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Cardiovascular diseases in general and atherothrombosis as the most common of its individual
disease entities is the leading cause of death in the developed countries. Therefore, visualization
and characterization of inner arterial plaque composition is of vital diagnostic interest, especially
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for the early recognition of vulnerable plaques. Established clinical techniques provide valuable
morphological information but cannot deliver information about the chemical composition of
individual plaques. Therefore, spectroscopic imaging techniques have recently drawn consider-
able attention. Based on the spectroscopic properties of the individual plaque components, as for
instance different types of lipids, the composition of atherosclerotic plaques can be analyzed
qualitatively as well as quantitatively. Here, we compare the feasibility of multimodal nonlinear
imaging combining two-photon fluorescence (TPF), coherent anti-Stokes Raman scattering
(CARS) and second-harmonic generation (SHG) microscopy to contrast composition and mor-
phology of lipid deposits against the surrounding matrix of connective tissue with diffraction
limited spatial resolution. In this contribution, the spatial distribution of major constituents of
the arterial wall and atherosclerotic plaques like elastin, collagen, triglycerides and cholesterol
can be simultaneously visualized by a combination of nonlinear imaging methods, providing a
powerful label-free complement to standard histopathological methods with great potential for
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in vivo application.
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1. Introduction

Atherosclerosis is the leading cause of death in
western countries.! Due to risk factors, such as fatty
diets, smoking, aging and oxidative stress, endo-
thelial cells become susceptible to permeation and
deposition of various lipids circulating through the
bloodstream, as well as crystalline calcium.? This
process initiates a chronic inflammation of the
vessel wall and is followed by a migration of
monocytes, a type of white blood cells that differ-
entiate into macrophages, which are responsible for
lipid incorporation within tissues. If these cells are
overwhelmed with the metabolic stress, the sub-
sequent cell death and cellular debris contributes to
the arterial swelling.” Continuous swelling can lead
to the rupture of these plaque deposits, with often
fatal consequences such as heart attack or stroke.?*
The composition of inner arterial plaques can
vary with the influence of various risk factors, as
for instance hypertension, hyperlipidemia, insulin
resistance, smoking or adipositas. Furthermore,
different types of medication also have an influence
on makeup and evolution of these deposits.
Conventional histopathological protocols, such
as staining with hematoxylin/eosin (H&E), Ver-
hoeff-Van Gieson or Oil-Red, are used to contrast
such plaque deposits against connective tissue
and to some extent are able to distinguish the most
common plaque components, such as cholesterol or
crystalline calcium. For #n vivo noninvasive diag-
nosis, contrasting tools commonly used in medical
imaging as for instance magnetic resonance imaging
(MRI) or X-ray angiography are available. For

invasive diagnosis, catheter-based techniques such
as intravascular ultrasound (IVUS) and optical
coherence tomography (OCT) probes are already
established for clinical application.” All of these
techniques provide black and white contrast but are
very limited with respect to both spatial resolution
and biochemical information.® In order to obtain
qualitative and quantitative insight, several spec-
troscopic techniques have been suggested, which
may be coupled to microscopes for comparison with
standard histopathology or endoscopes for applica-
tion in vivo. Because of high sensitivity and label-
free imaging capability nonlinear micro-spectroscopic
techniques are very promising. Collagen can be
easily imaged by second-harmonic generation
(SHG) microscopy due to its noncentrosymmetric
molecular structure, which is rare for biological
molecules. Lipids, which strongly contribute to
plaque deposits, have a very high scattering cross
section and give rise to very strong coherent anti-
Stokes Raman scattering (CARS) signals.”” Auto-
fluorescence can also deliver additional information
about the composition of plaques and provide a
label-free contrast method for elastic fibers in the
arterial walls. Various experiments on this topic
have already been reported so far. Lipid accumu-
lating macrophages have been observed by CARS
microscopy on porcine aorta and hyperlipidemic
rabbit aorta thin sections in combination with SHG
and two-photon fluorescence (TPF).'%"!* Crystal-
line cholesterol, which can be built up over time in
the intra- as well as extra-cellular space and may
potentially injure surrounding connective tissue,
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can be visualized by either CARS or stimulated
Raman scattering (SRS), which was demonstrated
also in combination with SHG.'*'% For endoscopic
in vivo applications, Raman spectroscopy also in
combination with fluorescence and diffuse reflec-
tance spectroscopy have been suggested.'”!'® Since
the likeliness of severe cardiovascular disease de-
pends critically on the composition of the plaque
deposition, imaging techniques offering molecular
contrast are required. In this contribution, we con-
firm that major constituents of the arterial wall and
atherosclerotic plaques can be simultaneously visu-
alized and characterized by a combination of non-
linear imaging methods. In addition, we provide
evidence that the CARS effect gives rise to signals
from all lipid components of the plaque formation,
whereas SHG reveals cholesterol and cholestero-
lesters, by using Raman microscopy.

