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Abstract. We review fluorescence lifetime techniques including time-
resolved laser-induced fluorescence spectroscopy (TR-LIFS) and fluo-
rescence lifetime imaging microscopy (FLIM) instrumentation and as-
sociated methodologies that allow for characterization and diagnosis
of atherosclerotic plaques. Emphasis is placed on the translational
research potential of TR-LIFS and FLIM and on determining whether
intrinsic fluorescence signals can be used to provide useful contrast
for the diagnosis of high-risk atherosclerotic plaque. Our results dem-
onstrate that these techniques allow for the discrimination of impor-
tant biochemical features involved in atherosclerotic plaque instabil-
ity and rupture and show their potential for future intravascular

applications. © 2010 Society of Photo-Optical Instrumentation  Engineers.
[DOL: 10.1117/1.3327279]

Keywords: fluorescence lifetime spectroscopy; fluorescence lifetime imaging mi-

croscopy (FLIM); atherosclerotic plaques; intravascular ultrasound.

Pager 09213SS received Jun. 1, 2009; accepted for publication Dec. 16, 2009;
published online Mar. 1, 2010.

1 Introduction

Despite significant progress in the treatment of atherosclerotic
cardiovascular disease, it results in more than 19 million
deaths annually. A large number of victims of the disease die
suddenly—without prior symptoms—due to plaque rupture.
This critical event, to a large extent, has been associated with
“yulnerable” plaque. It is well recognized' that existing
screening and diagnostic methods are insufficient to identify
the victims before the event occurs. Most techniques identify
luminal diameter (stenosis), wall thickness, and plaque vol-
ume but are inefficient in identifying the rupture-prone
plaque.l’3 Consequently, new diagnostic techniques, including
catheter-based techniques, to localize and characterize vulner-
able plaques are of importance. It is envisioned' that recently
developed assays (C-reactive protein), imaging techniques
(CT, MRI), noninvasive electrophysiological tests, and emerg-
ing catheters in combination with genomic and proteomic
techniques will guide the search for “vulnerable patients.”
This will potentially lead to development of new therapies
and reduce the incidence of acute cardiovascular syndromes
and sudden death.

Current intravascular diagnostic techniques investigated as
potential tools for assessment of plaque vulnerability include
nuclear magnetic resonance (NMR) spectroscopy, intravascu-
lar ultrasound (IVUS), optical coherence tomography (OCT),
thermography, and spectroscopic methods.” ™ Several optical
spectroscopy techniques have been already used in atheroscle-
rosis research, such as Raman, near-infrared (NIR), diffuse
reflectance NIR, and fluorescence spectroscopy. Reviews of
these techniques and studies include those by Moreno and
Muller,19 Fayad and Fuster,20 MacNeill et al.,3 Pasterkamp
et al.,”! and Honda and Fitzgerald.”” These earlier studies sug-
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gest that spectroscopic techniques are highly likely to be used
in the essential clinical task of identifying vulnerable plaques
and that some combination of these techniques, or a combi-
nation of these techniques with other catheter-based imaging
techniques such as IVUS, will be most useful.

This manuscript focuses on the potential of fluorescence
lifetime spectroscopy and imaging to characterize the compo-
sition of the atherosclerotic plaques and to detect markers
associated with plaque instability and rupture. In this context,
we review the time-resolved laser induced fluorescence (TR-
LIFS) and fluorescence lifetime imaging microscopy (FLIM)
techniques developed in our laboratory and the application of
these techniques to the characterization and diagnosis of hu-
man atherosclerotic plaques including coronary, aorta, and ca-
rotid arteries. In addition, we present most recent efforts on
combining fluorescence lifetime spectroscopy with IVUS in a
compact catheter system that facilitates simultaneous evalua-
tion of atherosclerotic plaque composition and morphology.

2 Fluorescence Lifetime Spectroscopy and
Imaging: Techniques and Methods

The fluorescence measurements have the potential to provide
information about biochemical, functional, and structural
changes of fluorescent biomolecular complexes in tissues and
cells that occur as a result of pathological transformation.”
Fluorescence spectroscopy techniques have been shown to de-
tect elastin, collagen, lipids, and other sources of autofluores-
cence in normal and diseased arterial walls as well as to char-
acterize the biochemical composition of atherosclerotic
plaques both ex vivo and in vivo.' #3541 More recently, a
few studies have reported the application of fluorescence tech-
niques to the identification of plaque disruption,39 detection of

plaques with thin fibrous cap,” discrimination of lipid-rich

lesions,”” and detection of macrophage infiltration.*"**** All
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of these are considered features associated with plaque
vulnerability. :

