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Abstract. Arterial tissues collected from Ossabaw swine bearing
metabolic syndrome-induced cardiovascular plaques are character-
ized by multimodal nonlinear optical microscopy that allows coher-
ent anti-Stokes Raman scattering, second-harmonic generation, and
two-photon excitation fluorescence imaging on the same platform.
Significant components of arterial walls and atherosclerotic lesions,
including endothelial cells, extracellular lipid droplets, lipid-rich
cells, low-density lipoprotein aggregates, collagen, and elastin are im-
aged without any labeling. Emission spectra of these components are
obtained by nonlinear optical microspectrometry. The nonlinear opti-
cal contrast is compared with histology of the same sample. Multimo-
dal nonlinear optical imaging of plaque composition also allows iden-
tification of atherosclerotic regions that are vulnerable to rupture risk.
The demonstrated capability of nonlinear optical microscopy for
label-free molecular imaging of atherosclerotic lesions with 3-D sub-
micrometric resolution suggests its potential application to the diag-
nosis of atherosclerotic plaques, determination of their rupture risk,
and design of individualized drug therapy based on plaque

composition. © 2007 Society of Photo-Optical Instrumentation  Engineers.
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1 Introduction

Cardiovascular diseases such as ischemic heart attack and
stroke are the leading cause of morbidity and mortality, which
accounted for 37% of all death in the U.S in 2003. The direct
and indirect treatment cost for cardiovascular diseases was
projected to exceed $400 billion in 2006." Atherosclerosis is
the major underlying process leading to cardiovascular
diseases.’ Like other complex human diseases, atherosclerosis
progressively develops over time. Its initiation is character-
ized by the deposition of low-density lipoprotein (LDL), in-
filtration of monocytes, and maturation of monocytes into
LDL-engulfing macrophages in the subendothelial layer of the
intima. The lesions progress into plaques when smooth
muscle cells infiltrate the intima, and collagen fibrils, and
lipid particles deposit in the extracellular space. In advanced
stages, lipid-rich necrotic cores, calcium deposits, and intimal
thickening are often observed.” Although the most obvious
impact of advanced atherosclerotic lesions is stenosis, clinical
complications generally come from plaque rupture and throm-
bosis, leading to myocardial infarction and stroke.*” It has
been shown that pathological behaviors of plaques depend not
only on their sizes but also on their compositions of collagen
fibrils, lipid droplet deposits, and lipid-rich cells.*®

Current clinical detection and evaluation of atherosclerotic
plaques are performed using a number of techniques such as
magnetic resonance imaging, X-ray angiography, intravascular
ultrasound (IVUS), and optical coherence tomography
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(OCT).” While providing cross sectional mapping of plaque
morphology and thickness, these techniques lack either ad-
equate resolution or specificity necessary to analyze plaque
composition and structural organization.” Standard histologi-
cal analysis provides sufficient resolution and chemical speci-
ficity, but it mainly relies on excised arterial tissues, which is
not a viable option for clinical diagnosis. Due to such limita-
tions, it is not yet possible to determine the rupture risk or
design individualized drug treatments for patients based on
the composition of their atherosclerotic lesions. New imaging
technologies are clearly needed for plaque diagnosis with 3-D
spatial resolution, high sensitivity, and chemical selectivity.
For chemically selective analysis of atheroma, a number of
technologies, including fluorescence spectroscopy,lo’11 near-
infrared spectroscopy,12 Raman spectroscopy,m’14 fluorescence
imaging,” and laser speckle imaging_/,!,16 have been used to
study the distinct chemical changes associated with athero-
genesis. Recently, nonlinear optical (NLO) microscopy
emerged as a viable means for 3-D molecular imaging of
tissues and live animals.'”"® The three major types of NLO
imaging tools include two-photon excitation fluorescence
(TPEF), second-harmonic generation (SHG), and coherent
anti-Stokes Raman scattering (CARS) microscopy. Benefited
from the versatility of fluorescent labels, TPEF microscopy
has been used for imaging of endothelial and smooth muscle
cells."” TPEF microscopy has also been used to image elastin
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fibers based on their intrinsic autofluorescence. Being se-

lective to noncentrosymmetric structures, SHG microscopy
has been used to probe collagen fibrils.”> Relying on Raman
resonance enhancement, CARS microscopy permits chemi-
cally selective imaging of specific endogenous molecules
without labeling.23 CARS microscopy is particularly sensitive
to lipid-rich structures because of their high-density CH
bonds. Recently, CARS microscopy has been applied to im-
age cellular membranes, myelin sheath, and lipid droplets in-
side adipocytes.ﬂ_26

