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Objective: Plaque with dense inflammatory cells, including macrophages, thin fibrous cap and superficial
necrotic/lipid core is thought to be prone-to-rupture. We report a time-resolved laser-induced fluores-
cence spectroscopy (TR-LIFS) technique for detection of such markers of plaque vulnerability in human
plaques.

Methods: The autofluorescence of carotid plaques (65 endarterectomy patients) induced by a pulsed laser
(337 nm, 0.7 ns) was measured from 831 distinct areas. The emission was resolved spectrally (360-550 nm

iiﬁ:/rtgisl:erosis range) and temporally (0.3 ns resolution) using a prototype fiber-optic TR-LIFS apparatus. Lesions were
Diagnosis evaluated microscopically and quantified as to the % of different components (fibrous cap, necrotic core,

inflammatory cells, foam cells, mature and degraded collagen, elastic fibers, calcification, and smooth
muscle cell of the vessel wall).
Results: We determined that the spectral intensities and time-dependent parameters at discrete emission
wavelengths (1) allow for discrimination (sensitivity >81%, specificity >94%) of various compositional
and pathological features associated with plaque vulnerability including infiltration of macrophages into
intima and necrotic/lipid core under a thin fibrous cap, and (2) show a linear correlation with plaque bio-
chemical content: elastin (P < 0.008), collagen (P<0.02), inflammatory cells (P<0.003), necrosis (P< 0.004).
Conclusion: Our results demonstrate the feasibility of TR-LIFS as a method for the identification of markers
of plaque vulnerability. Current findings enable future development of TR-LIFS-based clinical devices for
rapid investigation of atherosclerotic plaques and detection of those at high-risk.

© 2008 Elsevier Ireland Ltd. All rights reserved.

Fluorescence spectroscopy

1. Introduction

Numerous studies [1] have suggested that acute cardiovascular
events are most commonly triggered by the structural weakening
and disruption of the thin fibrotic cap of fibroatheroma followed by
thrombus formation. Generally, this process occurs in atheroscle-
rotic lesions known as rupture-prone or vulnerable plaques. Plaque
“vulnerability” has been associated with several pathologic fea-
tures including a thin fibrous cap, a large lipid pool, and increased
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macrophage and other inflammatory cell infiltration within the
cap. Early detection and treatment of such plaques before rup-
ture depend upon the availability of tools able to characterize in
vivo plaque composition through minimally invasive and nonde-
structive ways. Most clinical techniques identify luminal diameter
(stenosis), wall thickness, and plaque volume, but are inefficient
in identifying the rupture-prone plaque [1-6]. New diagnostic
techniques (including catheter-based) to localize and characterize
vulnerable plaques are needed. Potential intravascular diagnos-
tic techniques for assessment of plaque vulnerability include:
magnetic resonance (MR) spectroscopy [6-8], intravascular ultra-
sound (IVUS—including high-frequency, elastography)[6,9], optical
coherence tomography (OCT) [10-13], thermography [14,15], and
optical spectroscopy methods (Raman, near-infrared (NIR), diffuse
reflectance, and steady-state fluorescence) [5,16,17]. We report here
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an innovative time-resolved fluorescence spectroscopy approach
that has potential to detect distinct markers of plaque vulnerability
as a stand-alone technique or to complement the other imaging or
spectroscopy modalities in detection of vulnerable plaques.

This study describes a fiber-optic-based time-resolved laser-
induced fluorescence spectroscopy (TR-LIFS) technique that can
be used in vivo to recognize the biochemical makeup of tis-
sues including structural proteins, enzyme cofactors and lipid
components. In previous studies, we validated this technique
on fluorescent biomolecules constituent of normal and diseased
arteries (elastin, collagens, free cholesterol, cholesteryl oleate and
cholesteryl linoleate, LDL) [18-21], in human coronary and aortic
postmortem specimens [21,22], and in vivo in an atherosclerotic
rabbit model [23]. Depending upon the light excitation wavelength
used and fiber-optic excitation-collection geometry, TR-LIFS facili-
tates evaluation of tissue composition within small tissues volume
(~0.6-1.5mm diameter x 150-250 wm penetration depth), thus
feasible for assessing the intimal composition of atherosclerotic
plaques. Overall, TR-LIFS has potential for direct evaluation of rela-
tive changes of the elastin/collagen and collagen/lipid contents; and
indirect assessment of cap thickness and infiltration of macrophage
and other inflammatory cells affecting the collagen/lipid content
within the excitation-collection tissue volume.