2. Materials and Methods
2.1. Rabbit model

Animals: In combination with other investigations,
17 adult male New Zealand White rabbits (Harlan,
Borchen, Germany) were studied. To generate
atherosclerotic changes of the vascular system,
rabbits were fed with a 0.5% cholesterol diet for
different periods (7-10 weeks). For the nonlinear
imaging experiments, different positions of six
aortas were investigated.

Animal Sacrifice/Pressure Perfusion/ Sample Pre-
paration: The rabbits were sacrificed by an overdose
of the anesthetic solution of ketamine and xylazine.
With a vertical thoracic to abdominal incision, the
aorta was prepared and a perfusion cannula was
inserted into the descending aorta. A 150 mL mix-
ture of 10% hydroxyethyl starch (Fresenius Kabi
Deutschland GmbH, Bad Homburg, Germany) and
1% procain in ratio of 10:1 was used for vessel fix-
ation, followed by a 0.9% saline (Fresenius Kabi
Deutschland GmbH, Bad Homburg, Germany)
pressure perfusion over 15min at 100 mmHg. The
complete aorta was excised and preserved in 5%
formalin solution (Oscar Fischer GmbH, Saar-
briicken, Germany) for further ez wivo nonlinear
imaging acquisitions. Thin (5 um thick) tissue cross
sections were prepared using a microtome with-
out standard embedding material to avoid strong
signal contributions from the commonly used poly-
meric embedding matrix. The aortas were fixed in

Nonlinear imaging of atherosclerotic plaques

formalin, to prevent the sample from degradation
after the extraction. Formalin cross-links the pro-
teins of the sample and has among the established
fixation techniques the least effect on lipids.

Tissue cross sections were placed on CaF5 slides
to avoid strong fluorescence from regular glass
during the Raman measurements. For multimodal
imaging of the inner arterial wall, the blood vessel
was cut along the direction of the blood flow.
In order to have the inner arterial wall exposed,
for the inverse microscopic setup, the tissue
was sandwiched in a small chamber between two
microscope cover slips. The sample was immersed in
a physiological buffer during the measurement in
order to prevent denaturation and shrinkage due to
drying.