Although a number of laboratories have used TPEF and
SHG microscopy to image arterial walls,'* 272 Jabel-free
NLO imaging of atherosclerotic lesions has not been reported.
A typical atherosclerotic lesion consists of extracellular lipid
deposits, lipid-rich cells, and collagen fibers.’ Therefore, it is
conceivable that multimodal microscopy capable of CARS,
SHG, and TPEF imaging on the same platform will enable
characterization of plaque composition and structural organi-
zation at molecular details. Because NLO microscopy pro-
vides intrinsic 3-D submicrometric resolution,'® its applica-
tion to characterize atherosclerotic lesions should advance
the diagnostic capability beyond the existing 2-D imaging
modalities.

We demonstrate the capability of multimodal NLO micros-
copy for label-free imaging of atherosclerotic lesions by using
an Ossabaw swine model of metabolic syndrome-induced ar-
terial diseases.””" Because human and swine cardiovascula-
ture are nearly identical, swine are ideal models for studies of
obesity and diabetes-associated cardiovascular diseases. An
advantage of the Ossabaw swine model is that cardiovascular
disease can be predictably produced.zg’30 This unique feature
gives us access to a large pool of arterial samples with ath-
erosclerotic lesions for imaging. We collected iliac arteries,
where high incidence of plaque formation was detected with
IVUS, and imaged the composition of plaques and normal
arterial walls using CARS, SHG, and TPEF modalities. We
obtained cross sectional images of atherosclerotic plaques,
and validated the NLO contrast with standard histological
analysis. We also obtained luminal images of atherosclerotic
plaques, which lay the foundation for application of NLO
endoscopy to clinical diagnosis of cardiovascular diseases.

2 Methods

2.1 Metabolic Syndrome-Induced Cardiovascular
Diseases Ossabaw Pig Model

Historically, Ossabaw swine were abandoned on isolated Os-
sabaw Island, Georgia, more than 500 years ago by the Span-
ish explorers. Due to the harsh living conditions in the wild,
they evolved a thrifty genotype, which permits more efficient
food utilization. This genotype permits the animals to store
large amounts of fat during times of abundance and to survive
long periods of famine.”'*> When fed a high-fat, high-
cholesterol diet and given little exercise, they quickly become
obese with a body fat mass five times higher than animals on
a low-fat diet. Long duration of excessive obesity leads to the
development of type 2 diabetes and eventually cardiovascular
diseases.”** In our experiment, male Ossabaw pigs were di-
vided into two diet groups: a control diet group (lean, n=7)
and a high-fat diet group (obese, n=7). Lean pigs were fed a
normal maintenance diet (7% kcal from fat), and obese pigs
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were fed with a high-fat diet (45% kcal from fat and 2%
cholesterol). Pigs were on their respective diets for 57 weeks,
then body composition, glucose tolerance, and plasma lipids
were assessed. IVUS was used to diagnose plaques in both
coronary and iliac arteries. Compared with lean animals,
obese swine showed 2-fold greater (plasma insulin X glu-
cose) concentrations, 4.1-fold greater total cholesterol, 1.6-
fold greater postprandial triglycerides, 4.6-fold greater low- to
high-density lipoprotein cholesterol ratio, hypertension, and
plaque formation in iliac arteries (data not shown). Iliac arter-
ies were harvested and kept in 10% buffered formalin for
nonlinear optical imaging.