Carotid plaque represents an optimal study model for the vali-
dation of new optical devices for detection of plaque composition
patients. This allows for direct access of plaque in vivo during
carotid endarterectomy (CEA) using fiber-optic probes (with or
without distal rigidity) and without the need of intravascular pro-
cedures. The routine removal of the plaque during CEAs permits
extensive TR-LIFS studies ex vivo in fresh plaque specimens that
account for the plaque composition heterogeneity. Furthermore, it
facilitates a direct validation of optical results against histopatho-
logical analysis. Consequently, we conducted this study in human
carotid atherosclerotic plaque both in vivo in patients undergoing
endarterectomy and ex vivo in the explanted plaques.

The goals of this study were (1) to use TR-LIFS to evaluate the
composition of human carotid atherosclerotic plaques and to deter-
mine whether a TR-LIFS technique 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 determine the TR-LIFS
derived spectroscopic parameters that can be correlated to features
of plaque vulnerability.

2. Methods and materials
2.1. Patients and plaque samples

A total of 65 patients were included in this study. The patients
were scheduled for CEA and underwent the planned operation.
When clinical conditions of the patient allowed (14 patients),
during the operation the TR-LIFS fiber optic probe was intro-
duced through the common carotid arterotomy and the plaque
was spectroscopically investigated (total: 28 locations, one to
three measurements per plaque). During in vivo investigations
the blood was evacuated from a cross-clamped artery. The plaque
was then removed surgically and immediately spectroscopically
re-evaluated in detail ex vivo. When investigations in vivo were
not possible, the TR-LIFS studies were conducted only in ex vivo
specimens. To account for the heterogeneity within plaque com-
position and structure, TR-LIFS data were acquired from several
areas of the plaque (total: 813 locations, approximately 10 measure-
ments per plaque). The time between plaque resection and TR-LIFS
examination was less than 2 h. The specimens were kept moist

with saline (intermittently delivered drops) prior to and during
TR-LIFS investigation. The location of each spectroscopic measure-
ment was marked using India ink and the plaque specimen sent for
histopathologic analysis. This study was approved by the institu-
tional review board and all patients provided informed consent.

2.2. TR-LIFS instrumentation, measurements and data analysis
(Fig. 1)

The detailed description of this section (TR-LIFS apparatus,
experimental data acquisition protocols and analysis of the TR-
LIFS data) is provided in Appendix of this paper and in our earlier
publications [18,23,24,26,27]. To characterize the fluorescence
emission a set of parameters were used. This includes discrete spec-
tral intensity values (I ) and two sets of parameters time-resolved
parameters: the average lifetime (7y) values and the normalized
value of the corresponding Laguerre expansion coefficients (LEC)
¢;. Thus, a complete description of each sample fluorescence as a
function of emission wavelength, Ag, was given by the variation of
a set of spectroscopic parameters (I, 75, and LECs).

2.3. Histopathological analysis

The processing and analysis of the histopathological sam-
ples including hematoxylin and eosin (H&E), trichrome/elastin,
CD68 (for macrophages) and CD45 (for leukocytes) are detailed
in Appendix of this paper. The histopathologic sections were cat-
egorized based on intima thickness (TH), cap thickness (CTH),
the presence of calcification, necrosis, and inflammation (lympho-
cytes and/or macrophage infiltration). The following six groups
were defined following the nomenclature similar with that
reported by Virmani et al. [25]: (a) intimal thickening (IT) with
TH<200 pm and no necrosis, inflammation, or calcification; (b)
fibrous plaque/thick-cap (FP) with TH/CTH > 200 wm and no necro-
sis, inflammation or calcification; (c) fibrocalcific plaque/thick-cap
(FC)with TH/CTH > 200 pm and significant calcification (>20%), but
no necrosis or inflammation; (d) low-inflamed plaque/thick-cap
(low-INF) with TH/CTH > 200 .m and some necrosis/inflammation
(<20%); (e) inflamed plaque/thick-cap (INF) with TH/CTH > 200 wm,
some necrosis (<30%), and significant inflammation (>20%); and (f)
superficial necrotic core covered by a thin fibrotic cap (NEC) with
TH>200, CTH <200 pm and significant necrosis (>30%).