Fluorescence measurements can be conducted as either
steady state (spectrally resolved) or time resolved. The steady-
state techniques for measurements of tissue autofluorescence
are relatively well established. 1 However, time-resolved
techniques are still evolving and are currently being actively
investigated as a tool for enhanced free-label contrast in bio-
logical tissues. Such techniques are thought to improve the
specificity of fluorescence measurements by resolving the
fluorescence intensity decay in terms of lifetimes and thus
provide additional information about the underlying fluores-
cence dynamics.23‘29’30 Conceptually, the fluorescence lifetime
is the average time a fluorophore spends in the excited states
following excitation from its ground energy level. As many of
the fluorophores in biological tissues have overlapping

spectra, ™ fluorescence lifetime properties can provide a
contrast parameter. Also, the fluorescence lifetime varies with
the molecular environment and is independent of fluorophore

concentration and its quantum yield.”**** Overall, the use of
time-resolved fluorescence for studying biological systems of-
fers several distinct advantages, including the following:

1. Biomolecules with overlapping fluorescence emission
spectra but with different fluorescence decay times can be
discriminated.

2. The measurements are sensitive to various parameters
of the biological microenvironment (including pH, ion con-
centration and binding, enzymatic activity, temperature), thus
allowing these variables to be analyzed.

3. The time-resolved measurements are more robust to

changes in fluorescence excitation-collection geometry; pres-
ence of endogenous absorbers (e.g., hemoglobin); pho-
tobleaching; and changes in fluorophore concentration, light
scattering, and excitation intensity.
Despite these recognized inherent advantages, the potential
value of fluorescence lifetime information has not been
broadly implemented in clinical settings due to barriers in-
cluding complexity of instrumentation, lengthy data acquisi-
tion and analysis, and high instrumentation cost. However,
there is currently an increased interest in identifying solutions
that enable the development of appropriate fluorescence
lifetime—based instrumentation for clinical applications. In
general, fluorescence lifetime information from biological
system can be determined through either (1) spectroscopy sys-
tems for point measurements or (2) imaging systems known
as fluorescence lifetime imaging microscopy (FLIM). In this
paper, we review efforts on developing such instrumentation
(point spectroscopic and imaging) and studies conducted over
the past six years with this instrumentation on human athero-
sclerotic plaques by our research group. These studies were
initiated at the Cedars-Sinai Medical Center and are currently
being continued at the University of California Davis.

2.1 Time-Resolved Fluorescence
Spectroscopy—Instrumentation
(Point Spectroscopy)
The time-resolved laser-induced fluorescence spectroscopy
(TR-LIFS) system developed in our lab and used in numerous
studies 44047 concerning the characterization of the biologi-
cal tissues was based on a time-resolved time-domain pulse
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sampling and gated detection technique described in detail
elsewhere.* It consists of a modular design including:

1. A nitrogen laser as an excitation source (337.1 nm,
700-ns pulse width, 100-mJ and 50-Hz maximum output and
repetition rate, respectively).

2. A fiber-optic probe for light delivery and collection that
can be implemented using various designs, including a bifur-
cated configuration or a single fiber coupled to a dichroic
module. The fiber probe is sterilizable and includes standard
fiber-optic connectors and thus requires no alignment when
changing probes or light sources.

3. An f/4 dual-mode imaging spectrograph with two asso-
ciated detectors.

4. A digital oscilloscope (1 GHz, sampling rate:

5 Gsamples/s), a computer workstation, and peripheral
electronics.
The emitted fluorescence is captured and directed, via the
collection channel of the probe, into the entrance slit of the
spectrometer and detected by a multichannel plate photomul-
tiplier tube (MCP-PMT: rise time 180 ps, spectral response
160 to 850 nm, bandwidth (BW): continuous wave (cw) to
2.0 GHz). The temporal resolution of this system is ~200 ps.
The scanning monochromator allows for TR-LIFS measure-
ments at discrete steps across the emission spectrum—an im-
portant feature when the TR-LIFS is used to characterize a
new biological system (e.g., tissue type) and to determine
which spectral range(s) can be used to provide useful contrast.
In this initial configuration, the scanning of 200-nm (5-nm
step) spectral range including the acquisition and display of
fluorescence decay can be completed within approximately
30 s (~0.8 s/wavelength). The apparatus was fully contained
in a modified endoscopic cart (70X 70X 150 cm?) and al-
lows for clinical research investigations. The laser triggering,
the wavelength scanning, and the data acquisition, storage,
and processing were controlled using a computer and custom
software written in LabVIEW and MATLAB. After each mea-
surement sequence, the laser pulse temporal profile is mea-
sured at a wavelength slightly below the excitation laser line.
This profile is ulterior used as input to the deconvolution al-
gorithm for the estimation of fluorescence lifetimes.