2.2 Nonlinear Optical Imaging

A multimodal nonlinear optical (NLO) microscope that allows
CARS, SHG, and TPEF imaging on the same platform is
diagrammed in Fig. 1. Two tightly synchronized Ti: sapphire
lasers (Mira 900, Coherent Incorporated, Santa Clara, Califor-
nia) were used for CARS imaging. Both lasers have pulse
duration of 2.5 ps and operate at 78-MHz repetition rate. The
two beams at frequencies of w, (pump) and w, (Stokes) were
parallel polarized and collinearly combined. A Pockels’ cell
(model 350-160, Conoptics, Danbury, Connecticut) was used
to reduce the repetition rate to ~4 MHz. The combined
beams were directed into the scanning box (FV300) of a con-
focal microscope (IX70, Olympus, Melville, New York) and
focused into a sample through a 60X water immersion micro-
scope objective with a 1.2 numerical aperture. Back reflected
signal was collected by the same objective, spectrally sepa-
rated from the excitation source by a dichroic mirror
(670dcxr, Chroma Technologies, Rockingham, Vermont),
transmitted through a 600/65-nm bandpass filter (42-7336,
Ealing Catalog Incorporated, Rocklin, California), and de-
tected by a photomultiplier tube (PMT, H7422-40,
Hamamatsu, Japan) mounted at the back port of the micro-
scope. For CARS imaging of lipids, the pump laser (wp) was
tuned to around 14240 cm™! and the Stokes laser (w,) to
around 11400 cm™!. Their wave number difference w,— W
=2840 cm™! matched the Raman shift of symmetric CH,
stretch vibration. For SHG and TPEF imaging, a femtosecond
laser (800 nm, 200 fs) at 78 MHz (Mira 900, Coherent Incor-
porated, Santa Clara, California) was used for excitation.
SHG and TPEF signals were detected by the same PMT
mounted at the back port. Bandpass filters 375/50 nm and
520/40 nm (Chroma Technologies, Rockingham, Vermont)
were used to transmit the SHG signal from collagen and the
TPEF signal from elastin and oxidized LDL particles, respec-
tively. Total acquisition time for each image was 1.12 s. Im-
ages were analyzed using FluoView software (Olympus,
Melville, New York).

2.3 Nonlinear Optical Microspectroscopy

A spectrometer (Shamrock 303i, Andor Technology, Belfast,
Ireland) equipped with an electron-multiplying charge-
coupled device (EM-CCD) was installed at the back port of
the microscope (Fig. 1). To acquire spectra for the compo-
nents of an atherosclerotic lesion, a CARS, TPEF, or SHG
image was first acquired using the appropriate excitation laser
sources. The laser beam was focused into a position of interest
in the sample by using the point-scan mode. The point-scan
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Fig. 1 A multimodal multiphoton microscope that allows CARS, SHG, TPEF imaging and spectral analysis on the same platform. C: combiner. DM:

dichroic mirror. FM: flip mirror. M: mirror. PMT: photomultiplier tube.

action externally triggered the spectrometer to record a spec-
trum of NLO signals arising from the focused area.

2.4 Nonlinear Optical Imaging Condlitions

Arterial tissues submerged in formalin were placed in a glass-
bottom chamber for imaging at room temperature. For CARS
imaging, the total power of Stokes and pump lasers at the
sample was set at 4 mW. For SHG and TPEF imaging of
arterial tissues, the laser power at the sample was set at
40 mW at 800-nm excitation wavelength. Although we did

not observe any noticeable photodamage to the samples, a
lower laser power setting (~5 mW) is preferred for future
experiments to avoid the risk of laser-induced damages.”**’

2.5 Histology Analysis

After immersion fixation, sections of the iliac arteries were
routinely processed. Paraffin-embedded sections of 5 um
were mounted on glass slides and stained with hematoxylin
eosin. Histology sections were stained with Masson’s
trichrome, Verhoeff-Van Gieson, or Oil Red O to assess col-