2.4. Statistical analysis and classification

A set of spectroscopic parameters (I, 5 and LECs at specific
Ags) likely to provide means of discrimination among different
compositional features of the carotid plaque were identified by fol-
lowing methods we previously reported [23,27,28] and reviewed in
Appendix. In addition, in order to investigate if these spectroscopic
parameters reflect plaque composition, a correlation analysis was
performed between the selected parameters and the relative
content of the main plaque components (elastin, collagen/SMC,
inflammatory cells and necrotic areas). For this correlation anal-
ysis, the mean value of the spectroscopic parameter was computed
for each concentration value from 0 to 100%, in steps of 10%
(Fig. 4). A linear correlation analysis was then applied between
the spectroscopic parameter mean values and the plaque compo-
nent concentrations. Correlation coefficients r and P-values were
reported for each parameter-concentration correlation analysis. A
P-value of <0.05 was assumed to indicate a statistically significant
correlation. All statistical analysis was conducted using SPSS Ver-
sion 12.0. A stepwise linear discriminant analysis (SLDA) approach
was adopted to generate a classification model (discriminant func-
tions) and for sample classification. This approach (also described
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Fig. 1. Schematic representation of the TR-LIFS system used to induce, collect, record and analyze the autofluorescence emission of the carotid plaques.

in Appendix) was applied previously by our group to the classifi-
cation of arterial plaque composition in a rabbit athereosclerotic
model [23,28,29].

3. Results
3.1. Histolopathology

The plaques TR-LIFS investigated ex vivo were histopatholog-
ically classified as follows: IT (n=28), FP (n=420), FC (n=38),
low-INF (n=273), INF (n=34), and NEC (n=20). Representative fea-
tures/sections for each histopathological group are shown in Fig. 2.
The IT samples were characterized by a thin intima (88 =39 um)
overlaying a normal media rich in elastin fibers and SMC (Fig. 2a).
The composition of the FP samples was dominated by collagen
fibers with various degrees of SMC accumulation (Fig. 2b). The FC
samples presented various degrees of calcification (Fig. 2c). The
low-INF samples were characterized by collagen fibers with scat-

tered infiltration of lymphocytes and/or macrophages (Fig. 2d). The
INF samples presented a significant amount of inflammatory cells,
mainly macrophages (Fig. 2e). The NEC samples were character-
ized by a necrotic core with a thin fibrous cap (70 +£37 pwm) with
or without inflammatory cell infiltration (Fig. 2f). Adjacent CD45
and CD68 stained sections (not shown) confirmed the presence of
lymphocytes and macrophages, respectively. Out of the 28 TR-LIFS
measurement conducted in vivo only 10 of them could be corre-
lated with the histopathological analysis of plaques and classified
as follows: IT (n=3) and FP (n=7). This was due to difficulties on
accurately marking in vivo the location from where the TR-LIFS
measurement was taken.

3.2. Time-resolved fluorescence plaque characterization

The time-resolved fluorescence spectrum of the atheroscle-
rotic plaques can be fully described by the variation of the
spectroscopic parameters I,, 75, and LECs as a function of
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Fig. 2. Representative carotid plaque histological sections (elastic trichrome stain, 20x magnification). (a) Intima thickening (IT); (b) fibrous plaque (FP); (c) fibro-calcified

(FC); (d) low-inflammation (low-INF); (e) inflammation (INF); (f) necrotic (NEC).

Mg. Fig. 3 depicts these parameters for each lesion type/group
investigated.

3.2.1. Emission spectra and intensity values

The emission spectra of all histopathological groups measured
ex vivo (Fig. 3a) were largely overlapped, except for the IT group
which presented a higher intensity in the 400-500 nm spectral
range (I =0.69+0.03 at 440 nm) when compared with all other
groups (e.g. I, smaller than 0.5). The I, values at 440 nm (Fig. 3b)
also showed also slightly higher values for the FP (0.46 & 0.01) and
FC(0.47 £0.03) groups when compared to the INF (0.38 +£0.03) and
NEC (0.37 +£0.03) groups. Characteristics indicating that IT could
be distinguished using intensities values in red-shifted wavelength
range (Fig. 3a and b). The characteristics of the emission spectrum
of the in vivo measurements for the IT and FP samples were sim-
ilar to those measured ex vivo (Fig. 3c). Nevertheless, the valley
at ~415nm, well recognized to correspond to the Soret band of
hemoglobin absorption [30], was accentuated in the in vivo mea-
surements.

3.2.2. Fluorescence average lifetimes

For ex vivo measurements, the analysis of average lifetime
values along the emission wavelength (Fig. 3d) showed that for
the blue-shifted (below 420 nm) emission wavelengths IT samples
were characterized by short lifetime values (7y=1.87+0.09ns at
380nm) when compared with those of all other groups (7; longer

than 2.4 ns at 380 nm). The [Ts lifetime values remained nearly con-
stant along the emission spectrum while a decrease of lifetime with
emission wavelength was observed for all other groups. The largest
variation of the average lifetime with wavelength was observed for
NEC samples. For example, the emission of NEC in the red-shifted
(above 440 nm) wavelength range was characterized by the short-
est lifetime values (ty=1.38+0.04ns at 550 nm) when compared
with those of all other groups (s longer than 1.55ns at 550 nm).
Characteristics indicating that NEC plaques could be distinguished
using lifetime values in 500-550 nm range (Fig. 3d and e). The aver-
age lifetimes of IT and FP measured in vivo (Fig. 3f) followed similar
trends to those measured ex vivo. However, the averages lifetime
values of IT were shorter above 400 nm (7;=1.3-1.5ns) in vivo rel-
ative to ex vivo measurements.

3.2.3. Laguerre expansion coefficients

The variation of the first four LECs (zero-order: LEC-0 through
the third-order: LEC-3) as a function of emission wavelength pro-
vided an additional means of characterizing and comparing each
tissue group. The LEC-0 changes with emission wavelength fol-
lowed similar trends as those described above for the average
lifetimes (Fig. 3g and h). For the blue-shifted (below 420nm)
wavelengths IT samples were characterized by smaller LEC-0 val-
ues (e.g. 0.77 £0.01 at 380 nm) when compared with those of all
other groups (above 0.83 at 380 nm). For the red-shifted (above
440nm) wavelengths NEC samples were characterized by small



160 L. Marcu et al. / Atherosclerosis 204 (2009) 156-164

(a) Ex-Vivo o-IT, N=28 (b) Ex-Vivo (©) In-Vivo )
- —-FP, N=420 0.8 9 -0-PIT, N=3
‘ — —~FC, N=38 ' £ ~0-FP, N=7|
5 osl -&-LowlINF, N=273 07 & 2os!
5 ‘ b ™ INF, N=34 : g
205 —-NEC, N=20 0.6 &08
5 3 3
8 04 =05 y N 04|
5 o ¢ T
£ o 0.4 d > 3 Eoo
5 ‘ L4 o ¢
= 0 0
400 450 500 550 IT FP  FC LowINF INF  NEC 400 450 500 550
. e @
e @ Te
‘ ® 380 nm
* A 550 nm
A b A
T FP  FC LowINFINF NEC
e ¢ o o *
L ]
® 380 nm ‘ &
A 550 nm | )
i T
400 450 500 550 IT FP  FC LowINF INF NEC 400 450 500 550
(k) 02
0.19 * 1
= L ]
] I
o 0.18
2
0.17
= .
0.16
.
. .
400 450 500 550 01 T P FC LowiNFINF  NEC 400 450 500 550
Wavelength (nm) Sample Type Wavelength (nm)

Fig. 3. Left panels: spectroscopic parameters as a function of emission wavelength derived from the time-resolved spectra measured in ex vivo samples. Middle panel:
statistical group comparisons (mean =+ S.E.) for specific wavelengths—data corresponding to measurements ex vivo. Right panels: spectroscopic parameters as a function of
emission wavelength derived from the time-resolved spectra measured in vivo. Spectroscopic parameters: normalized intensity (a)-(c), average lifetime (d)-(f), LEC-0 (g)-(i),

and LEC-2 (j)(1).