In the configuration described earlier, however, practical
clinical application of TR-LIFS still faces challenges. These
include the time-expensive data acquisition due to scanning of
the monochromator. Recently, we reported49 a novel concept
that allows for near real-time acquisition of spectrally re-
solved fluorescence intensity transients through the combina-
tion of optical fibers and bandpass filters (Fig. 1). A single
detector is used to simultaneously record multiple fluores-
cence intensity decay profiles (fluorescence response pulses)
in response to a single pulse excitation event. Simultaneous
time- and wavelength-resolved fluorescence spectroscopy
(STWRES) allows the recording of both fluorescence lifetime
and spectral intensity information within hundreds of nano-
seconds within multiple spectral bands. This system can be
optimized for the characterization of the atherosclerotic tissue
within suitable spectral bands, thus simplifying the data
analysis and tissue classification algorithms. Since the objec-
tive of medical diagnosis is to identify conditions in tissue by
rapidly recognizing signatures corresponding to specific
states, this approach has the inherent potential for a direct
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Fig. 1 Schematic of the simultaneous time- and wavelength resolved
fluorescence spectroscopy (STWRFS) system. By combining multiple
bandpass and dichroic filters (405/40, 460/50, and 550/50) with dif-
ferent lengths of optical fiber (1, 10, and 19 m) acting as optical delay,
this system enables the near real-time acquisition and characterization
of time-resolved fluorescence spectra using a single detector and ex-
citation input. The recording of multiple fluorescence response pulses
at selected wavelengths can be completed in hundreds of nanosec-
onds, which provides the capability of a real-time characterization of
tissues. Configuration adapted for single-fiber excitation-collection
geometry. The initial system was reported in Ref. 49.

recording of representative tissue fluorescence features. Once
this apparatus is interfaced with classification models that en-
able online diagnosis, the STWRFS device can evolve into a
clinical diagnosis tool. This research direction is currently be-
ing pursued in our laboratory and includes application of this
apparatus for cardiovascular diagnostics.

2.2 Fluorescence Lifetime Imaging Microscopy
(FLIM)—Instrumentation

In contrast to point spectroscopy systems, FLIM allows the
localization and mapping of fluorophore distributions so that
structural, chemical, and environmental information may be
contrasted across the field of interest. The FLIM apparatus
(Fig. 2) constructed in our lab was recently reported50 and
consists of a gated intensified CCD camera (ICCD), a pulsed
laser, a flexible fiber-optics-based endoscope, and a filter
wheel. Tissue autofluorescence is induced by 337-nm laser
with 700-ps pulse width (nitrogen laser, MNL 205, LTB La-
sertechnik Berlin, Germany) and collected using a graded-
refractive-index (GRIN) lens (GRINTECH GmbH, Jena, Ger-
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Fig. 2 Schematic of the FLIM experimental setup to transmit the 4-mm
field of view at 4-mm working distance through the 10,000 coherent
fiber bundle (0.5-mm outer bundle diameter) attached to the graded
index (GRIN) objective lens and onto the gated camera. Adapted from
Ref. 50.
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many, NA 0.5, 0.5-mm diameter, 4-mm field of view)
cemented to a fiber bundle (0.6 mm diameter, 2 m long,
10,000 fibers). For intravascular compatibility, the probe was
made to be side viewing by cementing a BK7 90-deg 0.5-mm
edge length polar prism on top of a GRIN objective lens. A
20X microscope objective is used to magnify fluorescence
images to the ICCD. An electronically changeable filter wheel
enables the selection of up to six emission wavelengths. Ad-
vanced electro-optics and fiber optics enabled the compact
and robust design of this FLIM apparatus. One of the key
components is the compact ICCD 4 Picos (Stanford Computer
Optics, Berkeley, California) with fully integrated electronic
and optical devices in a small enclosure (24 X 14X 11 cm?).
It includes a multichannel plate (MCP) image intensifier (gate
time down to 0.2 ns, repetition rate 200 kHz).

