Photochemistry and Photobiology, 2000, 71(2): 178-187

Time-resolved Fluorescence Spectra of Arterial Fluorescent Compounds:
Reconstruction with the Laguerre Expansion Technique

Jean-Michel I. Maarek*!, Laura Marcu*?, Wendy J. Snyder*? and Warren S. Grundfest?

Department of Biomedical Engineering, University of Southern California, Los Angeles, CA, USA and
2Laser Research & Technology Development Laboratory, Cedars Sinai Medical Center, Los Angeles, CA, USA

Received 5 July 1999; accepted 1 November 1999

ABSTRACT

The time-resolved fluorescence spectra of the main ar-
terial fluorescent compounds were retrieved using a new
algorithm based on the Laguerre expansion of kernels
technique. Samples of elastin, collagen and cholesterol
wer e excited with a pulsed nitrogen laser and the emis-
sion was measured at 29 discrete wavelengths between
370 and 510 nm. The expansion of the fluorescence im-
pulse response function on the Laguerre basis of func-
tions was optimized to reproduce the observed fluores-
cence emission. Collagen lifetime (5.3 ns at 390 nm) was
substantially larger than that of elastin (2.3 ns) and cho-
lesterol (1.3 ns). Two decay components were identified
in the emission decay of the compounds. For collagen,
the decay components were markedly wavelength depen-
dent and hydration dependent such that the emission de-
cay became shorter at higher emission wavelengths and
with hydration. The decay characteristics of elastin and
cholesterol were relatively unchanged with wavelength
and with hydration. The observed variationsin the time-
resolved spectra of elastin, collagen and cholesterol were
consistent with the existence of several fluorophores with
different emission characteristics. Because the com-
pounds are present in different proportions in healthy
and atherosclerotic arterial walls, characteristic differ-
encesin their time-resolved emission spectra could be ex-
ploited to assess optically the severity of atherosclerotic
lesions.

INTRODUCTION

Laser-induced fluorescence spectroscopy has been widely in-
vestigated as a nondestructive optical technology for medical
diagnostics. In particular, application to the detection and
characterization of atherosclerotic lesions has been studied
in vitro (1-4) and in situ (5). Differences in the continuous
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wave (CW)T fluorescence spectra of healthy and atheroscle-
rotic arterial tissue were interpreted in terms of wall com-
position (2—4). The structural protein elastin was the most
important contributor to the fluorescence of healthy arterial
wall (2,3). Collagen on the surface of advanced plaque le-
sions was responsible for the emission of atherosclerotic ar-
terial walls (4). Lipids, including free cholesterol, that invade
plague lesions during the atherosclerotic process have also
been shown to fluoresce under intense UV laser excitation
(2,4,6).

Sel ective absorption of the fluorescence emission by blood
hemoglobin and other endogenous chromophores compli-
cates the interpretation of arterial spectra in terms of wall
composition (3). A few studies (7—10) suggested that life-
time information that is not affected by selective absorption
could be used to increase the diagnostic capability of fluo-
rescence spectroscopy. The fluorescence emission of athero-
sclerotic plagues lasted longer than the emission of healthy
vessel walls (7-9), which was interpreted in terms of the
longer lasting emission of collagen compared to elastin (10).
The time-resolved emission of arterial fluorescent com-
pounds was only measured at one or two wavelengths in
these studies. Wavel ength-dependent variations of the time-
dependent decay would add a new dimension of information
to the spectral data that could be exploited to better identify
atherosclerotic lesions and to assess more precisely tissue
composition. To our knowledge, the time-resolved emission
spectra of fluorescent compounds of the arterial wall have
been investigated only in a limited way (10,11).

To estimate the intrinsic fluorescence decay of a com-
pound, the observed fluorescence trace must be deconvolved
from the excitation pulse (12,13). The most commonly used
deconvolution technique is the least-squares iterative recon-
volution (LSIR) technique (12,14,15). This technique applies
a least-squares minimization algorithm to compute the co-
efficients of a multiexponential expansion of the fluores-
cence decay. For complex fluorescent compounds like elas-
tin and collagen, the multiexponential expansion is often a
best-fit solution to the numerical deconvolution problem. Its
coefficients are not readily interpretable in terms of fluoro-

TAbbreviations: CW, continuous wave; HWHM, half width at half
maximum; FWHM, full width at half maximum; IRF, impulse
response function; LSIR, least-squares iterative reconvolution;
NA, numerical aperture.
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Figure 1. Spectroscopy setup used to measure the time-resolved
fluorescence spectra of arterial fluorescent compounds. PD; and PD,,
photodetectors; PM T, multichannel plate photomultiplier tube; Pre-
amp, 1 GHz preamplifier; Gate, gate-and-delay generator.

phore response (13,16). Marmarelis (17) proposed to use an
expansion on the discrete time Laguerre basis to deconvolve
the intrinsic properties of a dynamic system from experi-
mental input—output data. Because the Laguerre basis is a
complete family of functions, a unique and desirable char-
acteristic of this approach is that it can reconstruct a fluo-
rescence response of arbitrary form. The latter could then be
tested against different possible models to characterize the
photophysical processes responsible for the emission (16).
Therefore, this study had two goals. First, we investigated
the applicability of the Laguerre expansion technique for de-
convolution of the time-resolved decay of arterial fluorescent
compounds. Second, we characterized the time-resolved
emission spectra of arterial fluorescent compounds to deter-
mine if knowledge of the time-resolved spectra would im-
prove the diagnostic power of arterial fluorescence spectros-

copy.
MATERIALS AND METHODS

Excitation delivery and fluorescence detection. In the experimental
setup (Fig. 1), the output pulse of a free-running nitrogen laser
(EG& G, model 2100; \: 337 nm; pulse width: 3 ns full width at
half maximum [FWHM]; pulse repetition rate: 10 Hz) was focused
on the extremity of a UV-grade silica fiber (core diameter: 600 pm;
numerical aperture [NA] = 0.22) that directed the laser emission to
the sample from above (spot size: ~1.8 mm?). Six silica optic fibers
(600 pm; NA = 0.22) positioned around the excitation fiber col-
lected and guided the fluorescence emitted by the sample to the input
dit of a scanning /4 m monochromator (Oriel, 77200; F/4.4; UV—
visible grating, model 77232; 1200 grooves/'mm; bandpass. 5 nm
FWHM). A gated microchannel plate photomultiplier tube (Hama-
matsu, R2024U; rise time: 0.3 ns; high voltage: 1800-2200 V)
placed against the exit slit detected the fluorescence emission at the
wavelength selected on the monochromator. The photomultiplier
output was amplified with a fast aternating current preamplifier
(EG&G Ortec, 9306; rise time: 0.35 ns; bandwidth: 100 kHz to 1
GHz; gain: 100) and digitized with a digital oscilloscope (Tektronix,
TDS640; bandwidth: 500 MHz; sampling frequency: 2 Gsamples/s).

A longpass filter (345 nm) at the exit of the monochromator pre-
vented most of the laser light reflected by the sample from reaching
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the photomultiplier. With the monochromator tuned to near the laser
line, the amount of reflected laser light that passed through the filter
was sufficient for measuring the laser pulse waveform.

A fraction of the laser output was diverted with two beam splitters
toward two fast silicon photodetectors. One detector (Newport, 818-
BB-21) connected to a gate-and-delay generator (EG&G Ortec,
model 416 A) gated the photomultiplier (gate duration: 5 ws). The
other photodetector (EG& G Parc, model 2100/99) triggered the os-
cilloscope and monitored the pulse-to-pulse fluctuations of the laser
output energy.

The experimental setup was automated with a personal computer
(AST Research) interfaced (GPIB) with the oscilloscope and the
stepper motor controller in the monochromator wavelength drive
(Criel, 77228). The computer program controlled the displacement
of the monochromator grating and the transfer of the waveforms
sampled by the oscilloscope (fluorescence and laser pulses) to per-
manent storage on the computer hard drive.

Samples. Time-resolved spectrawere obtained from commercially
purified samples of primary sources of fluorescence in healthy ar-
terial wall and atherosclerotic plague: elastin, type | collagen and
cholesterol. Samples of bovine neck ligament elastin, type | insol-
uble Achilles tendon collagen and cholesterol (Sigma Chemical)
were studied at room temperature in a nonfluorescent cell open to
the atmosphere. Because the compounds are normally found in the
watery tissue environment, which could ater their fluorescence re-
sponse (18,19), they were studied both dry and hydrated with 0.9%
NaCl solution. Hydrated samples were prepared by thoroughly mix-
ing the sample material with saline and allowing the saline to per-
meate the material for at least 5 min.

Experimental procedures. The fluorescence response was mea-
sured at 29 wavelengths ranging from 370 to 510 nm (5 nm incre-
ment) selected to capture the whole spectral emission of compounds
when excited in the UV (2,4). To improve the signal-to-noise ratio,
each recorded fluorescence transient consisted on average of 16 con-
secutive fluorescence pulses computed by the oscilloscope circuitry
before transfer to the personal computer. After receiving data from
the oscilloscope, the computer shifted the monochromator output
wavelength by 5 nm and reset the oscilloscope for the next fluores-
cence measurement. The voltage sensitivity of the oscilloscope was
periodically readjusted as the fluorescence intensity changed with
wavelength to optimize the choice of voltage resolution for the dig-
ital-to-analog converter in the oscilloscope’s vertical system. Ten
consecutive measurements of the fluorescence response were col-
lected for three wavelengths (390, 430, 470 nm) to assess the vari-
ability of the fluorescence measurement across the emission spec-
trum. For each compound, fluorescence measurements were obtained
on three different samples of the same lot.

The energy output of the laser was adjusted to 0.6 pJ/pulse. Under
the experimental conditions of the study, the total fluence delivered
to the illuminated site at the end of a measurement sequence lasting
370 s, i.e. the total energy delivered per unit area, was <1.2 mJ/
mm?. Under such conditions, photobleaching of the sample emission
was expected to induce only minor alterations of the fluorescence
spectra (6).

After the fluorescence measurements were completed, the mono-
chromator was adjusted to a wavelength slightly below the laser line.
The exact wavelength was selected such that the detected amplitude
of the laser pulse reflected by the sample was in the range of the
largest amplitude observed during the fluorescence measurements.
Sixteen laser pulses reflected by the sample were averaged and used
to represent the shape of the excitation pulse. The same vertica
sensitivity was used for measurement of the laser pulse and the
fluorescence response at the peak of emission, which resulted in
identical voltage resolutions for the laser and fluorescence wave-
forms. Background noise was measured with the monochromator
tuned to 400 nm after removing the sample and lifting the excitation-
collection fiber assembly away from the optical bench. The back-
ground noise was subtracted from the laser input and fluorescence
response signals.