LEC-0 values (0.70+0.01 at 550 nm) when compared with those
of all other groups (larger than 0.73 at 550nm). The changes
of the second-order LEC (LEC-2) with the wavelength of emis-
sion (Fig. 3j and k) showed that for red-shifted wavelengths
(above 450 nm) the INF and NEC plaque areas are characterized
by higher LEC-2 values (0.192 +0.003 and 0.187 +0.004, respec-
tively, at 550 nm) with respect to all other groups (smaller than
0.17 at 550 nm). In addition, higher LEC-2 values were observed for
Low-INF (0.167 £ 0.001) when compared to the fibrotic groups FC
(0.157 £0.003) and FP (0.15940.001); and the IT (0.15440.004)
group. The variation of LECs of IT and FP measured in vivo
(Fig. 3i and 1) followed similar trends to those measured ex
vivo. Nevertheless, in vivo relative to ex vivo investigations
show that the LEC-0 values of IT samples were smaller in vivo
(0.65-0.7).

3.3. Correlation between plaque composition and spectroscopic
parameters

Fig. 4 depicts the linear correlation between plaque biochemi-
cal content and spectroscopic parameters within the ROl measured
ex vivo. Plaque elastin content, ranging from 0% (in the advanced
FP, FC, INF and NEC) to 50% (in IT) showed a positive correlation
with the I449 (Fig. 4a). Necrotic area, ranging from 0% (in stable
plaques) to 70% (in NEC), presented a negative correlation with
the LEC-0550nm (Fig. 4b). A similar correlation was determined for
the average lifetime values (data not shown). The inflammatory
cell (lymphocyte/macrophage) content, ranging from 0% (in stable
plaques) to 60% (in INF and NEC), showed a positive correlation with
the LEC-255¢ (Fig. 4c). In contrast, LEC-255q (Fig. 4d) was negatively
correlated to the collagen/SMC content.
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correlated with necrosis content; (c) LEC-2559 positively correlated with inflammation; (d) negatively correlated with collagen/SMC content.

3.4. Feature selection

The application of one-way ANOVA to multidimensional TR-LIFS
datasets (I;, 75, and LECs values at each emission wavelength) to ex
vivo data sets have resulted in a reduction of this set to 10 sta-
tistically significant features: l440, T380, T550, LEC-03809, LEC-0s550,
LEC-13g9, LEC-155¢, LEC-2509, LEC-255¢, and LEC-33g0. The wave-
lengths with the lowest P-value were chosen for each parameter to
form the new feature space.

3.5. Classification

Two classification goals were defined aiming to discriminate: (a)
IT, FP/FC (as one group) and INF/NEC (as one group) lesions; and (b)
IT, FP/FC/low-INF (as one group) and INF/NEC (as one group) lesions.
The FP and FC lesions showed significant overlap in all the spec-
troscopic parameters. This indicated that classification between
these two groups was not feasible based on TR-LIFS alone. There-
fore, for classification purpose, FP and FC lesions were grouped
together. Also, inflammation and necrosis represent two key mark-
ers of vulnerability often present simultaneously in plaques, thus
for classification purpose, INF and NEC were grouped together.

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

Table 1
Classification accuracy (sensitivity and specificity): discrimination of IT, FP/FC and
INF/NEC.

Fluorescence spectroscopy SE (%) SP (%)
IT FP/FC INF/NEC
IT (n=28) 25 3 0 89.3 80.7
FP/FC (n=458) 99 332 27 72.5 84.2
INF/NEC (n=54) 0 10 44 81.5 94.4

SP (larger than 90%). Results of the classification aiming to discrim-
inate IT, FP/FC/low-INF and INF/NEC lesions are given in Appendix
(Table 2 in supplementary material).

4. Discussion

This is the first study to demonstrate that a TR-LIFS tech-
nique allows for detection of markers of vulnerability in human
atherosclerotic plaques, including infiltration of macrophage and
other inflammatory cells into the intima and lipid/necrotic core
under a thin fibrous cap. Also, we report here a rather compre-
hensive analysis of time-resolved fluorescence emission features
that allows for discrimination of various compositional and patho-
logical features of human atherosclerotic plaques. Current findings
represent the ground base for further development of intravascular
TR-LIFS diagnostic devices.

4.1. TR-LIFS features in plaque characterization and qualitative
discrimination of rupture-prone plaques

Intrinsically, TR-LIFS measurements are rich in information
content. The measurement allows recording of complementary fea-
tures of the fluorescent emission from tissue that encompasses a
detailed description of fluorescence intensity decay along the emis-
sion spectrum of each sample. Moreover, the application of the
Laguerre deconvolution approach to TR-LIFS data, developed by
our group and used in this study, generated not only conventional
fluorescence lifetime value(s) but also a new set of spectroscopic-
related parameters (set of Laguerre coefficients). Consequently,
numerous fluorescence parameters are available for characteriza-
tion of the fluorescence emission from atherosclerotic plaques and
for identification of plaque type. As exemplified in Fig. 3, upon
337 nm excitation the emission spectrum and the discrete intensity
values within 420-500 nm wavelengths range can be used to delin-
eate the early plaques. The average lifetime and LEC-0 values in two
emission wavelength ranges, 360-400 nm and 450-550 nm, per-
mit separation of early plaques and necrotic plaques, respectively.
In addition, the LEC-2 coefficients in 450-550 nm range facilitate
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discrimination of both inflamed and necrotic plaques. Important to
note is the use of LECs to describe the fluorescence intensity decay
of the atherosclerotic plaques. These coefficients are key parame-
ters in the discrimination of inflamed and necrotic plaques, the two
most common forms of vulnerable plaque. Also, we identified that
the trends of certain LECs values (e.g. LEC-0 and LEC-2 at 550 nm
emission, Fig. 3h) follow the plaque transition from stable charac-
teristics (FP, FC) to features indicating weakening of the fibrotic cap
(low-INF) and then to features associated with prone to rupture
plaques (INF/NEC).

The large number of spectroscopic parameters generated by
a TR-LIFS measurement provides a means for discrimination of
distinct compositional features of atherosclerotic plaques. How-
ever, acquisition and analysis of a large database is time expensive
and thus may preclude translation of TR-LIFS systems to practical
applications. This study has identified pathways that can overcome
such drawbacks and enable development of TR-LIFS systems with
the near real time display of diagnostic information, thus leading
to solutions that are clinically relevant. For example, we deter-
mined that a small subset of spectral and time-resolved parameters
(10 parameters) can provide a means for delineating early from
advanced lesions, and more important, the presence of necrosis and
inflammatory cells (foam cells and lymphocytes) in the plaques.
Moreover, our results indicate that these spectroscopic parame-
ters are retrieved from four discrete emission wavelengths (380 nm,
440 nm, 500 nm and 550 nm). This finding is particularly important
as it allows for the design of TR-LIFS systems that collect fluo-
rescence decay at a limited number of wavelength bandwidth as
recently reported [30]. Consequently, it will allow for construction
of TR-LIFS devices with even shorter data acquisition time (less that
1 s for each point measurement). Also, relevant to practical applica-
tions are the analytical methods employed in this study (Laguerre
expansion of kernels combined with linear discriminant analysis)
that can facilitate near real-time TR-LIFS data analysis. In a previ-
ous study, we demonstrated the ability of the Laguerre expansion
technique for fast (less than 35 ms per wavelength) deconvolution
of the fluorescence impulse function and analysis of biological sys-
tems [27,28]. Thus, a fast real-time classification algorithm can be
developed by assigning a discriminant score for different types of
tissue or plaques. The discriminant score can then be compared
with the acquired fluorescence from the unknown tissue so as to
classify the tissue and display the diagnostic information in near
real-time.

4.2. TR-LIFS features in the characterization of arterial wall
composition and pathway for quantitative discrimination of
rupture-prone plaques

The current TR-LIFS study of carotid plaques complements and
is in agreement with previous work conducted in human aorta and
coronary arteries that identified relationships between the fluo-
rescence emission of normal and diseased arterial wall and the
emission of the intrinsic fluorescent constituents in arterial tissue
[18-21,31,32]. Upon UV irradiation, the fluorescence emission of
arteries originates from several intrinsic fluorescent constituents
which we summarized previously [20,21]. These include structural
proteins (elastin and collagens) and lipid components (free choles-
terol, cholesterol esters, and lipoproteins). Nevertheless, structural
proteins elastin and collagen types I and III are the primary flu-
orophores in normal and diseased arteries. Elastin (broad band:
70 nm full with at half maximum (FWHM) with peak at ~400 nm;
average lifetime: ~2ns), largely found in the media and inter-
nal elastic lamina, dominates the fluorescence emission of normal
arterial wall and early plaques; while collagen type I (narrow
band: ~40 nm FWHM with peak ~385 nm; average lifetime: 3-4 ns)

is the main contributor to the fluorescence of fibrotic plaques
[20,21]. In current the study (Fig. 3) the spectral signature (broad
band: 80 nm FWHM) and the fluorescence lifetime (~1.9 ns) val-
ues obtained for carotid IT samples demonstrate the significant
contribution of elastin fluorescence to their overall fluorescence
emission; whereas, the fluorescence emission signature (narrow
band: ~40 nm, lifetime ~2.5 ns) of all other types of arterial plaques
was dominated by collagen fluorescence.