2.2. CARS and TPF microscopic
imaging

The employed setup for CARS microscopy has been
described in detail elsewhere.'” Briefly, the laser
source consists of a Ti:Sapphire laser (Mira HP from
Coherent) pumped by a Nd:Vanadate laser (Verdi-
V18 from Coherent) at 532 nm. The Ti:Sa oscillator
generates 2 ps-pulses at a wavelength of 830 nm (full
with at half maximum (FWHM) ~ 1.5nm), a rep-
etition rate of 76 MHz and an average power of ap-
proximately 3 W. A 60:40 beam splitter divides the
laser beam into two parts: one part is used as Stokes
and is further attenuated; the other one pumps an
optical parametric oscillator (APE Berlin, Germany)
to provide the pump pulse at 669.5 nm with a FWHM
of about 0.7 nm and a typical output power of 150—
200 mW for the two-color CARS scheme.?’ A delay
stage, a retro-reflector and a dichroic mirror (LP 800,
Omega optics 3rd mill, USA) are used to recombine
pump and Stokes laser temporally and spatially. The
two beams are sent into a laser scanning microscope
(LSM 510 Meta, Zeiss, Germany). The laser radi-
ation is focused by an objective (Epi-plan neofluar,
Zeiss, Germany) with 20-fold magnification and a NA
of 0.5 onto the object plane. The anti-Stokes signal at
561 nm depends on the sample detected in either
forward (aorta cross sections) or in Epi-direction (z-
stacks of aorta vessel wall) by a photomultiplier tube
(Hamamatsu R6357) after separating the excitation
beams through short-pass filters (Omega Optical, 3rd
millennium, USA). CARS, TPF and SHG images of
aorta cross sections were recorded first in mosaic
modus in order to scan a large area of multiple
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images. Each CARS image had a field of view of 450
%450 pm? and a resolution of 1024 x 1024 pixels. At
locations of interest, further images were acquired.
For in vitro imaging of whole arterial walls immersed
in buffer, depth profiles (z-stacks) were measured,
recording 15 optically sectioned images separated by
5 um each. The pixel dwell time was 1.6 us resulting
in an acquisition time per image plane of 3 to 4 min
including an 8-fold averaging. The power at the
objective pupil of both lasers was 60 mW.

TPF imaging was performed simultaneously to
the acquisition of CARS microscopic images illu-
minating the sample with both Stokes and pump
beams (830.7 and 669.5 nm, respectively) enabling
two photon excitation of tissue endogenous fluor-
ophores absorbing in the blue-UV range of the
spectrum, e.g., NADH and elastin. The TPF signal
was detected in the backward direction using a de-
scanned photomultiplier in the scan module. For
removal of the excitation laser, two short-pass filters
with cutoff at 615 and 545 nm were used and the
fluorescence emission was detected in the 435-
485 nm range using a bandpass filter.

2.3.

For SHG imaging, only the laser at 830 nm was used
and the signal was detected in both forward and
backward directions by non-descanned photo-
multiplier tube (PMT) modules. For filtering a
combination, a short-pass filter at 610nm and a
narrow bandpass filter at 415 nm with a FWHM of
3nm (Omega Optical, USA) were employed in both
channels. SHG images were obtained by summing the
signals detected in the two channels. For thick tissue
specimens, only backward detection was used. For
post-processing of the CARS, TPF and SHG images
ImageJ (National Institutes of Health, Bethesda,
MD, USA) was employed.

SHG microscopic imaging

2.4. Raman imaging

Raman images were acquired using a Confocal
Raman Microscope Model CRM alpha300R, (WITec,
Ulm, Germany). Excitation at 785nm (about
10mW at the sample) is provided by a diode laser
(Toptica Photonics AG, Grifelfing, Germany).
The exciting laser radiation is coupled into a Zeiss
microscope through a wavelength-specific single
mode optical fiber. The incident laser beam is
collimated via an achromatic lens and passes a

holographic bandpass filter before it is focused onto
the sample through the objective of the microscope.
A Zeiss EC Epiplan air objective (50 x /0.95NA)
was used in the studies reported here. The sample is
located on a piezo-electrically driven microscope
scanning stage with a radial resolution of about
3nm (+5nm repeatability), and an axial resolution
of about 0.3nm (+2nm repeatability). The sample
is scanned through the laser focus in a raster pattern
at a constant stage speed. The continuous motion
prevents sample degradation in the focal point of
the laser beam due to over exposure. Spectra were
collected at a 1 ym grid with a dwell time of 0.25s.
Raman images were generated using a spectral
unmixing algorithm based on vertex component
analysis, which has been previously introduced for
data analysis of biological samples.?*-*?> Calculations
were carried out wusing the MatLab software
(MathWorks Inc., Natick, MA, USA).