2.3 Time-Resolved Fluorescence Spectroscopy/
Imaging—Data Analysis Methodls

In the context of time-domain time-resolved fluorescence
measurements, the fluorescence impulse response function
(FIRF) contains all the temporal information of a single fluo-
rescence decay measurement. Mathematically, the measured
fluorescence intensity decay is the convolution of the IRF
with the instrument response. Thus, to estimate the FIRF of a
sample, the instrument response must be deconvolved from
the measured fluorescence intensity pulse.51 Traditionally, the
most commonly applied deconvolution method is the least-
square iterative reconvolution (LSIR).”"”? LSIR applies non-
linear least-square optimization methods (i.e., Gauss-Newton,
Lavenberg-Marquardt) to estimate the parameters of a multi-
exponential IRF that would best fit its convolution with the
system response to the fluorescence decay data. Since the op-
timization process involves iterative convolutions, LSIR is
computationally expensive. Moreover, since exponential func-
tions do not form an orthonormal basis, different multiexpo-
nential expressions can be fitted to fluorescence decay data
equally well, due to the correlation of the fitting parameters in
the multiexponential model. As noted earlier, fluorescence
emission in tissues originates from several endogenous fluo-
rophores and is affected by light absorption and scattering.
From such a complex medium, it is not entirely adequate to
analyze time-resolved fluorescence decay in terms of multiex-
ponential components, since they cannot be always inter-
preted in terms of fluorophore content or number of lifetime
components 3 Thus, for tissue fluorescence lifetime data
analysis, there is an advantage in avoiding any a priori as-
sumption about the functional form of the IRF decay.
Consequently, we applied an alternative model-free decon-
volution method for TR-LIFS data analysis, based on the La-
guerre expansion of the kernel technique (LET).”*** This
method was found to provide important advantages over the
more traditional methods when used in the context of tissue
characterization. LET is based on the expansion of the kernels
(IRF, for linear systems) on a set of ortho-normal discrete
Laguerre functions (DLFs), allowing fast converging kernel
estimation from short input-output data records using least-
square calculation of the expansion coefficients. Taking ad-
vantage of the asymptotic exponential decline characteristics
of the DLFs, the LET was recently adapted for the deconvo-
lution of TR-LIFS and FLIM decay data and estimation of
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Fig. 3 (a) Picture, (b) schematic, and (c) cross section of the three components: 400-um side-viewing optic fiber (OF); 3 Fr IVUS catheter; and
356-mm steering wire. These three components are integrated in a 5.4-Fr multimodal catheter (MMC). (b) and (c) show deployment of lateral
(steering) movement with the steering wire (SW). The normally compact multimodal catheter components are separated in the photo for clearer
viewing. The SW in the deployed state (b) is near the IVUS sheath and is mounted so that deployment by pushing on the wire will move the

multimodal catheter close to the target. Adapted from Ref. 58.

42,43,50,53,55,56 .
fluorescence IRFs. The resulting Laguerre decon-

volution method has been proven to be a fast, robust, and
model-free alternative for the analysis of time-resolved fluo-
rescence data, properties highly desirable for tissue diagnostic
applications. In addition, we have showed that the LECs can
be used for direct characterization and diagnosis of tissue. We
applied this method in the characterization of the fluorescence
decay from atherosclerotic plaques.44

In brief, we used the orthonormal Laguerre functions b]?‘(n)
to expand the FIRF and to estimate the Laguerre expansion
coefficients (LEC) c; (Refs. 44 and 57). Once the FIRFs were
estimated for each emission wavelength, the steady-state
spectrum (/,), was computed by integrating each intensity
decay curve as a function of time. Further, to characterize the
temporal dynamics of the fluorescence decay, two sets of pa-
rameters were used: (1) the average lifetime (Tf) computed as
the interpolated time at which the FIRF decays to 1/e of its
maximum value; and (2) the normalized value of the corre-
sponding LECs. Thus, a complete description of each sample
fluorescence as a function of emission wavelength, Az, was
given by the variation of a set of spectroscopic parameters (1,
74, and LECs).

2.4 Intraluminal Catheter for Combined TR-LIFS
and IVUS

As noted earlier, a combination of optical spectroscopy pa-
rameters that provideds biochemical information and imaging
technique that provides structural information could provide a
more complete evaluation of features involved in plaque vul-
nerability. As a first step in validating such an approach, we
have developed58 a novel approach that enables integration of
optical (TR-LIFS) and ultrasound (IVUS) modalities to oper-
ate in a beneficial and complementary way in a single multi-
modal catheter (Fig. 3). IVUS is a commonly used catheter-
based ultrasonic imaging technique to diagnose and guide
interventional therapeutic procedures with real-time arterial
cross-section images. It provides specific lesion site identifi-
cation and can provide direct guidance to an intraluminal lo-
cation, and subsequent relocation, of specific lesion sites of
interest. IVUS, as a catheter standard for ease of use,” is an
obvious choice for the intraluminal guidance of the optical
probe for use in obtaining TR-LIFS data from sites of sus-
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pected vulnerable plaque. Overall, a practical means to imple-
ment the TR-LIFS technique involves first an intravascular
means of visual guidance for the optical fiber and second a
steering method to co-register the optical fiber close to a par-
ticular arterial site in a moving blood environment. In brief,
the TR-LIFS data is acquired via a side-viewing optical fiber
(SVOF), which is shown in Fig. 3 as OF. It consists of a
400-um-diam fused silica fiber (multimode, NA=0.22) with
a 45-deg polished metalized mirror termination for beam de-
flection at 90 deg to the fiber axis. The fiber optic is coupled
to a dichroic mirror, which is coupled to the TR-LIFS system
in our laboratory described earlier. The IVUS imaging cath-
eter is a 3-Fr (1-mm) mechanical rotating type (SR Pro BSC,
Fremont, California) catheter that operates in the
30- to 40-MHz range with its ClearViewUltra (BSC) imaging
system.

3 TR-LIFS of Human Atherosclerotic Plaques

The first steps in validating the applicability of time-resolved
fluorescence to characterization and detection of composi-
tional features associated with plaque vulnerability were to
determine specific fluorescence-derived parameters that can
be correlated with plaque biochemical features of interest and
to establish the accuracy of detecting such features. Conse-
quently, a number of studies were conducted in human arterial
atherosclerotic samples from three major arterial beds—aorta
(ex vivo), % coronary (ex vivo), % and carotid (ex vivo and
in vivo).** In the following, we present representative results
from these studies.

3.1 Material and Methods

In all these studies, TR-LIFS measurements were obtained
with serial scanning of the monochromator across a spectral
range from 360 to 550 nm in increments of 10 nm. The total
acquisition time across the scanned emission spectrum was
~30s. After each measurement sequence, the laser pulse
temporal profile was measured at a wavelength slightly below
the excitation laser line. This profile was later used as input to
the deconvolution algorithm for the estimation of fluorescence
lifetimes. Laser excitation output measured at the tip of the
probe was set at 2 uJ/pulse (fluence 1.8 uJ/mm? per pulse,
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fluence rate 54 wW/mm? at tissue level). This output was
found as being a reasonable compromise between an adequate
signal-to-noise ratio and the photobleaching of the sample.

Following TR-LIFS measurements, all spectroscopically
investigated plaque areas underwent conventional histopatho-
logic evaluation. The samples were fixed (10% buffered for-
malin), processed routinely, and embedded in paraffin. Four
sequential 4-um-thick cross sections were cut from each seg-
ment and were stained with hematoxylin and eosin (H&E), a
trichrome/elastin method, CD68 (for macrophages), and
CD45 (for leukocytes), respectively. Histopathological analy-
sis was performed by two pathologists specialized in cardio-
vascular diseases and blinded to the TR-LIFS data. The com-
position of artery wall was assessed within a region of interest
(ROI) under the ink mark, defined by the fiber-optic
excitation-collection geometry (~1.1-mm illuminated diam-
eter area at tissue surface) and the light penetration depth
(~250 um for 337 nm in arterial tissue).”” Each section was
evaluated by light microscopy.

A stepwise linear discriminant analysis (SLDA) approach
was adopted to generate a classification model (discriminant
functions) and for sample classification. The discriminant
function analysis provides an effective means for classifying
spectroscopic data of unknown origin.61 The set of features
(spectroscopic parameters) selected from the statistical analy-
sis were used for the optimization of discriminant functions.
The classification accuracy was determined using a leave-one-
out cross-validation approach,®’ and then values of sensitivity
(SE), specificity (SP), and overall classification performance
(% of samples correctly classified) were computed.

3.2 Aorta

The first systematic study characterizing the time-resolved
fluorescence emission of normal artery and various stages of
atherosclerosis was conducted in human aortic specimens (94
samples, postmor‘[em).(’0 The Laguerre deconvolution method
for TR-LIFS data analysis was applied to estimate the intrin-
sic fluorescence decays, from which the time-integrated fluo-
rescence emission spectrum and fluorescence lifetime were
computed. This study established that the time-resolved fluo-
rescence emission spectra of aortic samples vary with the pro-
gression of atherosclerosis. For example, average lifetime at
390 nm gradually increased from 2.4 = 0.1 ns (normal aorta)
to 3.9+ 0.1 ns (advanced lesions), while fluorescence inten-
sity was markedly decreased above 430 nm in intermediate
and advance lesions. Characteristic changes in parameters de-
rived from the time-resolved spectra were related to the type
of lesion assigned to the sample based on histological exami-
nation. Spectral and temporal features of the emission were
interpreted for normal aortic wall and lesions ranging from
early type I to advanced type V in terms of intimal content in
fluorescent compounds and intimal thickness. Trends in the
average lifetime at selected wavelengths were identified,
which could serve as diagnostic markers for in situ optical
analysis of the aortic wall. Also, it was determined® that a set
of five predictors variables (fluorescence time-decay param-
eters at 390 nm and 460 nm and fluorescence intensity values
at 490 nm) allows for discrimination of the lipid-rich lesions
(rupture-prone) from collagenous/fibrous lesions (stable) with
a sensitivity and specificity higher than 95%.

Journal of Biomedical Optics

011106-5

3.3 Coronary Artery

. 43,60 . o
In a following study, time-resolved fluorescence emission

of normal and atherosclerotic human coronary arteries (58
coronary segments, postmortem) were analyzed using also the
Laguerre deconvolution method. Similar to the study in aorta,
these results showed that analysis of the time-resolved fluo-
rescence spectra can be used to enhance the discrimination
between different grades of atherosclerotic lesions as defined
by the American Heart Association (AHA). Also, it demon-
strated that the lipid-rich lesions (e.g., average lifetime at
390 nm: 2.6+0.1 ns) can be differentiated from the other
lesion types—in particular, fibrous lesions (3.2 0.15 ns) and
normal arterial wall (2.1 0.1 ns). It was determined that
spectroscopic features derived for lipid components are re-
flected in the emission of lipid-rich lesions, whereas charac-
teristics of type I collagen are identified in the emission of
fibrous lesions. In addition, the results suggested that a few
spectroscopic parameters that combine spectral features at
longer wavelengths and time-resolved characteristics from the
peak emission region are the best selections for coronary ar-
tery lesion discrimination. For example, parameters derived
from time-resolved spectra, such as the lifetime and the fast-
time decay constants determined using a biexponential ap-
proximation of the intensity decay, are most likely to differ-
entiate between lipid-rich (more unstable) and fibrous lesions
(more stable) and be used for diagnosis. These findings fur-
ther validated the potential of TR-LIFS for discriminating
lipid-rich plaques from fibrotic lesions.

3.4 Carotid Artery

More recently,* we conducted a TR-LIFS study in fresh ex-
cised carotid plaques from 65 endarterectomy patients (831
distinct areas). This study was designed (1) to demonstrate
whether TR-LIFS signatures can distinguish fibrotic caps rich
in macrophages and inflammatory cells and plaques with a
necrotic/lipid core under a thin cap (rupture-prone) from
plaques with caps rich in collagen (stable); and (2) to deter-
mine the TR-LIFS derived spectroscopic parameters that can
be correlated to features of plaque vulnerability. Results of
this study (Fig. 4) indicated that spectral features derived from
the normalized time-integrated fluorescence emission spectra
provide means for discriminating early lesions or intima
thickening (IT) from more advanced stable lesions such as
fibrotic (FP) and fibrocalcified (FC) and unstable lesions such
as inflamed (INF) and necrotic (NEC) plaques. Also, the study
indicated that time-resolved properties of the autofluorescence
emission enable detection of superficial necrotic core, one ad-
ditional feature of plaque vulnerability.

This study also demonstrated the important role that the
LECs play in atherosclerotic plaques discrimination. While in
previous studies, the Laguerre deconvolution method was pri-
marily used to estimate the intrinsic fluorescence decay emis-
sion, in this study, in addition the resulting LECs were
adopted for the first time as additional parameters for quanti-
fying the time-resolved fluorescence emission (Fig. 4). Nota-
bly, one of these expansion coefficients (LEC-2) enabled dis-
crimination of both inflamed and necrotic lesions from the
stable plaques. Moreover, a combination of spectral and time-
resolved fluorescence parameters, including LECs, were used
as features in a linear discriminant analysis (LDA)-based
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Fig. 4 Left panels: Spectroscopic parameters as a function of emission
wavelength derived from the time-resolved spectra measured in ex
vivo samples. Right panels: Statistical group comparisons
(mean=S.E.) for specific wavelengths. Spectroscopic parameters: nor-
malized intensity (a), average lifetime (b), LEC-0 (c), and LEC-2 (d).
Adapted from Ref. 44.

classifier, which was able to discern inflamed and necrotic
lesions from early and advanced fibrotic lesions with high
sensitivity (>80%) and specificity (>90%). Results of the
classification aiming to discriminate IT, FP/FC, and INF/NEC
lesions are shown in Table 1. The overall cross-validation
classification performance was 74.3%. IT was discriminated
with sensitivity (SE) and specificity (SP) larger than 80%.
However, there was an appreciable overlap between IT and
FP/FC. Also, the INF and NEC lesions were detected with
high SE (larger than 80%) and high SP (larger than 90%).
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Table 1 Classification accuracy (sensitivity and specificity): discrimi-
nation of IT, FP/FC, and INF/NEC (from Ref. 44).

Fluorescence spectroscopy
Sensitivity  Specificity

T FP/FC  INF/NEC (%) (%)

IT 25 3 0 89.3 80.7
(N=28)

FP/FC 99 332 27 72.5 84.2
(N=458)

INF/NEC 0 10 44 81.5 94.4
(N=54)

These results provide strong indication that the LECs offer a
new domain for representing the time-resolved information of
tissue fluorescence emission in a very compact, accurate,
complete, and computationally efficient way. This study also
clearly demonstrated that the LECs derived from the TR-LIFS
data analysis can characterize arterial tissue composition and,
most important, detect features of vulnerable plaques, such as
superficial necrosis and inflammation.

This study in carotid artery demonstrated also that a linear
correlation between plaque biochemical content and spectro-
scopic parameters can be determined. Plaque elastin content,
ranging from near 0% (in the advanced FP, FC, INF, and
NEC) to 50% (in IT) showed a positive correlation with the
intensity values at 440-nm emission. Necrotic area, ranging
from 0% (in stable plaques) to 70% (in NEC), presented a
negative correlation with the LEC-0 at 550-nm emission. A
similar correlation was determined for the average lifetime
values. The inflammatory cell (lymphocyte/macrophage) con-
tent, ranging from 0% (in stable plaques) to 60% (in INF and
NEC), showed a positive correlation with the LEC-2 at
550 nm. In contrast, LEC-2 at 550 nm was negatively corre-
lated to the collagen/SMC content.

4 FLIM of Human Atherosclerotic Plaques

Most recently, we have investigated the ability of a fiber
bundle FLIM apparatus to map the composition of human
atherosclerotic plaques.62 Using the FLIM experimental appa-
ratus and the imaging bundle probe50 briefly described earlier,
we have conducted experiments on 10 human aorta samples
obtained at autopsy. This system allows for mapping in one
measurement the tissue composition within a 4-mm-diam sur-
face with ~35-mm spatial and ~200-ps temporal resolution.
Two bandpass filters were used throughout this study (central
wavelength/bandwidth): 377/50 and 460/60. The FLIM im-
ages were correlated with the sample histopathologic analysis
(standard H&E and elastin-trichrome stains) conducted by a
pathologist. The percentage (0 to 100) of fibrosis, elastin, cal-
cification, necrosis, cholesterol, macrophages, and lympho-
cytes within the 4-mm-diam by ~250-um-depth region of
interest defined by the excitation-collection geometry of the
FLIM catheter and the 337-nm light penetration depth in ar-
terial samples. Figure 5 depicts representative FLIM images
for normal and atherosclerotic arteries and their correspond-
ing fluorescence lifetime histograms. Although preliminary (a
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Fig. 5 FLIM images of normal artery at (a) 377/50 nm (center
wavelength/bandwidth) and at (b) 460/60 nm. Note the uniformly
~2-ns average lifetimes, which is typical of elastin fluorescence. Im-
ages of atherosclerotic artery at (c) 377/50 nm and at (d) 460/60 nm.
Note the longer lifetimes in (c) typical of collagen fluorescence and
the shorter lifetimes in (d) typical of lipid fluorescence, indicating that
this plaque has both collagen-rich (ROI 2) and lipid-rich (ROI 1) com-
ponents. Histograms correspond to the images to their left.

more comprehensive study is under way and will be reported
elsewhere), these early results are in agreement with those
obtained using TR-LIFS. We noted the relatively uniform life-
time map (~ 1.8 ns) for normal artery in both spectral bands
[Figs. 5(a) and 5(b)]—trends corresponding to the broad elas-
tin fluorescence known to dominate the fluorescence of the
normal artery. The fluorescence emission of the fibrotic
plaque [Fig. 5(c)] was characterized by a longer lasting emis-
sion (~2.5 ns) within the blue-shifted spectral band—a fea-
ture corresponding to collagen fluorescence emission. The
lifetime varied with the emission wavelength and was found
to be short lasting (~ 1.8 ns) at the red-shifted band—a trend
that v5vGa6s0 also observed in the TR-LIFS studies of human
aorta.””
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5 Multimodal TR-LIFS and IVUS of Human
Atherosclerotic Plaques

Using the prototype multimodal catheter system described
earlier (Fig. 3), we conducted experiments in vitro®® and most
recently in vivo (comprehensive results to be reported else-
where) that demonstrate that this catheter can be used to lo-
cate a fluorophore in the vessel wall with a guiding precision
of 0.53=0.16 mm, steer the SVOF in place, perform blood
flushing under flow conditions, and acquire robust TR-LIFS
data upon UV light tissue excitation. The performance of the
multimode catheter was tested in arterial phantoms made of
polymethyl-methacrylate (PMMA) with wall-mounted fluoro-
phore targets, ex vivo pig arteries, and in vivo in a femoral
artery of swine. Figure 6 presents representative results from
these studies. During TR-LIFS measurements, saline was
flushed through the flushing tube surrounding the SVOF, as
depicted in Fig. 3, at a rate of 0.07 ml/s. We noted that the
TR-LIFS spectral intensity was modulated by the peak (at
415 nm) of the blood absorbance, but the time-resolved data
(average lifetime values) were not affected by the blood pres-
sure. As anticipated, this demonstrated again that fluorescence
lifetime measurements are more robust than intensity mea-
surements in the presence of endogenous absorbers such as
blood. Note also that during in vivo experiments, the effect of
blood absorbance was observed only when the catheter was
not fully in contact with the arterial wall. In addition, we
determined that the catheter steering capability used for the
co-registration of the IVUS image plane and the SVOF beam
permitted a guiding precision to an arterial wall site location
of 0.53£0.16 mm.