The atherosclerotic stages between normal and advanced
fibrotic are characterized by accumulation within the intima of var-
ious types and amounts of lipids localized either in macrophage
foam cells or in the extracellular space. These lipids alter the intimal
composition and consequently modulate the elastin-collagen fluo-
rescence signature, in particular, the time-domain features. Lipids,
typically, are characterized by a shorter lived fluorescence when
compared with structural proteins fluorescence [19-21]. Accumu-
lation of macrophage, smooth muscle cells, cellular debris and other
plaque constituents can alter the intimal morphology, dislocate
the structural proteins, and change the constituent relative con-
tent within a particular ROL Thus, in turn these conditions can
also alter the elastin-collagen fluorescence signature. It was shown
that human coronary and aortic plaques with large lipid pools and
thin fibrotic caps have a shorter fluorescence lifetime (~2.7 ns) than
that of fibrotic plaques (~3.2 ns) [20,21]. Also, a shorter lived fluo-
rescence was reported for fatty streaks in human arteries (~1 ns)
when compared to that of normal arterial wall (~2.2 ns) [21]. Sim-
ilar trends were observed in a rabbit atherosclerotic model, where
macrophage-rich lesions presented a faster decay dynamic than
the collagen-rich lesions or normal artery [23]. In this study, the
fluorescence lifetime of INF and NEC samples with relatively high
lipid and macrophage vs. collagen content showed a faster fluo-
rescence intensity decay dynamic (at 550 nm emission ~1.5 ns and
~1.3 ns, respectively) than that of FP and FC with a relatively low
lipid vs. collagen content (~1.7 ns). Albeit no direct comparison
between current fluorescence lifetime values and the values pre-
viously reported can be made due to differences of experimental
conditions and methods of data analysis, current results confirm
that the presence of lipid components in plaque generally decreases
the overall fluorescence lifetime of the atherosclerotic tissue.

In addition, this study shows that specific spectroscopic param-
eters are linearly correlated to the biochemical content of plaques;
thus it opens a new pathway for discrimination of plaques based
on their biochemical composition (quantitative classification). We
determined that parameters derived from the red-shifted wave-
length range such as I44¢9 (Fig. 3b) are linearly correlated (positive)
to that of elastin content within the ROI. Thus, the analysis of
intensity values has potential to identify normal arterial wall. LEC-
2550 (Fig. 4) was found positively correlated with the macrophage
and inflammatory cells content (markers of plaque instability)
and negatively correlated with collagen and smooth muscle cell
content (markers of plaque stability). This is an important find-
ing suggesting that LEC-2 values represent key parameters in the
discrimination of rupture-prone plaques. Yet another Laguerre
coefficient LEC-055¢ was found linearly correlated (negative) with
the necrotic area within the ROI, suggesting that analysis of LEC-
0 values may allows for identification of necrotic areas under the
fibrotic cap. As the penetration depth of irradiation at about 337 nm
in the artery ranges between 150 and 250 pm [21], detection of
plaques with thin fibrotic caps and large lipid or necrotic core is
possible.

Calcium deposits were histopathologically identified in numer-
ous plaques investigated in this study. Calcium is known to exhibit
sharp fluorescence emission peaks in the 350-660 nm range upon
308 nm excitation [31], but calcium does not fluoresce upon
335 nm. The latter condition was also observed in the current study
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(excitation 337 nm). The fluorescence emission of plaques with cal-
cification was dominated by the collagen fluorescence typically
present in calcified plaques in the samples investigated here. Thus,
calcified plaques cannot be distinguished from fibrotic plaques
using 337 nm. As a result, in the current study we were not able
to distinguish fibrotic from fibrocalcified lesions. The use of exci-
tation wavelengths within the calcium absorption bands, however,
can overcome this limitation.

4.3. Invivo vs. ex vivo TR-LIFS measurements

The TR-LIFS study of surgical removed plaques permitted acqui-
sition of a large number of measurements that accounted for the
heterogeneity of composition, capturing the most clinical rele-
vant biochemical features (including inflammation), and enabling
accurate correlation with the histopathological features at each
measurement. While the main chemical components and mor-
phological structures of atherosclerotic plaques are expected to
undergo minimal changes after surgical removal of the plaque,
morphometric effects such us shrinkage may affect the relative
content of fluorescent constituents within a particular ROI. Current
results showed that TR-LIFS features (spectral feature, average life-
times, Laguerre coefficients) retrieved from in vivo measurements
during endarterectomy resemble those obtained ex vivo. Neverthe-
less, some effects were identified, primary on the spectral profile.
As expected, much stronger hemoglobin absorption was observed
in vivo when compared to ex vivo measurements, demonstrated
as an enhanced spectral valley at ~415 nm. This effect was more
enhanced on near normal areas (IT) rather than fibrotic/fibrous
cap areas. However, the trends of the time decay parameters
along emission wavelengths remained virtually unchanged. This
demonstrates, as expected, that time-resolved measurements are
minimally influenced by fluctuation in fluorescence intensity due
to the presence of the endogenous absorbers such as blood; and
thus a TR-LIFS approach is more robust for investigations in clin-
ical environment. We also determined that the actual values of
time decay parameters of IT appear to change more after plaque
explantation than those of the fibrotic plaques. We plan to study
this aspect further and to identify if such differences (in vivo vs. ex
vivo) reflect changes in the tissue thickness between ex vivo and
in vivo samples due to lack of longitudinal stress in the ex vivo
case. Challenges with accurate identification of the location of the
spectroscopic measurement after plaque explantation and limited
time to collect data during surgery have resulted in only a few point
measurements per plaque.

4.4, TR-LIFS in atherosclerotic plaque diagnostics: clinical
translation perspective and current study limitations

As afirst step in the development of intravascular catheters to be
used in characterization and diagnosis of atherosclerotic plaques,
the present study demonstrated that TR-LIFS measurements can be
easily conducted via a fiber-optic interface with biological tissue. As
noted above, modalities for fast data acquisition/analysis were also
identified which demonstrate the feasibility of TR-LIFS technique
for near-real time analysis and display of diagnostic data. However,
engineering of flexible catheters and methodologies for TR-LIFS
intravascular application has to be further addressed. The relatively
shallow UV light penetration of excitation light makes TR-LIFS a
suitable method for detection of markers of plaque vulnerability in
thin fibrotic caps, but also limits the ability of this technique (1) to
assess plaque morphology associated with other markers of plaque
vulnerability such as the size of the lipid pool or expansive (positive)
remodeling or (2) to distinguish other important features involved
in plaque pathology including pathologic intimal thickening [25]

vs. fibrous thick-cap atheroma. Such limitations, however, can be
further addressed though complementary imaging techniques. As
earlier suggested earlier for other spectroscopic methods currently
evaluated for clinical diagnostic of vulnerable plaques (e.g. NIR and
Raman spectroscopy) an optimum approach to vulnerable plaque
detection would need to incorporate structural definition of a high-
resolution modality (e.g. OCT, intravascular MRI or high-frequency
IVUS) with biochemical processes detected by TR-LIFS. Concur-
rent studies in our lab are investigating the potential of combining
TR-LIFS and IVUS modalities for simultaneous discrimination of
the morphological and compositional features of atherosclerotic
plaques.

5. Conclusion

The results of this study have demonstrated the ability of
TR-LIFS to detect biochemical features in atherosclerotic plaques
which are clinically relevant. Due to TR-LIFS high specificity in
the detection of inflammation in human atherosclerotic plaques,
a potential application of this technique is clinical diagnosis
of high-risk plaques through intravascular fiber-optic catheters.
Moreover, future optimization of TR-LIFS data acquisition/analysis
approaches, as identified here, will enable near-real time (less than
1 s) tissue diagnosis. Such catheters could work in conjunction with
either conventional catheterization procedures (angioscopy and
IVUS) or newly developed optical techniques currently evaluated
in clinical settings such as OCT, NIR, and Raman [5,11,16]. 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 percutaneous 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. Yet, the sensitiv-
ity 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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