3. Results

An H&E stained histopathology image of an arterial
cross section with severe plaque formation is shown
in Fig. 1(a). Clearly visible are deposits along the
lumen of the aorta. Figure 1(b) shows a CARS
image of an adjacent section recorded in resonance
with the CH stretching modes of methylene groups
especially abundant in lipids at 2850 cm~!. Appar-
ently, all lipid deposits within the lumen result in a
strong CARS signal, whereas the connective tissue
of the media generates a significantly lower signal
which is not visible on this intensity scale. Thus,
CARS at 2850cm™! selectively highlights plaque
formations. Figure 1(c) shows a TPF image of the
same section acquired simultaneously. Various bio-
logical molecules give rise to a strong fluorescence
signal, which in the range of 670 to 830 nm may also
be excited by means of two-photon excitation. In
connective tissues, explicitly elastin gets excited
with two photons, because of absorption properties
in the blue range of the spectrum. Distinctly
noticeable are the fibrous organization of the con-
nective tissue in the media as well as the loose tissue
of the lumen. In contrast to the CARS signals, TPF
images both the protein structures of the mem-
branes of the arterial wall and the plaques, since
elastin in the protein fibers and oxidized lipopro-
teins in the plaque deposits give rise to fluorescence.
Figure 1(d) shows the SHG signal collected from the
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Fig. 1.

Nonlinear imaging of atherosclerotic plaques

H&E stained histopathological image of a cross section of a rabbit aorta (a) in comparison with CARS (b), TPF (c¢) and

SHG (d) images acquired from an adjacent section. Clearly noticeable are severe plaque deposits along the intima (I) and the lumen
(L). Also visible are the media (M) and adventitia (A). The image shown in (e) is an overlay of the CARS (red), TPF (cyan) and

SHG (yellow) signals. The scale bars are 0.5 mm.

same section. Interestingly, most of the structures
provide a strong SHG signal. Because of the sym-
metry properties of collagen, again the connective
tissue of the media and the adventitia are visible.
Surprisingly, most intense signals are also observed
from the lipid deposits. By comparing the SHG with
the CARS image it is evident that there is a strong
overlap between both signals, of about 80%, within
the plaque areas. However, especially the plaque
regions on the right part of the cross section show
no SHG signal at all. Figure 1(e) is an overlay of the
three channels, showing the CARS signal in red, the
TPF signal in cyan and the SHG signal in yellow.
The overlapping regions of the CARS and the SHG
signals appear now in orange.

To obtain further information about the plaque
composition and to assess the chemical origin of the
differences revealed by CARS and SHG images,
Raman images were acquired within regions where

both signals were detected and where only CARS
was observed. In Fig. 1(e), the regions are indicated
as (I) and (IT), respectively. An enlarged area of (I)
and (II) can be seen in Figs. 2(a) and 2(b), re-
spectively. The corresponding Raman images are
shown in Figs. 2(c) and 2(d) along with the as-
sociated spectral information plotted in the graphs
2(e) and 2(f). The Raman images were recon-
structed using a spectral decomposition algorithm
that searches for the most dissimilar spectral infor-
mation within the dataset. The abundances of the
spectral information are plotted in corresponding
false colors scale. Based on the spectral information,
the main plaque component within region (I) can be
clearly assigned to cholesterol and cholesterol ester,
whereas the overwhelming plaque component in
(II) can be assigned to triglycerides. Spectra (a)
and (b), corresponding to the green and yellow
regions in the Raman image, exhibit all the
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Fig. 2. Multimodal images of CARS (red), TPF (cyan) and SHG (yellow) signals of the two areas marked (I) and (II) in Fig. 1 and
Raman images (c) and (d) of the indicated areas along with the associated spectral information plotted in (e) and (f). Within the
Raman images, the spectra and the associated distribution of cholesterol esters are shown in yellow (a), cholesterol in green (b) and
triglycerides in red (d). The surrounding connective tissue is plotted in cyan [(c) and (e)].

spectral features of cholesterol, as for instance the
CH stretching between 2800 and 3100 cm ™!, the
C=C stretching of the double bond at 1650 cm !
or the deformations of the steran skeleton, very
rich in Raman bands within the lower wavenumber
region. Cholesterol esters can be distinguished
spectroscopically by the C=0O stretching of the
ester linkage at 1745cm™!. The distribution of
cholesterol and cholesterol esters are shown in
green and yellow, respectively. Spectrum (d) shows
all characteristic features of triglycerides. Both
spectra have overlapping band positions; however,
the spectral contrast is obvious. The spectra (c)
and (e) mainly consist of protein bands and the
distribution, plotted in cyan depicts the fine
structure of the surrounding connective tissue.
More detailed spectral assignments can be found in
the literature.?*2°

For potential endoscopic in wvivo applications,
visualization of the arterial wall perpendicular to
the blood flow may be of interest, to address the
issues of penetration depth and different focal

planes of CARS, TPF and SHG. In order to inves-
tigate this top viewing approach, the section adja-
cent to the above-described cross section was
prepared as described in Sec. 2. Figure 3 shows an
example of CARS (a), TPF (b) and SHG (c) images
of that section and an overlay (d), recorded under
the same conditions as images of the cross section.
The field of view is 450 x 450 um?. A z-stack of
images was obtained by scanning in 5 um step size,
100 um into the tissue, starting from the top. The
images were constructed using a maximum inten-
sity projection in the direction of the z-axis. The z-
profile of the images is projected along the axes of
the individual images in Fig. 3. Again, the CARS
and SHG images reveal plaque deposits, whereas
the TPF signal shows the connective tissue of the
vessel wall visualized by SHG/TPF. The CARS and
SHG images are super-imposable to a great extent,
but are not identical. In addition to the structures
revealed by SHG, the CARS image shows smaller
more spherical plaque deposits. Considering the
above-described Raman assignment, it is reasonable
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Fig. 3.

CARS (a), TPF (b) and SHG (c) images of a plaque recorded as a zstack of about 100 pm into the tissue at a step size of

5 pm. Image (d) is an overlay of all three signals, whereby the CARS signal is plotted in red, the TPF signal in cyan and the SHG
signal in yellow. The field of view is 450 x 450 um?2. The scale bars are 100 um. Image intensity and contrast of the three images in
(a), (b) and (c) were properly adjusted before merging them in the overlaid image (d).

to assume that these are deposits mainly composed
of triglycerides. In the overlaid image the CARS,
TPF and SHG images are depicted in red, cyan and
yellow, respectively. Areas with CARS and SHG
signal contribution appear in pink. The image also
shows small CARS and TPF overlapping signals,
which appear in yellow. Here, the distribution of the
connective tissue and the fatty deposits are not
completely resolved.

The possibility to selectively image cholesterol
deposition in the arterial wall using SHG mi-
croscopy was demonstrated using multimodal non-
linear imaging and confirmed by Raman spectral
assignment. Additional examination performed on
a thick tissue sample, imaged with the optical
axis perpendicular to the blood flow provided ad-
ditional support to this hypothesis. In Fig. 4(a), a

multimodal nonlinear image combining CARS
(red), TPF (cyan) and SHG (yellow) acquired at a
depth of about 40 ym from sample surface is shown.
The field of view is 450 x 450 um?2. As observed
in Fig. 3, CARS and SHG images reveal plaque
deposits, whereas TPF shows the connective tissue
of the arterial wall. A small pink-colored rod is
clearly distinguishable in the center of the image. A
more detailed view of this particular structure is
depicted in Fig. 4(b), where the small red square in
Fig. 4(a) is reported on a magnified scale. This
particular structure was found to provide strong
CARS and SHG signals, as demonstrated by the
Figs. 4(c) and 4(d), where the CARS and the SHG
images are separately shown. This formation is
thought to be a cholesterol crystal deposited within
the arterial wall. The CARS signal is due to the CH
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Fig. 4. CARS (red), TPF (cyan) and SHG (yellow) composed
color image (a) recorded with en face optical geometry at a
depth of about 40 um from tissue surface. The particular image
within the red square is shown on a magnified scale in (b).
Cholesterol crystal within atherosclerotic plaque deposition (b).
Image of the CARS signal (c) and SHG signal (d) of the image
shown in B. Scale bars are 20 ym. