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HIGHLIGHTS

® Plaque autofluorescence lifetime is correlated with superficial macrophage accumulation in coronary atherosclerotic plaques.
® Plaque autofluorescence lifetime can discriminate superficial macrophage accumulation in coronary atherosclerotic plaques.
e Intravascular fluorescence lifetime imaging has the potential for in vivo macrophage imaging of coronary atherosclerosis.

ARTICLE INFO ABSTRACT

Keywords: Background and aims: Macrophages play an important role in the development and destabilization of advanced
Plaque characterization atherosclerotic plaques. Hence, the clinical imaging of macrophage content in advanced plaques could poten-
Fluorescence lifetime imaging tially aid in identifying patients most at risk of future clinical events. The lifetime of the autofluorescence

Macrophage foam cells
Medical and biological imaging
Image analysis

Classification

emission from atherosclerotic plaques has been correlated with lipids and macrophage accumulation in ex vivo
human coronary arteries, suggesting the potential of intravascular endogenous fluorescence or autofluorescence
lifetime imaging (FLIM) for macrophage imaging. The aim of this study was to quantify the accuracy of the
coronary intima autofluorescence lifetime to detect superficial macrophage accumulation in atherosclerotic
plaques.

Methods: Endogenous FLIM imaging was performed on 80 fresh postmortem coronary segments from 23 sub-
jects. The plaque autofluorescence lifetime at an emission spectral band of 494 = 20.5nm was used as a dis-
criminatory feature to detect superficial macrophage accumulation in atherosclerotic plaques. Detection of su-
perficial macrophage accumulation in the imaged coronary segments based on immunohistochemistry (CD68
staining) evaluation was taken as the gold standard. Receiver Operating Characteristic (ROC) curve analysis was
applied to select an autofluorescence lifetime threshold value to detect superficial macrophages accumulation.
Results: A threshold of 6 ns in the plaque autofluorescence lifetime at the emission spectral band of
494 = 20.5nm was applied to detect plaque superficial macrophages accumulation, resulting in ~91.5% ac-
curacy.

Conclusions: This study demonstrates the capability of endogenous FLIM imaging to accurately identify super-
ficial macrophages accumulation in human atherosclerotic plaques, a key biomarker of atherosclerotic plaque

vulnerability.
1. Introduction inflammation [2], oxidative stress, and dyslipidemia [3]. This process
leads to plaque formation and flow restriction in the vessel lumen.
Atherosclerosis is the leading cause of morbidity and mortality in These arterial plaques may also rupture leading to sudden thrombosis
the United States [1]. It is characterized as a systemic, progressive and occlusion of the vessel, and ultimately to myocardial infarction,
disease in which the arterial wall thickens through a process of stroke, or limb injury [4].
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The most common underlying plaque morphology leading to myo-
cardial infarction comprises a thin ruptured fibrous cap with heavy
macrophage infiltration and few smooth muscle cells, large necrotic
core and overlying intraluminal thrombosis [5]. In advanced lesions,
macrophages have an impaired ability to efferocytose apoptotic cells
[6,7]1, and macrophage apoptosis and necrosis is increased [8,9]; alto-
gether, these factors contribute to plaque necrosis and increased in-
flammation. Macrophages in advanced lesions also secrete matrix me-
talloproteinases, which can contribute to fibrous cap thinning and
plaque rupture [10]. Macrophages thus play an important role in the
development of advanced lesions, in particular necrotic core formation,
which destabilizes the lesion and thereby promotes acute clinical car-
diovascular events [11]. Hence, the clinical imaging of macrophage
content in advanced plaques could potentially aid in identifying pa-
tients most at risk of future clinical events [12].

The improved understanding of the role of macrophages in advance
lesions is also enabling exploring alternative therapeutic strategies
targeting proatherogenic mechanisms in macrophages, which can be
additive or synergistic with current lipid-lowering therapy to further
reduce the risk of cardiovascular events. For instance, development of
treatment strategies to prevent plaque necrosis or improve efferocytosis
in advanced lesions might lead to the prevention of plaque rupture
[13-15]. A major challenge in these translational efforts, however, is
the ability to assess efficacy of potential therapeutic strategies in hu-
mans before committing to expensive and long-term end point trials. As
such, parallel developments in macrophage-based imaging will be es-
sential as mechanistic and preclinical studies progress [11,12].

A number of noninvasive imaging modalities are being evaluated
for imaging macrophages in atherosclerotic plaques. '®F-fluorodeox-
yglucose (*®F-FDG) is a radio-labeled glucose analogue used commonly
in PET imaging for a variety of diagnostic purposes. In atherosclerosis,
vascular '®F-FDG uptake reflects increased activity of macrophages
[16,17]; however, ®F-FDG is not a specific marker of plaque in-
flammation [18], and high myocardial muscle cell uptake often pre-
vents interpretation of coronary signals [19]. Ultrasmall suprapar-
amagnetic iron oxide (USPIO) particles generate MRI signal drop when
internalized by macrophages [20-22], which has been detected in pa-
tients with symptomatic carotid plaques and correlates to macrophage-
rich plaque areas [23,24]. However, MRI imaging of macrophages has
been limited to carotid arteries and has not been translated yet to the
smaller and constantly moving coronary arteries, in part, because the
relatively low contrast provided by USPIO particles. Although non-
invasive imaging modalities have the potential for imaging plaque
macrophages, they still present several hurdles, particularly when fo-
cused on small and constantly moving coronary arteries, including the
need of radiation exposure and exogenous contrast agents, limited
spatial resolution, and susceptibility to motion artifacts [12].

A number of intravascular imaging modalities have also been ex-
plored for imaging plaque macrophages. In an ex vivo study, in-
travascular optical coherence tomography (OCT) was used to quantify
macrophages within the fibrous cap, seen as bright spots with higher
signal intensity than surrounding structures [25]. Further work, how-
ever, has revealed that only 23% of bright-spot positive regions on OCT
specifically represent macrophages alone [26]. Intravascular near-in-
frared fluorescence (NIRF) imaging of indocyanine green (ICG), in
combination with OCT, was shown to be correlated with the accumu-
lation of lipids and macrophages within atherosclerotic plaques in a
rabbit model [27]. The lifetime of the endogenous fluorescence emis-
sion from atherosclerotic plaques has also been associated to lipids and
macrophage accumulation in ex vivo human coronary arteries, sug-
gesting the potential of intravascular endogenous fluorescence lifetime
imaging (FLIM) for macrophage imaging [28,29]. Due to its superior
spatial resolution, intravascular imaging modalities have the potential
for imaging macrophages in coronary arteries; however, their
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sensitivity and specificity for clinically detecting macrophages still need
to be confirmed.

In the current study, endogenous FLIM imaging of ex vivo coronary
segments were performed in order to quantify the accuracy of the
coronary intima autofluorescence lifetime to detect intimal superficial
macrophage infiltration. Inmunohistochemistry evaluation of the im-
aged tissue was used as the gold standard for validation. The results of
this study indicate that the coronary intima autofluorescence lifetime
measured at an emission band of ~475-515nm is linearly correlated
with superficial macrophage density, and enables accurate identifica-
tion of regions of atherosclerotic plaques with superficial macrophage
infiltration.

2. Materials and methods
2.1. FLIM instrumentation, imaging and processing

The approach presented here makes use of FLIM images acquired
from the lumen side of fresh postmortem human coronary segments.
These artery segments were obtained from 23 autopsy cases within 48 h
of the time of death, according to a protocol approved by the Texas A&
M University Institutional Review Board (IRB2015-3017M). The mul-
tispectral FLIM system used in this work was previously described in
Ref. [30]; however, only the signal collected from the 494 + 20.5nm
spectral channel was used for the identification of macrophages. The
excitation source for the FLIM system is a frequency tripled Q-switched
Nd:YAG pulsed laser (excitation wavelength: 355 nm; repetition rate:
12.5kHz; pulse width: 2 ns; pulse energy at the sample: 1pJ). The
fluorescence intensity at the aforementioned spectral emission was
detected with a micro-channel-plate photomultiplier (transient time
spread: 25 ps) and digitized at a sampling frequency of 4 GHz. The
lateral resolution was 120 um, and the field of view was 16 x 16 mm?.
FLIM images were acquired at a pixel rate of 12.5 kHz.

The fluorescence lifetime maps were computed from the time-re-
solved fluorescence signal measured at each pixel using a standard in-
strument response deconvolution method [31]. The fluorescence decay
response was assumed to follow a bi-exponential model (Eq. (1)), and
an iterative nonlinear least square model parameter estimation was
applied. The average fluorescence lifetime for each pixel (Eq. (2)) was
estimated from the deconvolved fluorescence decay [32].

Bi-exponential model:
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2.2. FLIM database

The database consists of FLIM images of 80 artery segments (from
23 subjects) with their corresponding histological sections stained with
CD68 for labeling macrophages (246 histological sections in total). The
artery segments were obtained from subjects that not necessarily died
from atherosclerosis. The histology sections were cut from specific
points previously inked on the right side of the artery lumen, in order to
match the histology and the FLIM images (Fig. 1A). The top edge of the
artery was also inked and a small notch was made at the bottom to help
find the correct orientation. Each dot corresponds to a specific row
index in the FLIM image (magenta line in Fig. 1B), which is linked to a
corresponding CD68 stained immunohistological section (Fig. 1C).
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Fig. 1. Artery inking procedure and the correlation to the FLIM images.
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C) Histology-based classification vector
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(A) Photograph of a sample artery segment with the inked dots at the right side; the inked top edge and the bottom notch were used for orientation; the red dotted
line indicates the approximate location of one of the tissue sections cut for histology. (B) Lifetime map (0-10 ns) of the 494 * 20.5 nm channel with a magenta line
indicating the correspondence of the row index with the first inked dot on the artery. (C) CD68 stained immunohistological section corresponding to the first inked
dot and a graphic representation of the histology-based classification vector derived from lumen classification marks.

2.3. Immunobhistological evaluation

CD68 staining was used to identify the presence of macrophages in
the imaged coronary segments (Fig. 1C). Each CD68 stained histology
section was visually evaluated (using Aperio ImageScope histology
software from Leica Biosystems) for the presence of macrophages
(MAC) by three researchers with expertise in histopathology and im-
munohistochemistry of coronary atherosclerosis (J.A.J., L.M.B., and
D.V.), as follows: for each section, segments of the surface lumen were
marked as either positive or negative for MAC presence (individual
scattered cells were considered negative) within the intima area defined
between the lumen and up to ~200um deep. The lengths of these
segments were converted to proportions by dividing each segment
length by the total length of the section's lumen. These proportions
were used to generate a binary vector of size equal to the number of
pixels in the corresponding row of the FLIM map, in order to label each
FLIM pixel as either negative (0) or positive (1) for the presence of
superficial MAC (gold standard labels).

2.4. Linear correlation analysis

Each histology section was divided in regions of interest (ROI) of
~500 um long and ~200 um deep (Fig. 2B). The percentage of CD68
staining of each ROI was visually estimated and used to quantify su-
perficial MAC density. The mean values of the average fluorescence
lifetime for each ROI was computed from the corresponding rows in the
FLIM lifetime maps. Pearson linear correlation analysis was performed

Linear Correlation
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to test and quantify the linear correlation between the two variables. A
p-value of less than 0.05 was chosen to indicate a significant linear
correlation between CD68-based superficial MAC density and plaque
lumen autofluorescence lifetime.

2.5. FLIM based detection of superficial macrophage infiltration

We have previously reported that the endogenous fluorescence
emission from atherosclerotic plaques presenting lipids and macro-
phage accumulation show long lifetime values at wavelengths longer
than ~450nm [27]. Based on these observations, the proposed ap-
proach for detecting superficial macrophage infiltration is simply based
on applying a threshold to the fluorescence lifetime values estimated
from endogenous FLIM images acquired in the spectral channel of
494 = 20.5nm. The optimization of the fluorescence lifetime
threshold was performed by applying the following Receiver Operating
Characteristic (ROC) curve analysis. By applying a fluorescence lifetime
threshold to each annotated FLIM map row (Fig. 1B), a corresponding
FLIM-based classification vector was generated, where each pixel was
assigned to either 1 (MAC positive: pixel-lifetime = threshold-lifetime)
or 0 (MAC negative: pixel-lifetime < threshold-lifetime). The classifi-
cation performance estimated from matched CD68-based (gold stan-
dard) and FLIM-based binary classification vectors using different life-
time threshold values (from O to 12 ns, in steps of 0.08 ns) were then
used to generate an ROC curve. An optimal fluorescence lifetime
threshold value that would maximize classification accuracy while
balancing sensitivity and specificity for detecting the presence of

Fig. 2. Linear correlation plot (A) of the percentage of CD68 staining and the mean value of the average lifetimes of longitudinal ROI (~ 500 pm long and ~ 200 pm

deep) of the artery sections (B).
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superficial macrophages accumulation was selected from the generated
ROC curve.

2.6. Cross validation

Two different cross-validation strategies were applied to estimate
the classification performance of the proposed method. First, a 10-fold
cross-validation method was performed as follows. The FLIM data from
the 80 coronary segments were randomly split into 10 subsets, each
from a random set of 8 coronary segments. At each of the 10 folds, an
optimal lifetime threshold was identified by performing ROC analysis
on nine of the 10 subsets, and the optimal lifetime threshold was ap-
plied to the data from the one testing subset not included on the ROC
analysis. Values of overall classification accuracy, and sensitivity and
specificity for detecting superficial MAC were then calculated from the
pixel level classification of the testing subset data. After the 10 folds
were performed, mean, standard deviation and median values were
computed from the 10 estimations of overall classification accuracy,
sensitivity, and specificity.

Second, a leave-one-subject-out cross-validation method was per-
formed as follows. At each fold, an optimal lifetime threshold was
identified by performing ROC analysis on the data from 22 out of the 23
subjects, and the optimal lifetime threshold was applied to the data
from the one testing subject not included on the ROC analysis. Values of
overall classification accuracy, and sensitivity and specificity for de-
tecting superficial MAC were then calculated from the pixel level
classification of the testing subject data. After the 23 folds were per-
formed, mean, standard deviation and median values were computed
from the 23 estimations of overall classification accuracy, sensitivity,
and specificity.

3. Results
3.1. Linear correlation analysis

The correlation plot in Fig. 2A illustrates the strength of the linear
correlation between ROI-percentage of CD68 staining in the histological
images and the corresponding ROI-mean fluorescence average lifetime
value from 24 randomly selected artery sections showing different de-
grees of superficial MAC density. Pearson linear correlation analysis on
these two variables showed a statistically significant (p < 10~ *!) and
strong (R = 0.8463) linear correlation between MAC density (ROI-
percentage of CD68 staining) and the fluorescence lifetime value (ROI-
mean fluorescence average lifetime) at the 494 + 20.5nm emission
band.

3.2. Threshold selection based on ROC analysis

The ROC curve (Fig. 3A) revealed an optimal fluorescence lifetime
threshold of 6 ns, resulting in 91.56% accuracy, 87.92% sensitivity, and
91.83% specificity for detecting superficial MAC accumulation. The
sample histograms in Fig. 3B shows two different distributions for the
lifetime pixel values of the MAC and No-MAC groups identified using
the CD68-based labeling (gold standard). Although the sample histo-
grams of these groups show some overlap, they can clearly be separated
by the selected fluorescence lifetime threshold of 6 ns (red dotted line in
Fig. 3B).

3.3. Cross validation

The results of the two cross-validation strategies described in sec-
tion 2.6 are shown in Table 1, which reports mean, standard deviation
(S.D.) and median values of the estimates of overall classification ac-
curacy, sensitivity and specificity for each fold. Overall, these estimates
indicate values higher than 85% for the overall classification accuracy,
sensitivity and specificity for detecting regions of atherosclerotic
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plaques with superficial macrophage accumulation.
3.4. Classification map

Once the optimal fluorescence lifetime threshold has been selected
on the training dataset, the threshold can be applied to new fluores-
cence lifetime maps to generate binary classification maps highlighting
the areas of the artery where superficial MAC accumulation has been
identified. Fig. 4 shows examples of classification maps corresponding
to three artery segments with varying degrees of MAC density. The first
column (left) shows the fluorescence lifetime maps estimated from the
endogenous FLIM images acquired in the spectral band of
494 = 20.5nm. The second column shows the color-coded binary
classification maps, where pixels classified as having superficial MAC
accumulation are shown in maroon, while pixels classified as not
having superficial MAC accumulation are shown in green. The black
(positive for MAC) and white (negative for MAC) lines superimposed on
both the fluorescence lifetime and classification maps represent the
CD68-based binary gold standard classification vector corresponding to
each CD68 stained histology section (S1 to S9). The third column shows
the CD68 stained histology sections (S1 to S9), where the red and green
lines on the lumen indicate positive and negative for macrophage CD68
staining, respectively.

Sample 1 (Fig. 4A-C) corresponds to a coronary plaque segment
showing extended areas with superficial MAC accumulation. The life-
time map (Fig. 4A) exhibits lifetime values in the range of 4-12 ns, and
the superimposed CD68-based binary vector (black and white lines)
show that areas with long fluorescence lifetime values correspond to
positive CD68 staining (black segments). The binary classification map
(Fig. 4B) indicates that the majority of the intimal surface shows de-
tected superficial MAC accumulation, which is mostly in agreement
with the histological sections (S2—S3) showing extended CD68 stained
regions (Fig. 4C). However, the automated classification for S1 led to
~40% false positives (magenta arrow in Fig. 4B), which might be due
to scattered MAC infiltration and/or imperfect spatial registration of
the histology section on the FLIM map.

Sample 2 (Fig. 4D-F) corresponds to a coronary plaque segment
showing focal areas with superficial MAC accumulation. The lifetime
map (Fig. 4D) exhibits a large center area (and other much smaller
ones) of long lifetime values, surrounded by areas with lifetime values
around or below 5 ns. The superimposed CD68-based binary vector
(black and white lines) show that the large center area with long
fluorescence lifetime values corresponds to positive CD68 staining
(black segments). The binary classification map (Fig. 4E) exhibits a
large center area (and other much smaller ones) with detected super-
ficial MAC accumulation, which is in agreement with the histological
sections (S4—S7) showing CD68 stained regions in the center area of the
coronary segment (Fig. 4F).

Sample 3 (Fig. 4G-I) corresponds to a coronary plaque segment
without superficial MAC accumulation. The lifetime map (Fig. 4G)
shows homogenous spatial distribution of lifetime values around or
below 5 ns (except for two small focal areas with lifetime values ~ 6ns),
corresponding to negative CD68 staining indicated by the superimposed
CD68-based binary vector (white line). The binary classification map
(Fig. 4H) indicates almost no presence of detected superficial MAC
accumulation (except for two small false positive focal areas, magenta
arrows), which is in agreement with the histological sections (S8—S9)
showing no perceivable CD68 stained areas (Fig. 41).

3.5. Intravascular FLIM based detection of superficial macrophage
infiltration

To demonstrate intravascular detection of superficial macrophage
accumulation, intravascular FLIM imaging of a fresh coronary segment
was performed using an intravascular FLIM system with lateral re-
solution of < 100um and pull-back velocity > 10 mm/s [33]. The
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Fig. 3. (A) ROC curve showing the identified optimal threshold (6 ns, red dot). (B) Sample histograms of the average lifetime values of the MAC and No-MAC groups
identified based on the CD68-based labeling. The red dashed line indicates the 6 ns threshold. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

intravascular FLIM image of this coronary segment was acquired at a
pull-back velocity of 10mm/s using an excitation wavelength of
375nm and an emission spectral band of 525 *+ 25nm. The imaged
coronary segment was ink marked to allow the approximate determi-
nation of both the longitudinal position and orientation of the histo-
logical section produced with respect to the intravascular FLIM image.
Changes in the distance between the catheter and the vessel wall were
not controlled neither accounted for; therefore, there is almost certainly
variation in pixel size as a function of radial position that was not
corrected for. Nevertheless, it was possible to clearly identify areas with
long autofluorescence lifetimes in the intravascular FLIM image
(Fig. 5A) that correlated with plaques areas with significant superficial
CD68 staining in the corresponding histological section (Fig. 5C), as
indicated by the red arrows. The optimal threshold of 6 ns previously
identified was applied to the intravascular FLIM image in order to
generate a color-coded binary classification map, where areas classified
as having superficial MAC accumulation are shown in maroon (Fig. 5B),
which also correspond to areas with positive CD68 staining (Fig. 5C), as
indicated by the red arrows.

4. Discussion

This study first demonstrated a strong linear correlation between
the intimal autofluorescence lifetime measured at an emission band of
494 + 20.5nm and the degree of superficial macrophage accumula-
tion (section 3.1; Fig. 2). These results suggest the feasibility for de-
veloping calibration curves that could enable quantifying the degree of
superficial macrophage accumulation based on endogenous in-
travascular FLIM imaging. Since fluorescence lifetime measurements
are insensitive to light intensity sensing artifacts, a potential technology
for quantifying superficial macrophage infiltration based on FLIM
would have significant advantage over other optical methods, including
intravascular near infrared spectroscopy (NIRS) [34].

This study also demonstrated that an optimal threshold applied to

Table 1
Cross-validation analysis.

the intimal autofluorescence lifetime measured at an emission band of
494 + 20.5nm enables the accurate detection of superficial macro-
phage accumulation within coronary atherosclerotic plaques (section
3.2-3.3; Fig. 3). By applying this threshold to endogenous FLIM images
of coronary atherosclerotic plaques, intimal regions with significant
superficial macrophage accumulation can be directly detected and vi-
sualized (section 3.4; Fig. 4).

In addition to its capability to accurately detect superficial macro-
phage accumulation, another significant advantage of this method is its
simplicity. Since this method only requires measuring the auto-
fluorescence lifetime of the intima at a single emission spectral band,
the required intravascular FLIM instrumentation can be greatly sim-
plified. As the detection of superficial macrophage accumulation re-
quires just comparing the measured intimal autofluorescence lifetime to
a threshold lifetime value, detection and visualization of intimal regions
exhibiting significant superficial macrophage accumulation can be
performed in real time. Based on our linear correlation results, we are
also currently developing a calibration curve that would enable quan-
tifying the degree of superficial macrophage accumulation based on
endogenous intravascular FLIM imaging. This simple quantitative
method could potentially enable real-time quantification and visuali-
zation of the degree of superficial macrophage accumulation.

The results of this study demonstrate that endogenous FLIM imaging
can enable accurate assessment of plaque superficial macrophage in-
filtration, a key biomarker of plaque destabilization. Therefore, when
used in conjunction with and/or integrated to other noninvasive and/or
intravascular imaging modalities that can assess other key biomarker of
plaque destabilization, endogenous FLIM imaging has the potential to
play a key role in the clinical prediction of future coronary events.

The main limitation of this study is that the FLIM images used for
quantifying the accuracy of our proposed method were acquired from
cut opened fresh human coronary segments using a bench top FLIM
imaging system. Although we have successfully applied this method to
an intravascular FLIM image from a fresh human coronary segment

10-fold (n = 10)

Leave-one-subject-out (n = 23)

Accuracy % Sensitivity %

Specificity %

Accuracy % Sensitivity % Specificity %

Mean * S.D.
Median

88.71 + 6.3
87.82

81.77 = 23

89.73 87.73

889 + 7.2

86.4 = 11.7
88.51

82.29 + 29.4
94.11

86.46 * 13.4
91.69
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Fig. 4. Classification result of three sample artery segments with varying degrees of superficial MAC accumulation.

(A, D, G) Fluorescence lifetime maps estimated from the endogenous FLIM images acquired in the 494 + 20.5nm emission spectral band. (B, E, H) Color-coded
binary classification maps, where pixels classified as having superficial MAC accumulation are shown in maroon, while pixels classified as not having superficial MAC
accumulation are shown in green. The black and white lines on the lifetime and classification maps represent the CD68-based binary classification vector for each
histology section (S1 to S9). (C, F, I) Photographs of each CD68 stained histological sections, where the red and green lines on the lumen indicate positive and

negative for macrophage CD68 staining (gold standard).

(section 3.5; Fig. 5), a more extensive intravascular FLIM imaging va-
lidation is required. Another limitation is the limited interrogation
depth (~200 um) of endogenous FLIM plaque imaging; however, since
macrophage infiltration within the thin cap of fibroatheromas is a
particularly relevant biomarker of plaque vulnerability, this limitation
can actually be advantageous. The presented preliminary results from
intravascular FLIM data are already encouraging, as they suggest that
the same fluorescence lifetime threshold identified using the benchtop
FLIM data enabled detecting plaque areas with significant macrophage
infiltration in spite of the mentioned differences in the FLIM imaging
systems. These results also highlight the advantage of fluorescence
lifetime measurements which are less sensitive to intensity artifacts,
such as those potentially introduced by variations in the catheter/
vessel-wall distance.

125

It is very likely that more than one endogenous fluorophore con-
tributes to the plaque autofluorescence emission at the selected emis-
sion spectral band (494 + 20.5nm). However, regardless of which
specific fluorophores contribute to the plaque autofluorescence emis-
sion at this specific emission spectral band, the results of this study
clearly indicate that: i) plaque areas with superficial CD68 staining
present long fluorescence lifetime values, and ii) the plaque auto-
fluorescence lifetime enables the accurate detection of plaque areas
with significant superficial CD68 staining. The scavenger receptor CD68
can be significantly upregulated in macrophages responding to in-
flammatory stimuli and is able to bind and internalize oxLDL [35].
Therefore, plaque areas with significant CD68 staining can indicate the
presence of macrophages and/or oxLDL, which can be reliably assessed
by endogenous FLIM imaging as demonstrated in this study. Our data
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Fig. 5. Validation results on intravascular FLIM scan of fresh coronary segment.
(A) The autofluorescence lifetime map measured at an emission spectral band of 525 + 25 nm shows different areas of long lifetime values (> 6 ns). (B) The optimal
threshold of 6ns was applied to the autofluorescence lifetime map in order to generate a color-coded binary classification map (Maroon: superficial MAC accu-
mulation; Green: no superficial MAC accumulation). (C) Histological section taken from the approximate location marked by dashed lines in (A) and (B) shows two
regions: thick intima with significant CD68 staining corresponding to MAC positive area in the classification map (red arrow); thin intima with minimal CD68
staining corresponding to a MAC negative area in the classification map (blue arrow). Scale bar: 1 mm.

showed that the autofluorescence lifetime measured from the lumen of
the plaques can identify plaque areas that show positive CD68 staining
(sensitivity and specificity > 80%), which is an accepted (although not
perfect) immunohistological staining for detecting macrophages in
atherosclerotic plaques. Moreover, we observed that negative CD68
stained histological sections considered in our analysis corresponded to
a variety of histopathological conditions including intimal thickening,
fibrotic plaque, fibroatheroma with a thick fibrotic cap, and fibro-cal-
cific plaque, which are all characterized by minimal macrophage in-
filtration.

Although the spatial resolution of the intravascular FLIM imaging
system was limited (~100 um), it is perfectly possible to design an
intravascular FLIM imaging system with significantly better optical
resolution (< 50 um). As the optical resolution gets better, however,
the number of pixels needed to image an equivalent area will increase,
resulting in longer imaging time. Therefore, there is a tread-off between
the optical resolution and the imaging speed of the intravascular FLIM
imaging system. In order to attain practical imaging speeds for in-
travascular imaging (in the order of 10's mm/s pullback speed), we
have kept the optical resolution at ~100 pm; nevertheless, we continue
improving the specifications of our intravascular FLIM imaging sys-
tems. Alternatively, two-photon excitation (2 PE) FLIM would enable
interrogating deeper into the coronary plaque with superior spatial and
axial resolution; however, currently available laser, optical fiber and
signal acquisition technologies are still not mature enough to enable the
implementation of two-photon FLIM as a practical intravascular ima-
ging modality.

A major disadvantage of our proposed approach is its invasiveness.
Although noninvasive imaging modalities have the potential for ima-
ging plaque macrophages, they still present several hurdles, particularly
when focused on small and constantly moving coronary arteries, in-
cluding the need of radiation exposure and exogenous contrast agents,
limited spatial resolution, and susceptibility to motion artifacts [20].
Endogenous intravascular FLIM imaging, on the other hand, has the
spatial resolution, sensitivity and specificity needed to enable the reli-
able detection of superficial macrophage accumulation in coronary
plaques. Nevertheless, both noninvasive and intravascular imaging
modalities could play different but complementary key roles in the pre-
clinical and clinical imaging of macrophages in coronary athero-
sclerotic plaques, and potentially in the clinical management of CAD
patients.

Macrophages play an important role in the development and de-
stabilization of advanced atherosclerotic plaques [11]; hence, the
clinical imaging of macrophage content in advanced plaques could
potentially aid in identifying patients most at risk of future clinical
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events [12]. Several promising alternative therapeutic strategies tar-
geting proatherogenic mechanisms in macrophages are currently being
explored; therefore, the pre-clinical and clinical imaging of macrophage
content in advanced plaques will also be essential for assessing efficacy
of potential therapeutic strategies before committing to expensive and
long-term end point trials [12]. Our novel and simple endogenous FLIM
based method for detecting and potentially quantifying the presence
and degree of superficial macrophage content in atherosclerotic plaques
thus has great potential to become an intravascular imaging tool for
assisting with both identifying patients most at risk of future clinical
events and assessing efficacy of potential therapeutic strategies.
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