Fig. 2 CARS imaging of an atherosclerotic iliac artery from an obese Ossabaw pig. (a), (b), and (c) Depth imaging of red blood cells (RBC), blood
lipid deposits (BL), endothelial cells (EC), and lipid-rich cells (LC) in an affected area. (d) CARS imaging of lipid-rich cells in another affected area.
(e) and (f) A lipid-rich cell stained with Oil Red O and imaged with (e) CARS and (f) TPEF. Images were acquired from luminal views with a

60X water immersion objective. Scale bars: 5 um.
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Fig. 3 SHG imaging and histology of healthy and atherosclerotic iliac arteries from Ossabaw pigs. (a) Cross sectional and (b) luminal views of
collagen in a healthy arterial wall. (c) Histology of a healthy iliac artery stained for collagen (blue) using Masson’s trichrome stain. (d) Cross
sectional and (e) luminal views of collagen in an atherosclerotic artery. (f) Histology of an atherosclerotic artery stained for collagen using Masson’s
trichrome stain (blue). SHG images were acquired with a 20X air objective. Histology images were acquired with a 40X air objective. Scale bars:

75 um. (Color online only.)

lagen, elastin, and lipid deposit, respectively. Histology im-
ages were acquired using a Nikon Eclipse E400 microscope
(Nikon Corporation, Tokyo, Japan) equipped with a 40X air
objective and a Spot Insight Camera (Diagnostic Instrument,
Incorporated, Sterling Heights, Michigan).

3 Results

As lipid is a main component of atherosclerotic lesions, we
first applied CARS microscopy to image lipid in the iliac
arteries of Ossabaw pigs. To visualize lesions from arterial
lumen view, we sliced iliac arteries along the longitudinal
direction and placed flattened arteries on a glass surface, such
that the lumen faced the 60X water immersion objective on
an inverted microscope. The wave number difference between
the pump and Stokes lasers, w,— w;, was tuned to 2840 cm™!,
the peak of the CARS band for the symmetric CH, stretch
vibration. In arteries of an obese Ossabaw pig, strong CARS
signals were detected at different depths (Fig. 2). Red blood
cells and blood lipid deposited over a monolayer of endothe-
lial cells were detected at the lumen surface [Fig. 2(a)]. Lipid
droplet enriched cells resembling foam cells were found at
great depths [Figs. 2(b) and 2(c)]. The concentration of lipid-
rich cells varied from one affected area to another [Fig. 2(d)].
The presence of lipid-rich cells were further confirmed by Oil
Red O staining [Figs. 2(e) and 2(f)]. It is worth mentioning
that lipid-rich cells can be derived from either macrophage
cells or smooth muscle cells.** Being a sensitive probe of
lipid bodies,” CARS provides a way of imaging lipid-rich
cells exclusively. Furthermore, CARS imaging allowed visu-
alization of endothelial cells at the surface of atherosclerotic
lesions [Fig. 2(a)]. This detection sensitivity was probably due
to an effective reflection of forward CARS signals from en-
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dothelial cells by the condensed plaque components. Such
enhanced back refection of the forward signal was observed
in CARS imaging of mouse skin tissues in vivo.” Together,
the observations shown in Fig. 2 suggest that CARS micros-
copy is a highly sensitive and specific tool for the detection of
atherosclerotic lesions.

In addition to lipid deposition and accumulation of lipid-
rich cells, another feature of atheroma is the presence of a
matrix rich in collagen fibrils.>® Hence, we applied SHG mi-
croscopy to image collagen fibrils in the arterial wall and
atherosclerotic lesions. A femtosecond laser centered at
800 nm was used for excitation. Epi-reflected SHG signal
was collected through a 375/50-nm bandpass filter. In normal
arteries, collagen fibers were observed to be aligned parallel
to one another from both cross sectional and luminal views of
the vessel [Figs. 3(a)-3(c)]. On the contrary, collagen fibers in
an atheroma appeared disordered from a luminal view [Fig.
3(e)] and perpendicular to those in the arterial wall from a
cross sectional view [Figs. 3(d) and 3(f)]. Based on integrated
SHG intensities, the density of collagen in atheroma was
higher than that in arterial walls by as much as four times. The
density and orientation difference of collagen fibers between
healthy artery wall and plaque was verified by histological
evaluation of arterial sections treated with Masson’s trichrome
stain [Figs. 3(c) and 3(f)]. These observations showed that
SHG can be used to identify atherosclerotic lesions based on
collagen fibril density and orientation.

The elastin fibrils, a major component of the internal elas-
tic membrane, were shown to give a strong autofluorescence
signal.”®?” Using a femtosecond laser at 800 nm for excita-
tion and a spectrometer attached to our NLO microscope (Fig.
1), we observed a relatively broad two-photon autofluores-
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SHG/TPEF

Fig. 4 SHG and TPEF cross sectional images of healthy and atherosclerotic iliac arteries from Ossabaw pigs. (a) SHG image of collagen and (b)
TPEF image of elastin in a healthy artery. Inset: Emission spectra of SHG signals from collagen (green) and TPEF signals from elastin (red). (c)
Overlaid image of (a) and (b) with collagen (green) and elastin (red). (d) SHG image of collagen and (e) TPEF image of elastin in an atherosclerotic
artery. (f) Overlaid image of (d) and (e) with collagen (green) and elastin (red). Images were acquired with a 20X air objective. Scale bars: 75 um.

(Color online only.)

cence band that peaked at 502 nm”™ and a sharp SHG band
that peaked at 400 nm [Fig. 4(b), inset]. The autofluorescence
signals were assigned for elastin and collagen by spectral
analysis of Verhoeff-Van Gieson stained elastin bands (Fig. 5)
and Masson’s trichrome stained collagen fibrils [Fig. 3(c)],
respectively. It should be noted that there are variations in the
literature on elastin emission maxima, which includes 480 and
495 nm.”™*" There are two possible reasons for the variation
between our reported value and those referenced. First, our
elastin spectrum might have contributions from other arterial
components. For instance, Zoumi et al. showed a red shift of
the spectrum for elastin when mixed with smooth muscle
cells.”’ However, because we centered the focal volume
within the internal elastic membrane, the contribution of other
arterial components should be minimal. Second, there are in-
trinsic variations arising from different spectrometers used.
The second explanation is most likely given the difference in
equipment and experimental settings between our laboratory
and those of referenced literature. Therefore, we would
present 502 nm as the peak value of elastin under our experi-
mental conditions.

With spectral selectivity of the collagen SHG signal and
elastin autofluorescence signal, TPEF and SHG imaging of
arteries from a cross sectional view was carried out to analyze
distribution of elastin and collagen in an atheroma. The col-
lagen and elastin contrasts were clearly distinguished from
one another (Fig. 4). In a healthy artery, it was shown that
collagen fibers were mostly located within the tunica media,
delimited by an intact internal elastic membrane [Figs.
4(a)-4(c)]. In contrast, in a diseased artery, collagen fibers
were found to extend beyond an interrupted internal elastic
membrane [Figs. 4(d)—4(f)]. To further quantify the depth dis-
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tribution of TPEF and SHG signals, we performed NLO im-
aging of arteries from a luminal view. Consistent with the
described cross sectional view of a healthy artery, we ob-
served that TPEF signal of elastin appeared first, then both
collagen and elastin appeared at a greater depth from the lu-

Fig. 5 Verhoeff-Van Gieson (VVG) stained elastin fibers of an iliac
arterial wall. Histology image was acquired with a 40X air objective.
Scale bar: 75 um. TPEF spectrum of a VVG stained elastin band and
SHG spectrum of Masson’s trichrome stained collagen fibrils acquired
with microspectrometry are shown in the inset of Fig. 4(b). Stained
elastin and collagen yielded the same spectra as those unstained in
fresh tissues (data not shown).
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Fig. 6 Depth characterizations of healthy and atherosclerotic iliac ar-
teries from Ossabaw pigs. (a) and (b) Luminal view of elastin (red)
and collagen (green) in a healthy artery at two different depths from
the lumen. (c) Depth intensity profiles of elastin (red) and collagen
(green) in a healthy artery. (d) and (e) Luminal view of elastin (red)
and collagen (green) in an atherosclerotic lesion at two different
depths from the lumen. (f) Depth intensity profile of elastin (red) and
collagen (green) in an atherosclerotic lesion. Images were acquired
with a 20X air objective. Scale bars: 75 um. (Color online only.)

men [Figs. 6(a) and 6(b)]. The peak intensity for collagen
appeared at approximately 7 um deeper than that for elastin.
On the contrary, TPEF and SHG signals appeared together
from the lumen surface of an artery with atheroma [Figs.
6(d)-6(f)]. The different depth distribution of collagen and
elastin between healthy artery and atheroma was clearly seen.
These results show that multimodal SHG and TPEF imaging
enables a clear demarcation between normal arterial wall and
atheroma based on the order of appearance of their respective
signals.

During multimodal imaging of atherosclerotic lesions, we
observed strong TPEF [Fig. 7(a)] and CARS [Fig. 7(b)] sig-
nals from particles inside lipid-rich cells. Interestingly, al-
though most TPEF signals colocalized with the CARS signals,
far more particles were detected with CARS than TPEF [Fig.
7(c)]. To have a better understanding of these two signals, we
performed microspectroscopy analysis of single TPEF or
CARS active particles using a spectrometer installed at the
back port of our microscope and appropriate excitation laser
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Fig. 7 Characterization of oxidized LDL aggregates and lipid droplets
in lipid-rich cells of an atherosclerotic plaque by TPEF and CARS
microscopy. (a) TPEF image of oxidized LDL aggregates and (b) CARS
image of lipid droplets in an atherosclerotic lesion. Images were ac-
quired with a 20X air objective. Scale bars: 25 um. (c) Overlay of the
TPEF (green) and CARS (red) images. (d) Emission spectra of TPEF
signals from oxidized LDL aggregates (green) and CARS signals from
lipid droplets (red). (Color online only.)

sources (Sec. 2 Methods, Fig. 1). Figure 7(d) shows a broad
TPEF band that peaks at 525 nm and a narrow CARS band at
600 nm. The origin of the observed TPEF signal can be ex-
plained as follows. In a typical lipid-rich cell, cholesterol es-
ters of oxidized LDL particles are hydrolyzed to free choles-
terol and fatty acid.” Free cholesterol molecules are then
transported to the membrane and effluxed to extracellular re-
ceptors in a process described as reverse cholesterol transport.
When extracellular cholesterol receptors are limiting, excess
cellular cholesterol is re-esterified by acyl coenzyme A: acyl-
cholesterol transferase, and deposited in the cytosol as in-
soluble lipid droplets.*® Because oxidized LDL particles have
been shown to have a strong autofluorescence spectrum
around 500 and 540 nm,""’ they most likely give rise to the
observed TPEF signals from lipid-rich cells, whereas CARS
signals should arise from both cholesterol-rich LDL particles
and lipid droplets, which are rich in CH, groups. To verify
this assignment, we recorded two-photon autofluorescence
spectra of purified LDL particles (LP2-2MG, Chemicon) at
different stages of oxidation. An emission maximum at
517 nm was observed after oxidation with CuSOy, for 24 h
(Fig. 8). This value is close to our reported value of 525 nm
for oxidized LDL in lipid-rich cells [Fig. 7(d)]. However, lipid
particles in lipid-rich cells showed a broader two-photon au-
tofluorescence band [Fig. 7(d)]. The difference in spectral
maxima and shape is likely due to lipid particles comprising
different stages of oxidized LDL. Another reason is that fluo-
rescent components other than LDL are present in the excita-
tion volume. Additionally, LDL purified from plasma and oxi-
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Fig. 8 Two-photon autofluorescence spectra of purified native LDL
(blue) and LDL oxidized with CuSO, for 3 h (green) and 24 h (red).
Purified human LDL purchased from Chemicon (LP2-2MG) was di-
luted to a final concentration of 1 mg/ml with PBS buffer (native) or
10 uM of CuSQy, in PBS buffer for oxidation. LDL samples were incu-
bated at 37°C. LDL spectra were acquired over the oxidation process
using a microspectrometer described in Fig. 1. Oxidation of LDL red
shifted the emission spectra. Complete LDL oxidation was observed at
24 h after CuSO, addition. (Color online only.)