Deconvolution method. The LSIR technique (12) has been re-
tained as the most effective approach for deconvolution of the emis-
sion decay measured in time-resolved fluorescence spectroscopy
(13-15). We experimented with a variant of LSIR in which the
fluorescence impulse response function (IRF) was expressed as an
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expansion on the discrete time Laguerre basis (17,20) instead of a
weighted sum of exponential functions.

The relationship between the fluorescence response y(n) (n =
0...N — 1) and the laser pulse x(n) is expressed by the convolution
equation:

M-1

y(n) = T'mzo h(m)x(n — m) €

where h(m) represents the fluorescence IRF (m = 0... M — 1) and
T is the sampling period. To retrieve the fluorescence IRF, we con-
sidered the expansion of h(m) on the orthonormal basis of discrete-
time Laguerre functions {L;(«, m)}:

h(m) = i GiLi(ee, m) (2
i-o
with _ _
Li(c, m) = a™02(1 — o)¥2 > (—1)k<m)<'>ouk(1 — Q)
&k @

Solving the convolution equation to retrieve the IRF was equivalent
to determining the parameters of the expansion in Eq. 2: the La
guerre parameter (a; 0 < a < 1), the expansion coefficients (c;) and
the order of the expansion (). Optimal values of a and of the co-
efficients ¢; were determined by least-squares minimization of the
weighted sum of residuals:

N-1
S= n2=0 WalYe(n) — Yo(n)]? 4

where y,(n) is the fluorescence response computed from Eg. 1, y,(n)
is the observed fluorescence response and w,, is a weighting factor.
The whole fluorescence trace (45-90 points) was used in the mini-
mization from the rise of the input laser pulse to >5% of its peak
amplitude (n = 0) to the decay of the output fluorescence response
to <5% of its peak amplitude (n = N — 1). The same number of
points was used for all fluorescence responses measured on a given
compound.

Proper selection of the weights w,, is necessary to obtain an ac-
curate estimate of the fluorescence IRF (12). The weight w,, is pro-
portional to the inverse of the experimental variance o for the mea-
surement at time n, variance that is not known with the present
experimental technique. To estimate the dependence of the variance
on the magnitude of the fluorescence signal, we considered the ex-
perimental variance at each time point for the 10 fluorescence mea-
surements at 390 nm obtained on dry elastin and dry collagen (21).
The variance was represented in log—og coordinates as a function
of the average of the 10 measurements. The slope of the straight-
line fit through the log-og plot averaged 1.7 (range: 1.3-2.1) for
the six data sets, suggesting that the measurement variance increased
almost in proportion with the square of the fluorescence signal. Thus,
weight w,, was estimated by 1/y,(n)? in Eq. 4 and the |least-squares
minimization was carried out on the quantity

N ye(n) = Yo
S = JevJ Jo\ 7/
21 v

to yield parameter « and the expansion coefficients ¢; for a given
expansion order |.

The decrease of the sum of residuals S with increasing values of
the order | was examined for a set of representative measurements
of elastin fluorescence to establish that S reached a plateau for values
of | = 4. Thus, parameter | was set at 4, which corresponded to
using the first five Laguerre functions to expand the fluorescence
IRF. All computations were performed with the software package
MATLAB (The MathWorks).

Data analysis. Time-resolved fluorescence emission spectra were
constructed by piling the IRF obtained at different emission wave-
lengths to build two-dimensional representations of the fluorescence
intensity as a function of time and wavelength. The spectra were
corrected for the nonuniform spectral response of the measurement
system measured with a calibrated irradiance light source (Oriel,
63358) and normalized to a peak intensity of 1.
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Figure 2. Excitation laser pulse and fluorescence emission response.
The emission intensity begins to increase at time O identified by the
rise of the laser trace above its baseline level. The fluorescence re-
sponse reconstructed by convolution of the laser pulse with the es-
timated impul se response function overlaps the experimentally mea-
sured fluorescence trace. Residuals (top inset) are nearly randomly
distributed. Autocorrelation of the residuals (bottom inset) is mostly
contained within the 95% confidence interval (dotted lines) centered
on the horizontal axis.

Two approaches were used to describe the decay characteristics
of the fluorescence IRF at each wavelength. First, a gross measure
of the overall decay was estimated from the lifetime (7) determined
as the time at which the IRF crossed the 1/e mark. Second, a finer
characterization of the decay was obtained by approximating the IRF
with a double-exponential function:

h(m) = ae ™ + gye Ml (6)

The approximation yielded =, and 7,, the fast-term and slow-term
decay constants, and A, the ratio a,/(a; + &) that expressed the
fractional contribution of the fast decay component to the fluores-
cence |IRF. We selected to approximate the IRF with a double-ex-
ponential model after verifying on a representative set of measure-
ments the absence of trends in the residuals (12,22) for the double-
exponential model. In addition, the decrease of the weighted residual
sum of sguares was not significant for a triple-exponential fit when
compared with a double-exponentia fit (21).

For each compound, parameters 7, 7;, 7, and A determined at the
wavelengths 390, 430 and 470 nm were analyzed (two-factor anal-
ysis of variance) to evaluate the effects of emission wavelength and
hydration on these descriptors of the fluorescence decay. When a
significant effect was observed, differences among individual means
were assessed with a post-hoc Scheffe test. In all analyses, the level
of significance was P < 0.05. Data are reported as mean = SE.

RESULTS

Deconvolution method—fluor escence impulse response
function

An example of laser pulse and corresponding fluorescence
response (type | collagen, 390 nm) is shown in Fig. 2. On
the plot, the computed fluorescence response (convolution of
laser pulse with fluorescence IRF) is indistinguishable from
the observed fluorescence trace. The residuals (top inset) are
<1% of the peak fluorescence amplitude and they appear
randomly distributed around 0. The autocorrelation function
of the residuals (bottom inset) is free of low-frequency os-
cillations characteristic of nonrandom residuals (12,23). Fur-
thermore, it is known that the residuals are not correlated at
the 95% confidence level if less than 1 out of 20 autocor-
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relation values (5%) exceed the symmetric bounds
+1.96C(0)/V'N where C(0) is the autocorrelation for lag 0
and N is the number of lags (24). In the example of Fig. 2,
5 out of 85 points (6%) exceed the limits expected based on
chance, which confirms the near-random distribution of the
residuals. The observations indicate excellent fit between the
observed and computed fluorescence responses. They are ev-
idence that the fluorescence |RF was properly estimated with
the deconvolution algorithm based on the Laguerre expan-
sion technique.

The five Laguerre functions used to estimate the IRF are
shown in Fig. 3a. Function L, is a decaying exponential with
time constant of 6.2 ns (Laguerre parameter « = 0.85). The
number of crossings of the horizontal axis (zeros of the func-
tion) is equal to the function order for the higher order func-
tions (L,: one zero; L,: two zeros, . . .). Higher order func-
tions decay faster toward their first zero than lower order
functions and therefore serve to reproduce the fast dynamics
of the IRF. The corresponding coefficients ¢; of the IRF ex-
pansion (Fig. 3b) decrease rapidly toward O such that the
contribution of functions L5 and L, to the IRF reconstruction
is much smaller than that of the Laguerre functions of lower
order. This observation supports our choice of limiting the
expansion of the fluorescence IRF to five Laguerre functions
(17). The IRF decays faster toward O than the exponential
L, (Fig. 3c) because functions on the order of =1 rapidly
become negative and depress the IRF relative to function L.
The average lifetime 7 is 5.4 ns. The double-exponential ap-
proximation of the IRF (Fig. 3d) yields -, = 40 ns, 7, =
9.8 nsand A = 0.66. These values agree with a duration of
390 nm emission for type | collagen (=20 ns).

Time-resolved fluorescence emission spectra

The time-resolved fluorescence spectra of the dry arterial
fluorescent compounds (Fig. 4) presented marked differences

in the time dimension, with collagen emission lasting the
longest time and cholesterol emission the shortest time. The
emission at 390 nm (near the peak of emission for the three
compounds) decreased to 5% of its value at time O in ap-
proximately 11 ns for elastin, 20 ns for type | collagen and
5 ns for cholesterol. For elastin, the temporal profile of the
emission lasted dlightly longer for higher wavelengths. In
contrast, collagen emission decayed faster toward zero when
wavelength was increased. For cholesterol, the fluorescence
emission at wavelengths between 470 and 490 nm increased
after time 0 and was maximum at time 0.5 ns.

In the wavelength dimension, the time-resolved fluores-
cence spectra were similar in shape to the steady-state emis-
sion spectra measured with CW excitation. Numerical inte-
gration of the tempora profile at each wavelength yielded
reconstructed steady-state spectra (insets) in agreement with
previously reported observations (2—4). Elastin had a broad
peak with maximum at 410-420 nm and a half width at half
maximum (HWHM; measured on the long wavelength side
of the peak) of 75 nm. Type | collagen had a narrow peak
with a maximum at 385 nm and an HWHM <40 nm. Cho-
lesterol emission was maximum at 370 nm and its HWHM
was similar to that of type | collagen.

Variation of average lifetime with wavelength and with
hydration

Elastin, type | collagen and cholesterol had significantly dif-
ferent average lifetimes, collagen having the longest = and
cholesterol the shortest 7 (Fig.5). This was true for both the
dry and the hydrated compounds. Elastin lifetime increased
dlightly but significantly between 390 nm (2.3 = 0.1 ns; dry
form) and 430 nm. Elastin lifetime at 470 nm was not dif-
ferent from that measured at 390 nm. Hydration did not
change the average lifetime of elastin.
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Figure 4. Time-resolved fluorescence spectra of elastin (top panel),
collagen (middle panel) and cholesterol (bottom panel) in dry form.
Magnitude of fluorescence impulse response function varies as a
function of time (in ns) and emission wavelength (in nm). Insets
show CW spectra reconstructed by integration of the time-resolved
decays along the time dimension. Note that in the time-resolved
spectra, the wavelength dimension increases from back to front
(right to left). Wavelengths increase from left to right in the CW
spectra.

For dry collagen, the lifetime was nearly constant for
wavelengths <430 nm (390 nm: 5.3 = 0.1 ns) and it de-
creased gradually for higher wavelengths. Hydrated collagen
had a smaller lifetime than dry collagen for wavelengths
<430 nm (390 nm: 4.3 = 0.1 ns). Collagen lifetime was
independent of hydration for wavelengths =430 nm.

The average lifetime of cholesterol was approximately
constant (390 nm: 1.3 = 0.1 ns) for wavelengths <470 nm.
For wavelengths between 470 nm and 490 nm, the lifetime
was computed from the peak of the IRF at 0.5 ns. In that

Average lifetime (ns)

Wavelength (nm)

Figure 5. Average lifetime as a function of wavelength for elastin
(m, O), collagen (A, A) and cholesterol (@, O) in dry (filled symbols)
and in hydrated form (open symbols). The lifetimes of the three
compounds are most different for wavelengths <430 nm. The only
effect of hydration is noted for collagen lifetime at wavelengths
<430 nm.

range of wavelengths, parameter 7 (1.6 = 0.1 ns) was larger
than the values observed at the other wavelengths. Choles-
terol lifetime was independent of hydration.

Variation of biexponential decay characteristics with
wavelength and with hydration

The variations of decay parameters 7, 7, and A revealed that
the shape of the fluorescence IRF changed with wavelength
and with hydration for the three fluorescent compounds
(Figs. 6 and 7) . For dry elastin (Fig. 6), the fast decay
constant 7; (390 nm: 1.3 = 0.1 ns) was invariant and the
slow decay constant 7, (390 nm: 5.7 = 0.1 ns) gradually
increased when wavelength was increased. The fractional
contribution of the fast decay term A (390 nm: 0.63 = 0.01)

12

. |
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Decay constants (ns)
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370 390 410 430 450 470 490 510
Wavelength (nm)

Figure 6. Time-resolved fluorescence decay parameters for elastin
(m, O), collagen (A, A) and cholesterol (@, O) in dry form. Top
panel: Fast decay constant 7, (filled symbols) and slow decay con-
stant 7, (open symbols); bottom panel: fractional contribution of fast
decay component A. Elastin parameters 7, and A and collagen pa-
rameters 7, 7, and A changed with wavelength to represent wave-
length-dependent variations of the fluorescence impulse response
function for the two compounds. Cholesterol decay parameters were
unaffected by wavelength.
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Figure 7. Time-resolved fluorescence decay parameters for elastin
(m, O), collagen (A, A) and cholesterol (@, O) in hydrated form.
Top panel: fast decay constant 7, (filled symbols) and slow decay
constant 7, (open symbols); bottom panel: fractional contribution of
fast decay component A. Variations of elastin decay parameterswere
similar to those observed on the dry compound. Collagen parameters
7, and A changed as they had for the compound in dry form.

dslightly increased with increasing wavelengths. These vari-
ations combined to yield an IRF that decreased more steeply
shortly after time O but that lasted longer in time at the
longer wavelengths. On average, the decay descriptors were
dightly larger (r, by 0.1 ns; 7, by 0.5 ns; A by 0.02) for
hydrated elastin compared to dry elastin (Fig. 7). The wave-
length-related variations of the decay descriptors 7;, 7, and
A were similar for hydrated elastin and for dry elastin.

Decay constants 7; (390 nm: 3.9 = 0.1 ns) and 7, (9.9 =
0.2 ns) measured on dry collagen exhibited a sudden drop
at 430 nm and continued to decrease for higher wavelengths
(Fig. 6). Parameter A (390 nm: 0.65 + 0.02) decreased to-
ward a minimum at wavelengths between 430 and 450 nm
before increasing at higher wavelengths. The combined ef-
fect of these variations was a substantially steeper decay of
the collagen fluorescence IRF for wavelengths =430 nm
compared to the IRF decay observed at lower wavelengths.
Hydration resulted in a marked decrease of decay parameters
7 (390 nm: 2.7 £ 0.1 ng), ~, (8.4 = 0.2 ns) and A (0.59 =
0.02) for wavelengths <430 nm relative to the dry state (Fig.
7). The decay parameters were not affected by hydration for
wavelengths =430 nm. The wavelength-related variations of
7, and A observed on hydrated collagen resembled those
measured on dry collagen. Decay constant 7, measured on
hydrated collagen did not change with wavelength.

Cholesterol decay parameters 7; (390 nm: 0.8 = 0.1 ns),
7, (390 nm: 3.0 = 0.3 ns) and A (390 nm: 0.65 = 0.03) did
not vary for emission wavelengths between 370 and 460 nm
(Fig. 6). These parameters were also not changed by hydra-
tion (Fig. 7). Note that the parameters of the biexponential
fit were not computed for wavelengths above 460 nm due
to the shape of the cholesterol fluorescence IRF for wave-
lengths between 470 and 490 nm (Fig. 4).
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DISCUSSION

This study investigated the time-resolved fluorescence spec-
tra of elastin, collagen and cholesterol reconstructed with the
Laguerre expansion technique to determine the applicability
of this new deconvolution technique and to examine varia-
tions of the fluorescence decay of these compounds with
wavelength and with hydration. The principal findings were
as follows. First, the Laguerre expansion technique could
successfully reconstruct time-dependent fluorescence decays
obtained with nanosecond excitation without imposing a
multiexponential structure on the decay profile. Second, the
fluorescence emission of the three arterial compounds de-
cayed at markedly different rates that were wavelength de-
pendent such that the largest difference between decay rates
was observed for wavelengths below 430 nm. Third, colla-
gen was the only compound whose fluorescence decay was
markedly hydration dependent, the effect of hydration being
noticed in the blue range of the emission spectrum.

Deconvolution of fluorescence decay with the Laguerre
expansion technique

The proposed deconvolution method for retrieving the fluo-
rescence IRF relies on the well-known LSIR technique (12—
15) to compute the parameters of an expansion of the IRF
on a discrete-time Laguerre basis. Grinvald and Steinberg
(12) were among the first to apply LSIR to deconvolve fluo-
rescence decays measured with excitation pulses of finite
duration. These authors expanded the fluorescence IRF on a
small set of exponential functions, but they pointed out that
LSIR could be used with other types of functional expan-
sion. Since that early study, detailed comparisons of differ-
ent deconvolution methods have been conducted on simu-
lated data and on fluorescence responses of compounds with
known emission decay (14,15). The studies concluded that
LSIR was the most reliable method to retrieve the decay
constants for complicated systems and in the presence of
experimental artifacts.

When the compound under investigation is poorly char-
acterized, the parameters of a multiexponential fit of the
fluorescence IRF cannot readily be interpreted in terms of
fluorophore content (13). Very different multiexponential ex-
pressions can reproduce experimental fluorescence decay
data equally well in the presence of measurement noise
(24,25). Ware et al. (16) introduced the exponential series
method that expresses the IRF as the sum of alarge number
of exponential functions with fixed decay constants. These
authors insisted on the fact that for complex fluorescent sys-
tems, there was an advantage in avoiding any assumption
about the functional form of the decay law during the de-
convolution. They suggested that the IRF expressed as an
exponential series could be investigated after the deconvo-
lution was completed to test different models of the under-
lying photoprocesses.

The Laguerre expansion technique is similar to the ex-
ponential series method in that it yields a model-free rep-
resentation of the fluorescence IRF (17,20). Its main benefit
is that for any value of the Laguerre parameter «, the cor-
responding basis of Laguerre functions is a complete family
for the space of square integrable functions. Thus, it is cer-
tain that a weighted sum of Laguerre functions can be found
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to represent a fluorescence IRF of any form. In contrast,
deconvolution with the exponential series method is suc-
cessful only when the decay constants fixed a priori are
commensurate with the fluorescence decay under investiga-
tion (16). Marmarelis (17) popularized the Laguerre expan-
sion technique for analysis of dynamic linear and nonlinear
systems. He demonstrated that it was an effective technique
to estimate the intrinsic properties of a system—the IRF for
a linear system—from short input—output data records. The
asymptotic exponential decline of Laguerre functions was
well suited to describe the IRF of physical systems that com-
monly die out as decaying exponentials. Marmarelis (17)
proposed to use a least-squares optimization procedure anal-
ogous to LSIR to determine the coefficients of the Laguerre
expansion. In principle, the Laguerre parameter o could be
fixed a priori to any value between 0 and 1. A value of «
that matched the decay characteristics of the IRF led to a
smaller number of Laguerre functions in the expansion (17).
In the present study, the selection of parameter a was au-
tomated as a part of the least-squares minimization. The La-
guerre expansion technique was found to be well suited for
deconvolving the fluorescence decay of arterial compounds.

Application of the Laguerre expansion technique amounts
to dissociating the computation of the IRF from the analysis
of the fluorescence decay in terms of time-dependent pro-
cesses. It has been pointed out (16,24) that there were ad-
vantages to separating the two steps. This observation is es-
pecially important for time-resolved fluorescence measure-
ments in biological tissues. In such systems, the fluorophores
are often not well characterized in the tissue environment.
The fluorophore distribution in the volume probed by the
measurement is not known. Furthermore, the propagation of
light at the wavelengths of excitation and emission deter-
mines the size of the interrogated volume and therefore the
experimental fluorescence spectrum (26). Use of the La
guerre expansion technique for deconvolution of fluores-
cence decay measurements should simplify the application
of time-resolved fluorescence spectroscopy for nondestruc-
tive analysis of biological tissues.

In this study, we did not compare the performance of the
Laguerre expansion technique to that of a multiexponential
expansion of the IRF. Our primary goa was to investigate
the applicability the Laguerre expansion technique, which
we found yielded an accurate estimation of the measured
fluorescence curves based on the magnitude and randomness
of the residuals and autocorrelation of residuals (12,22). The
comparative analysis would have been of limited interest
because the decay characteristics of the fluorescent com-
pounds of the arterial wall are not well known. Comparison
of the decay trends afforded by the two functiona expan-
sions with standard values would not have been possible.

Time-resolved fluorescence of arterial fluorescent com-
pounds. Studies on the CW fluorescence of dissolved elastin
and collagen (27-30) identified the principal fluorophores
that contribute to the emission of these compounds. The in-
formation can be used to interpret the decay trends identified
by biexponential approximation of the IRF (13). Chromato-
graphic analysis of acid-hydrolyzed bovine elastin resolved
two dominant fluorophores with spectral peaks at 304/394
nm (excitation/emission) and 336/398 nm and three minor
fluorophores with peaks at 330/422, 352/432 and 362/440

nm (27,28). It is likely that with excitation at 337 nm, the
emission spectrum we measured for elastin was dominated
by the 336/398 nm fluorophore with lesser contributions
from the other fluorophores. The shift of the emission peak
to 410 nm in our measurements was probably due to the
emission of the minor fluorophores and possibly also to the
fact that elastin was studied in nondissolved form as opposed
to dissolved in hydrochloric acid. The minor fluorophores
have emission peaks above 420 nm and their contribution to
the elastin spectrum is likely to increase on the red side of
the spectrum. We observed that the slow decay constant 7,
increased with increasing wavelength, which suggests longer
lifetimes for the minor fluorophores compared to the lifetime
of the dominant fluorophore.

Fujimoto (29) attributed the dominant fluorescence peak
(325/410 nm) of bovine Achilles tendon collagen to the ami-
no-acid crosslink pyridinoline. In a subsequent study (30),
Fujimori identified two main emission peaks for solubilized
Achilles tendon collagen. The first peak (325/390 nm) orig-
inated from pyridinoline crosslinks while the second spectral
feature was three-peaked (300/350, 300/370 and 300/385
nm) and mostly caused by the emission of collagen mono-
mers and small chains. Based on these studies, the time-
resolved spectrum of collagen in our study must have pre-
dominantly originated from the emission of pyridinoline
with a likely contribution of the monomeric chains on the
blue side of the spectrum. The average lifetime and the time
decay constants of collagen decreased sharply at 430 nm,
suggesting that the 350-385 nm fluorophores ceased to fluo-
resce above that wavelength.

While there is abundant information on the CW fluores-
cence spectra of elastin and collagen, much less has been
reported on their time-resolved emission characteristics. An-
dersson-Engels et al. (8-10) measured the time-resolved
fluorescence of these materials at selected wavelengths using
picosecond excitation at 337 nm. They found, as we have,
that elastin emission decayed much faster than collagen
emission. The authors (10) used three exponentials to ap-
proximate the fluorescence decay at 380 nm (elastin: 7, =
21ns 7, = 6.6ns, 3 = 0.4ns, collagen: 7, = 5.0ns, 7, =
9.9 ns, 3 = 0.8 ns) and two exponentials to approximate the
emission decay of elastin at 520 nm (v, = 1.4 ns, 7, = 6.7
ns). We found that two exponential components could ap-
proximate the fluorescence decay of compounds across the
emission spectrum. In previous work (20), we showed that
decay constants down to 1 ns could be retrieved with ac-
curacy with our experimental setup and deconvolution meth-
od. Subnanosecond decays could also be retrieved, albeit
with an overestimation of the decay constants. Given the
values of the fast decay constant 7, for elastin and collagen
(elastin: -, = 1.3 ns; collagen: 7, = 3.9 ns a 390 nm), we
surmise that the decay characteristics of the compounds were
properly estimated. It is possible that the two faster expo-
nential components measured by Andersson-Engels et al. at
380 nm became lumped into a single decay trend in our
computations. The exponential approximation was carried
out on the fluorescence IRF expanded on the Laguerre basis
in the present study. Because the Laguerre functions of high
order render the faster dynamics of the expanded function,
using only the first five Laguerre functions for the approxi-
mation could have partialy filtered out the fastest trends of



the decay. Differences in levels of irradiation (46 mJmm?
in the studies of Andersson-Engels et al. versus 1.2 mJ/mm?
in our experiments) could also have contributed to differ-
ences in the fluorescence decays (6). Note that the elastin
decay constants estimated by Andersson-Engels et al. at 520
nm (10) were similar to the average decay rates for wave-
lengths >450 nm in our study (r, = 1.1 ns, , = 7.0 ns).

The fluorescence of cholesterol has been less studied than
that of the other arterial compounds and is somewhat con-
troversial (31). Structural features in cholesterol and other
steroid molecules absorb UV energy (32) and could be re-
sponsible for the fluorescence emission. Laifer et al. (2) and
Yan et al. (4) observed measurable fluorescence emission
for purified cholesterol excited at 325 and 308 nm, respec-
tively. The CW spectra were maximum around 375 nm and
the emission intensity decreased sharply as wavelength in-
creased. The CW fluorescence spectrum of cholesterol ob-
tained by time integration in the present work was similar
to the data presented by these two groups. The fluorescence
of lipid extract from human atherosclerotic aorta resembled
the emission measured on cholesterol (2). Cholesterol con-
tent correlated with features of the fluorescence spectra mea-
sured on atherosclerotic rooster aorta (4). These observations
suggest that cholesterol contributes to the fluorescence emis-
sion of lipid-rich atherosclerotic plaque. Two time constants
independent of wavelength were identified in the time-re-
solved spectrum of cholesterol below 460 nm. This result is
consistent with the existence of two distinct fluorophores in
cholesterol. The slow decay constant 7, (~3.0 ns) was well
within the range of capability of our instrumentation and
deconvolution method. In contrast, the fast decay component
7, (0.5-0.8 ns) was probably overestimated.

For wavelengths between 470 and 490 nm, the intensity
of cholesterol emission increased between O and 0.5 ns. A
buildup of fluorescence intensity prior to the decay has been
linked to the formation of fluorescent excited species in dif-
ferent types of biological molecules (25,33). The red shift
relative to the emission of the primary fluorophore results
from utilization of energy in the excited-state reactions (25).
The nature of the excited-state process cannot be described
in detail using the present results. However, we note that
similar time shifts of the fluorescence peak at 470-490 nm
have been reported for two cholesterol esters present in ath-
erosclerotic lesions (11) and in the time-resolved spectra of
lipid-rich atherosclerotic samples of human aorta (34). This
spectral feature could serve to recognize the presence of cho-
lesterol and associated lipids in arterial lesions (11).

Effect of hydration on arterial compound fluorescence

The time-resolved fluorescence spectra of elastin and cho-
lesterol were minimally affected by hydration. For both com-
pounds, the average lifetime was independent of hydration
at al emission wavelengths. The shape of the elastin decay
profile changed slightly with hydration; that of cholesterol
was hot altered. These observations suggest that the fluoro-
phores in the two compounds do no interact with water mol-
ecules in the microenvironment. Collagen time-resolved
fluorescence was also unaffected by hydration for wave-
lengths above 430 nm. In contrast, hydration markedly short-
ened the lifetime and decay constants of collagen fluores-
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cence for wavelengths below 430 nm. Comparison of the
CW spectra of collagen in dry and in hydrated form showed
that hydration reduced the emission intensity in the blue
range relative to the red range of the spectrum. Hydration
has been shown to alter the fluorescence lifetime of different
proteins (18,19), possibly because of a loosening of the mo-
lecular structure, which allows for some fluorophore to sam-
ple quenching environments during the excited-state lifetime
(19). We suggested that collagen monomers and small chains
contribute to the emission spectrum below 430 nm. Hydra-
tion could increase the flexibility of the collagen structure
and result in quenching of the monomeric chain fluores-
cence. Decreased fluorescence of the monomers associated
with hydration would explain both the decrease in the emis-
sion intensity and the changed lifetime in the blue range of
the collagen spectrum.

Application to optical analysis of the arterial wall

The idea of using time-resolved fluorescence spectroscopy
to identify atherosclerotic lesions is not new. A few studies
(7—9) measured the time-resolved emission of tissue samples
at a few wavelengths and observed that the fluorescence de-
cay of healthy arterial wall was shorter than that of athero-
sclerotic plague. The difference was attributed to the shorter
lifetime of elastin compared to that of collagen (10). The
present results confirmed the latter observation. Because we
measured the time-resolved decay at many wavelengths, we
were able to show that the choice of the detection wave-
length conditioned the ability to discriminate between arte-
rial fluorescent compounds based on their time-resolved
emission profile. The time-resolved decays were most dif-
ferent for emission wavelengths below 420 nm. The differ-
ence between decay rates tapered off as the emission wave-
length was raised above that bound. Several studies have
shown that differences in the CW fluorescence spectra of
healthy and atherosclerotic arterial tissue paralleled the spec-
tral differences that exist between the CW emission of elas-
tin and that of collagen (2—4). It is reasonable to assume that
the differences in the time-dependent characteristics of elas-
tin and collagen identified in the present study would simi-
larly translate in emission decay differences between healthy
and atherosclerotic tissue. Indeed, the time-dependent emis-
sion of atherosclerotic aortic samples lasted longer than that
of healthy aortic wall below 430 nm but not above that
wavelength (34). Therefore, the present results suggest that
one should preferentially target the blue range of the emis-
sion spectrum when designing a nondestructive optical bi-
opsy system for atherosclerosis detection based on time-re-
solved fluorescence spectroscopy.

Discrimination between graded levels of atherosclerosis
has been demonstrated using features of the CW fluores-
cence emission of healthy and diseased aortic wall (5). The
accuracy of the discrimination should increase if one capi-
talized on differences in the time dimension of the spectra
in addition to differences in the spectral dimension. We have
found that the time-dependent decay profile changed as a
function of the emission wavelength for both elastin and
collagen. Classification of artery samples between types of
atherosclerotic lesions with different elastin and collagen
content should be enhanced by measuring the fluorescence
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time-dependent profile at multiple wavelengths. A few
wavelengths should suffice because the changes in the time-
dependent decay were gradual for the arterial fluorescent
compounds examined in the present study. In addition, our
results suggest that optical detection of free cholesterol in
lipid-rich atherosclerotic lesions may be possible. Cholester-
ol would be recognized from other fluorescent substances by
its fast fluorescence decay rate and its delayed emission at
470490 nm. As noted in a preceding paragraph, similar
characteristics have been observed in the time-resolved
emission spectra of cholesterol and of lipid-rich aortic le-
sions for wavelengths between 470 and 490 nm (34). These
features could serve to improve the discrimination between
lipid-rich atherosclerotic lesions and more advanced colla-
gen-rich fibrous lesions.

Finally, we showed that hydration affected the fluores-
cence decay rate of collagen and reduced the difference in
lifetime between elastin and collagen. The fluorescence life-
time of collagen in the watery environment of the athero-
sclerotic arterial wall can be expected to be smaller than the
lifetime of dry collagen. Other factors in the tissue environ-
ment such as temperature and pH could modify the temporal
emission profile of arterial fluorescent compounds. The ef-
fects of environmental factors on the time-resolved fluores-
cence spectra of purified compounds will need to be exam-
ined experimentally before one can reliably interpret the
spectra measured on artery tissue in terms of composition.
Such studies would help ascertain the usefulness of time-
resolved fluorescence spectroscopy for nondestructive opti-
cal biopsy of the arterial wall.

Conclusion

This study established the feasibility of using the Laguerre
expansion technique to deconvolve the time-resolved emis-
sion of arterial fluorescent compounds excited with nano-
second laser pulses. Deconvolution with the Laguerre ex-
pansion technique separated the computation of the fluores-
cence |RF from the modeling of the fluorescent system. This
feature could facilitate the interpretation of time-resolved
fluorescence measurements performed in biological media.
Substantial differences in the time-resolved fluorescence
spectra of the main arterial fluorescent compounds were
identified that could serve as diagnostic markers for optical
analysis of the arterial wall.
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