) and thick fibrous lesions (1g
= 0.4 nsec, 1y = 2.5 nsec, 11, = 7.5 nsec) were
comparable to the decay constants in our experi-
ments. The main distinction between the time-
dependent fluorescence decay of atherosclerotic
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lesions and that of normal samples was the 60%
increase of fractional amplitude A; at 380 nm in
thick fibrous lesions when compared with normal
intima. In the red range of the spectrum, the val-
ues of A;, for the different tissue types were nearly
equal. These results are in agreement with our
observations. In contrast, fractional amplitudes
A; and A;, (0.32 and 0.10 for normal tissue) in the
study of Andersson-Engels et al. [6] were approxi-
mately 50% smaller than those found in the pre-
sent work. The average lifetime at 437 nm and
480 nm was markedly decreased for thin fibrotic
plaque when compared with normal artery and
thick fibrotic plaque in that study. In the present
work, the average lifetime was nearly indepen-
dent of lesion type in the red range of the spec-
trum. These differences probably originated from
experimental and computational differences be-
tween the two studies. In particular, aortic and
coronary samples were pooled together [6] when
these tissues present compositional differences
[34] that are likely to affect their fluorescence
time-dependent decay.

Because the aortic samples were finely
stratified according to lesion type, we were able to
show that substantial differences in the time-
dependent fluorescence decay were again found
between type Il and type III lesions. These in-
cluded differences in the variation pattern of pa-
rameters A; and 7,,, with wavelength, coupled
with increased values of the average lifetime in
the blue range of the spectrum for type III and
above lesions. The fact that marked changes in
both the spectral and the time-dependent charac-
teristics of fluorescence occur between type II and
type III lesions strongly suggests a common inter-
pretation for these changes. Changes of the spec-
trotemporal fluorescence patterns can be inter-
preted considering both compositional and
morphologic modifications that accompany the
development of atherosclerosis from normal arte-
rial wall to advanced fibroatheroma.

Interpretation of Aortic Spectra in Terms of
Component Fluorescence

The emission spectrum of normal aortic wall
mostly reflects the fluorescence of elastin [2,3,10].
Elastin had a broad spectrum of emission that
peaked around 410 nm [2,11]. Its time-dependent
decay was represented with two or three exponen-
tial terms with decay constants around 1.4 and
6.8 nsec [8,14]. In the artery wall, elastin is pri-
marily located in the deep musculoelastic layer of
the intima and in the media [35]. In our normal
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samples, intimal thickness was approximately 80
pm. The 1/e penetration depth of excitation irra-
diation around 337 nm is 150-200 pm [10], which
suggests that elastin fluorescence from the whole
intimal thickness and the media contributed to
the emission detected at the luminal surface
[9,11]. Other fluorescent compounds that contrib-
uted to normal aortic fluorescence probably in-
cluded collagen and nonelastin matrix proteins,
primarily glycosaminoglycans [2,11]. These sub-
stances are present in lesser amounts than elas-
tin in normal aorta [2]. However, they are mostly
located in superficial layers of the intima near the
lumen [35] and, therefore, would be more in-
tensely excited and have their emission less at-
tenuated by absorption and scattering than the
emission of elastin. Their contribution shifted the
fluorescence peak of normal aortic tissue toward
the blue side of the spectrum relative to the elas-
tin peak [11]. The time-integrated spectrum, fluo-
rescence decay constants, and average lifetime
measured in our normal samples are in agree-
ment with a dominant role of elastin fluorescence
modulated by collagen and glycosaminoglycans
emission.

Spectral emission patterns of type I and type
II lesions were characterized by an apparent blue
shift of the primary fluorescence peak and a small
decrease of the secondary peak intensity. Concur-
rently, intimal thickness increased to 120 nm for
type I lesions and 220 nm for type II lesions. Be-
cause of the increased intimal thickness, elastin
in the musculoelastic layer of the intima and the
media would have seen its contribution to intimal
fluorescence decrease relatively to the contribu-
tion of more superficial collagen and gly-
cosaminoglycans. These compounds have fluores-
cence spectra that are more narrowly peaked and
whose maximal emission is blue-shifted compared
with the elastin spectrum [2,11]. Thus, even
though intimal content in collagen, nonelastic
matrix proteins, and elastin was probably un-
changed in type I and type II lesions compared
with normal arterial wall [12], the influence of the
former compounds on intimal fluorescence in-
creased relative to that of the latter.

The time-dependent parameters changed
little for wavelengths below 470 nm in type I and
type II lesions compared with normal aorta. Av-
erage lifetime did not change, whereas long decay
constant 1;, and fractional amplitude A; increased
slightly for type II lesions. Collagen emission
lasted longer than that of elastin especially in the
blue range of spectrum around 390 nm [8,14]. The
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time-dependent fluorescence of glycosaminogly-
cans has not been described. The emission of
these compounds is largely determined by L-
tryptophan residues [11] whose fluorescence is
short-lived [5,8] such that its decay could be
shorter than the decays of elastin and collagen.
Overall, the increased contribution of gly-
cosaminoglycans and collagen fluorescence rela-
tive to that of elastin would have left the time-
dependent decay of type I and type II lesions
relatively unchanged. For wavelengths between
470 and 490 nm, marked increases of the frac-
tional amplitude A; and of the intermediate decay
DAS intensity were observed. Marcu et al. [25]
reported that fluorescence emission of free choles-
terol and cholesterol esters increased in that
wavelength range and was associated with the
appearance of a delay in the time-dependent
emission. Type I and type II lesions are charac-
terized by the intracellular accumulation of lipid
droplets in the intima, primarily cholesterol es-
ters, free cholesterol, and phospholipids [16]. Our
results seem to indicate that fluorescence from
these lipids was noticeable in the time-resolved
fluorescence characteristics of intimal emission
and changed parameter A; and the intermediate
DAS intensity for wavelengths between 470 and
490 nm. Lipid fluorescence would have also con-
tributed to narrowing and blue shift of the spec-
tral peak to 380 nm [25]. Note that in the 470- to
490-nm band, the change of parameter A; and of
the intermediate decay DAS from normal aortic
wall to type I and type II lesions was much more
marked than the intensity variation in the time-
integrated spectra. This observation suggests
that measurement of the time-resolved spectra
would improve the ability to detect beginning ath-
erosclerotic lesions.

As indicated in the preceding section, the
transition from type II to type III lesions was ac-
companied by dramatic changes in the shape of
the time-integrated spectrum and in the patterns
of variation of parameters A;, and 7,,, with wave-
length. These variations were reflected in marked
changes of the intermediate and long decay DAS.
The observed differences do not appear to origi-
nate in changes of the tissue fluorophore content
between the two lesion types. Histologically, the
main difference between type II to type III lesions
is the accumulation of lipids in extracellular drop-
lets and small pools [16]. Compositional changes
are thought to be small [16]. Rather the spectro-
temporal differences would reflect a marked
change of the intimal thickness that increased
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from 220 pm for type II lesions to 500 wm for type
III lesions in our samples. Whereas the tissue vol-
ume probed by the fluorescence measurement in-
cluded both subluminal intima and deep intima in
type II lesions, this volume became mostly located
in the subluminal intima in type III lesions. Thus,
whereas elastin from the deep intima and possi-
bly the media strongly contributed to the spectra
of type II lesions, the emission of type III lesions
was mostly determined by fluorescent compounds
in the subluminal intima, collagen, gly-
cosaminoglycans, and lipids. The three com-
pounds would have yielded the single-peaked
spectrum and the increased values of parameters
A;, and 7,,,. Fluorescence from the lipids would
have resulted in increases of fractional amplitude
A; and the intermediate decay DAS between 470
and 490 nm. Previous studies had highlighted the
role played by elastin from the media in shaping
the fluorescence spectrum of normal arterial wall
and early atherosclerotic lesions. [2,9,11]. Our re-
sults pinpoint the stage in the progression of ath-
erosclerosis where elastin ceased to be a signifi-
cant contributor to the aortic spectra, i.e.,
between type II and type III lesions.
Fluorescence emission of type IV lesions was
characterized by a further decline of the emission
intensity around the secondary peak, which prac-
tically ceased to be a defining feature of the time-
integrated spectra. In the time dimension, inter-
mediate decay constant 1; and average lifetime
T.vg Were increased compared with their values in
type III lesions. The contribution of lipid fluores-
cence around 470-490 nm was less noticeable
than was observed for type III lesions, especially
in the DAS. Type IV lesions are characterized by
increased accumulation of lipids and formation of
a lipid core [17] with no increase in fibrous colla-
gen. The lipid core is usually located under a well-
defined layer of cells and matrix material contain-
ing collagen and proteoglycans. It is likely that
the fluorescence measurement reflected an in-
creased contribution of the latter two compounds.
Lipids in the core were so deeply located in the
intima that their contribution to the fluorescence
measurement actually diminished in comparison
with the contribution detected in type III lesions.
Note that we had only five aortic samples classi-
fied as type IV lesions such that further study
would be needed to confirm this observation. The
spectrotemporal emission of type V lesions was
characterized by further increases of parameter
A; and of the average lifetime, which reflected the
dominant contribution of fibrous collagen at the
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intimal surface [2,8,11]. To our knowledge, the
present interpretation is the first that examines
the combined changes of the spectral and the tem-
poral fluorescence emission patterns of aortic tis-
sue for the full progression of atherosclerotic le-
sions established by histologic observations
[16,17]. This interpretation shows that composi-
tional changes that accompany the development
of atherosclerotic lesions condition only partly the
fluorescence variations. Key roles are also played
by intimal thickness changes and by the propaga-
tion of excitation and fluorescence light within the
intimal thickness [36].