dized with CuSO4 might be different from oxidized LDL in
lipid-rich cells that use different means of oxidation. In sum-
mary, Fig. 7 shows the ability of our setup to monitor oxi-
dized LDL particles and lipid droplets in the same lipid-rich
cell by TPEF and CARS, respectively. As lipid-rich cells are

becoming an important target for therapeutic intervention,*®

this capability would be crucial to assay the functional activ-
ity of lipid-rich cells.

The rupture risk of an atheroma is associated with a thin
collagen fibrous cap, increased extracellular lipid droplet de-
posits, and abundance of lipid-rich cells.**7*® To test whether
multimodal NLO imaging is able to identify plaque rupture
vulnerability, we performed SHG imaging of collagen, TPEF
imaging of oxidized LDL, and CARS imaging of lipid-rich
cells and extracellular lipid droplets within an atheroma. The
results for a specific region are shown in Figs. 9(a) through
9(d). Based on the location of the internal elastic membrane
detected with TPEF and the orientation of collagen fibrils de-
tected with SHG, this atheroma was determined to be approxi-
mately 375 um thick. Based on CARS and TPEF signal in-
tensity as a function of the image field of view, the majority of
extracellular lipid and lipid-rich cell CARS signals appeared
within 200 wm of the arterial lumen [Fig. 9(d)]. The density
of extracellular lipid and lipid-rich cells in subendo-
thelial space is further confirmed by histology of an athero-
sclerotic lesion stained for lipid with Oil Red O [Fig. 9(e)]. In
addition, a significant reduction of collagen density was ob-
served in the area of the affected intima where lipid-rich cells
were located [Fig. 9(f)]. This observation is consistent with
previous findings on lipid-rich cells’ secretion of proteases
that degrade the extracellular matrix.> In summary, Fig. 9
showed that a region vulnerable to rupture risk could be
clearly detected by NLO imaging of atheroma composition. In
addition, as plaque rupture vulnerability is predicted based on
the concentration of collagen fibrils and lipid-rich cells near
the arterial lumen [Figs. 9(d) and 9(f)], NLO imaging should
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Fig. 9 Characterization of atherosclerotic plaques vulnerable to rupture by multimodal NLO microscopy. (a), (b), and (c) Cross sectional images of
(a) collagen (SHG), (b) lipid-rich cells, and extracellular lipid droplets (CARS), and (c) elastin and oxidized LDL aggregates (TPEF). (d) Overlay of
CARS (red), SHG (green), and TPEF (blue) images. (e) Histology of an atherosclerotic lesion stained with Oil Red O. (f) Average SHG (collagen,
green), TPEF (oxidized LDL aggregates and elastin, blue), and CARS (lipid-rich cells and extracellular lipid droplets, red) intensity as a function of
atheroma thickness. Images were acquired with a 20X air objective. Scale bars: 75 um. (Color online only.)
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Fig. 10 Imaging rupture vulnerability of an atheroma. Gray panels: SHG imaging of a whole artery to determine degree atheroma. The artery was
rotated at approximately a 30-deg angle for each frame. The degree atheroma of this artery is 180 deg (from 210 to 360 deg). Color panels: SHG
(green) and TPEF (red) evaluation of an affected area vulnerable to rupture. These images showed that lipid-rich cells were concentrating toward
the lumen and one shoulder region of an atheroma (340 deg). Collagen density at this shoulder area (340 deg) was also drastically reduced. Cross
sectioned images acquired with a 20X air objective. Scale bars: 75 um. (Color online only.)

be capable of analyzing rupture risk, despite its inherent limi-
tation in penetration depth.lg’38

Further, SHG and TPEF imaging of an entire atheroscle-
rotic artery was performed to determine the relative position
of a vulnerable region within an atheroma (Fig. 10). Based on
SHG imaging of collagen fibrils orientation in arterial wall
and atheroma, the atheroma was found to occupy half of the
artery (from 210 to 360 deg, Fig. 10). Combined SHG imag-
ing of collagen fibrils and TPEF imaging of oxidized LDL
aggregates showed a significant increase of oxidized LDL
density accompanying a marked reduction of collagen fibrils
concentration at one shoulder region of this atheroma (Fig.
10, color panel 340 deg). This observation suggests that the
rupture risk of this atheroma is highest at one shoulder region.
The rupture risk of plaque at shoulder regions has been pre-
viously observed with histological analysis.2 Hence, multimo-
dal NLO imaging of plaque composition permits identifica-
tion of specific regions vulnerable to rupture within an
atheroma without any labeling.
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4 Discussion

Like many complex human diseases, atherosclerosis is af-
fected by a number of risk factors. Among them are genetic
susceptibility, high blood cholesterol level, diabetes, obesity,
high-fat diet, smoking, and lack of exercise.” Although ge-
netic susceptibility accounts for a high percentage of athero-
sclerosis incidence within a population, variations in disease
incidence in population migration studies suggest that envi-
ronmental factors play a large role in disease etiology.39 In
addition, the impact on atherosclerosis by interactions of the
risk factors is not simply additive, but rather exponentially
ampliﬁed.2 The complex disease etiology is reflected in inter-
individual variations in response to drug therapy. For ex-
ample, statin, a drug that lowers blood cholesterol levels, fails
to prevent up to 70% of the incidence of acute coronary
syndrome.38 Moreover, drugs that target the expression or
function of a protein vary significantly in their intended effect
in patients due to individualistic variations in both genomic
makeup and postgenomic events. 4
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In light of interindividual variations in disease etiology,
progression, and response to drug therapy, the challenge of
modern medicine lies in individualized disease diagnosis and
intervention. One opportunity for individualized diagnosis can
be derived from molecular imaging of atherosclerotic lesions
by multimodal NLO microscopy. As shown in this work,
CARS, SHG, and TPEF imaging enable label-free 3-D visu-
alization of various significant components of plaques such as
extracellular lipid deposits, oxidized LDL aggregates, lipid-
rich cells, collagen, and elastin. Application of microspec-
trometry to spectrally separate NLO signals further suggests
the potential use of spectral imaging to quantify plaque com-
position. In addition, multimodal NLO imaging is able to
identify areas with atherosclerotic plaques that are vulnerable
to rupture risk. These capabilities, when employed in a clini-
cal setting, could allow diagnosis of different stages of ath-
erosclerotic lesions as well as determination of their vulner-
ability to rupture, and enable design of treatment strategies
that are best suited to each patient.

The imaging results described also provide useful informa-
tion for the development of multiphoton endoscopy,*' which
holds great promise in clinical diagnosis of atherosclerotic
lesions. First, we showed that atheroma could be visualized
by NLO signals in a label-free manner. Label-free imaging
overcomes the challenges of inefficient diffusion and nonspe-
cific targeting of exogenous fluorophores in the complex in-
vivo environment. Second, our data suggest that sensitivity
and accuracy of NLO endoscopic diagnosis can be signifi-
cantly improved by multimodality acquisition and analysis of
two-photon autofluorescence, SHG, and CARS signals from
the same area. Third, because SHG and CARS do not require
electronic resonance, longer excitation wavelengths can be
used, which would minimize mutiphoton absorption-induced
photodamage. Moreover, photobleaching can be eliminated
with SHG and CARS endoscopy. Finally, we anticipate that
label-free multiphoton endoscopy can be coupled with cur-
rently used imaging modalities such as OCT and IVUS”® on
the same catheter-based platform. This combination would
create a multimodal imaging tool that is capable of cross sec-
tional morphology mapping with OCT and IVUS, and 3-D
submicrometric molecular imaging of plaque composition
with multiphoton endoscopy.
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