6 Conclusion

The TR-LIFS and FLIM studies conducted in all three human
arterial vessel (aorta, coronary, and carotid) taken together
provide ample evidence to infer that time-resolved
fluorescence—based techniques can potentially become an im-
portant tool for detecting features related to plaque vulnerabil-
ity during intravascular catheterization. All studies have con-
firmed that elastin is the major source of endogenous
fluorescence in all normal arteries and early lesions, while
collagen is the main source of fluorescence in more advanced
lesions. Since these two endogenous fluorophores have very
distinct spectral and time-resolved characteristics, discrimina-
tion between normal arterial wall and early lesions from more
advanced lesions is possible using fluorescence information.
These studies also indicate that lipid-rich lesions, including
those with thin cap fibroatheromas and large lipid pool, and
inflamed lesions with superficial foam cells can be discrimi-
nated from more stable collagen-rich lesions; however, this is
based primarily on time-resolved fluorescence characteristics.
In addition, these studies have demonstrated that a small sub-
set of spectral and time-resolved parameters (less than 10 pa-
rameters) retrieved from a limited number of emission wave-
lengths (~4 wavelengths) can provide a means for
delineating early from advanced lesions, and more important,
the presence of lipid-rich lesions as well as of the inflamed
fibrotic cap. This finding is particularly important, as it allows
for the design of TR-LIFS and FLIM systems that collect
fluorescence decay at a limited number of wavelength bands.
Such systems are currently under development. For example,
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Fig. 6 TR-LIFS and IVUS using the multimodal catheter (a) ex vivo and (b) in vivo. (a) Top panel: Comparison fluorescence emission spectra from
an ex vivo pig femoral artery for moving whole blood (N=7) conditions versus normalized spectral emission in saline (N=5). Bottom panel: The
corresponding fluorescence average lifetimes along the emission spectrum. (b) Top panel: Comparison fluorescence intensity spectrum from in vivo
pig femoral artery when the catheter is fully deployed and in contact with the arterial wall (N=4) versus fluorescence intensity spectrum when the
catheter is not fully deployed and not in contact with the arterial wall. Bottom panel: The corresponding fluorescence lifetimes along the emission
spectrum. (c) IVUS image and (d) illustration demonstrating the application of the multimodal catheter in vivo in pig femoral artery. The depicted
condition corresponds to catheter in contact with the arterial wall. Adapted from Ref. 58.

a prototype depicting an original design for simultaneous
time- and wavelength-resolved fluorescence spectroscopy was
recently reported by our research group49 (Fig. 1). This ap-
proach, which permits rapid data acquisition (hundreds of mi-
croseconds for multiple spectral bands), combined with La-
guerre expansion of the kernel technique, which permits a fast
deconvolution of the fluorescence decay data, can provide a
means for overall data acquisition-analysis of less than 1 s—a
critical feature for clinical applications.

A main limitation of fluorescence-based techniques in the
evaluation of the arterial plaques is the relatively shallow UV
light penetration of excitation light (~250 wm). Although
UV excitation of the fluorophores in the arterial wall makes
TR-LIFS and FLIM suitable methods for detection of markers
of plaque vulnerability in thin fibrotic caps, it also limits the
ability of this technique to assess plaque morphology associ-
ated with other markers of plaque vulnerability, such as the
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size of the lipid pool or expansive (positive) remodeling, or to
distinguish other important features involved in plaque pa-
thology, including pathologic intimal thickening63 versus fi-
brous thick-cap atheroma. Such limitations, however, can be
further addressed though complementary imaging techniques.
As suggested earlier' for other spectroscopic methods cur-
rently being evaluated for clinical diagnosis of vulnerable
plaques (e.g., NIR and Raman spectroscopy), an optimum ap-
proach to vulnerable plaque detection would need to incorpo-
rate structural definition of a high-resolution modality (e.g.,
OCT, intravascular MRI, or high-frequency IVUS) with bio-
chemical processes detected by optical spectroscopy (e.g.,
TR-LIFS). Our current efforts on developing catheters that
integrate TR-LIFS and IVUS are specifically designed to ad-
dress this need. Current results demonstrate that such integra-
tion is feasible. Moreover, IVUS can be used to guide the
spectroscopic investigations. Further translation of the bi-
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modal TR-LIFS and IVUS technique to intraluminal investi-
gation of arterial wall in clinical settings would require, how-
ever, validation of this approach in pre-clinical studies of
animal models of atherosclerosis in blood flow; extensive cor-
relation of the fluorescence/ultrasonic data with the
biochemical/morphological features derived via standard his-
topathologic and immunohistochemistry methods; and devel-
opment of classification models that allow for integration of
features derived from the two modalities for a better predic-
tion of markers of plaque vulnerability. Our current research
efforts target such endeavors.

In addition, due to its ability to detect the compositional
makeup of the arterial wall, another potential application of
TR-LIFS is the clinical management of stenting procedures.
Knowledge of arterial wall composition at the time of percu-
taneous coronary interventions may allow the physician to
“personalize” the selection of the type of stent (e.g., uncoated
or drug-eluting), thus more effectively reducing the risk of
restenosis and target-vessel revascularization. Also, the sensi-
tivity of TR-LIFS measurement to the arterial wall content in
structural proteins suggests the potential application of this
technique in assessing the effect of experimental drugs in
plaque regression and stabilization. Thus, TR-LIFS may also
play an important role in drug-discovery studies in vivo in
animal models.
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