Note that even though the elastin content of
human aorta decreases with age relative to the
collagen content [35], this factor probably had a
minimal effect on the fluorescence emission dif-
ferences that marked the progression from type I
to type V lesions. For these lesion types, the aortic
samples in the present study were obtained from
adult subjects of comparable age at the time of
death (Table 1). Some of the normal samples orig-
inated from a juvenile, which could have contrib-
uted in part to the small differences noted be-
tween the fluorescence spectra of normal samples
and those of type I lesions.

Implications for optical analysis of the
arterial wall

The first implication of our results is that
analysis of the time-resolved fluorescence spectra
can be used to enhance the optical differentiation
between graded levels of atherosclerosis. Previous
reports had established that continuous-wave
fluorescence spectra could be used to differentiate
between normal aortic wall and advanced athero-
sclerotic lesions [1,2,27]. A few studies had shown
that lipid-rich lesions could be recognized from
the other lesion types [4,11] and that the time-
resolved fluorescence emission of fibrous lesions
was different from that of normal arterial wall
[6,8]. The present study examined the time-
dependent emission of early and lipid-rich aortic
lesions (type I-type IV). Specific features were
identified in the time-resolved spectra to distin-
guish these lesions from normal aorta and from
advanced fibrous lesions. Combined use of the
spectral and the temporal characteristics of the
emission could serve to precisely and nondestruc-
tively assign an aortic fluorescence measurement
to a class of atherosclerotic lesion known to have
well-defined histologic and morphologic features
[16,17].

The second implication of this study is that
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measurement of the time-resolved fluorescence
spectra of aortic samples yields an abundance of
parameters such that proper data reduction can
help in extracting the most distinctive features of
the spectra. We suggest that the average lifetime
as a function of wavelength curve and the DAS of
the intermediate and long decays could suffice to
identify aortic lesions. The lifetime characterizes
the overall rate of emission decay at different
wavelengths and the DAS combine spectral and
temporal attributes of time-resolved emission.
Type IIT and above lesions would be recognized
from normal aortic wall and less advanced lesions
by a decreased emission between 430 and 470 nm
in the DAS curves and by increased lifetime val-
ues around 390 nm. Type I and type II lesions
would yield in the long decay DAS a reduced emis-
sion in the 430-470 nm range when compared
with normal aortic wall. Increased emission be-
tween 470 and 490 nm would be observed in the
intermediate decay DAS. The progression from
type III to type V lesions would translate in an
increased lifetime around 390 nm that extends
further toward the red range of the spectrum. Re-
duced emission in the 470- to 490-nm range would
be noted in the intermediate decay DAS. The life-
time and DAS data could be used in the develop-
ment of algorithms for automatic classification of
atherosclerotic lesions [3,10,27].

The third implication is that the organiza-
tion and thickness of the different layers in the
arterial wall cross-section is as important as their
content in fluorescent materials in determining
the time-resolved fluorescence spectrum of the
tissue. The sequence of spectrotemporal fluores-
cence changes identified in our aortic samples
might need to be revisited for other arterial seg-
ments such as the coronary vessels. The elastin to
collagen ratio is different in these vessels when
compared with normal aorta, which leads to
known spectral differences [34], but also the coro-
nary wall is much thinner than the aortic wall. It
is conceivable, for instance, that elastin from the
deep intima could contribute to the emission of
type III lesions in coronary arteries even though
elastin was too deeply buried to affect the fluores-
cence spectra of such lesions in the aorta. Fur-
thermore, artery tissue is stretched longer and
thinner in vivo such that the role of tissue thick-
ness would need to be reassessed for proper inter-
pretation of time-resolved fluorescence spectra
measured in situ. Development of an optical bi-
opsy system for in situ assessment of atheroscle-
rotic lesions will need to take into account both
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the artery bed and the experimental conditions in
which the device is used. Yet, clinical studies
[4,28] have demonstrated the feasibility of mea-
suring in situ the continuous wave fluorescence
emission of coronary artery vessels during percu-
taneous catheterization. The fluorescence spectra
of atherosclerotic coronary artery measured in
situ resembled the emission spectra obtained in
vitro on excised coronary specimens and reflected
the lesion type evaluated independently with in-
tracoronary ultrasound [28]. These reports dem-
onstrate that intracoronary fluorescence mea-
surements are possible and yield clinically useful
information. The present work suggests that in
situ measurement of the time-dependent charac-
teristics of the fluorescence would allow for a
more precise staging of atherosclerotic lesions and
thus enhance the diagnostic capability of fluores-
cence spectroscopy.

CONCLUSION

This study established that the time-
resolved fluorescence emission spectra of aortic
samples vary with the progression of atheroscle-
rosis. Characteristic changes in parameters de-
rived from the time-resolved spectra were related
to the type of lesion assigned to the sample based
on histologic examination. Spectral and temporal
features of the emission were interpreted for nor-
mal aortic wall and lesions ranging from early
type I to advanced type V in terms of intimal con-
tent in fluorescent compounds and intimal thick-
ness. Trends in the average lifetime and decay-
associated spectra at selected wavelengths were
identified, which could serve as diagnostic mark-
ers for in situ optical analysis of the aortic wall.
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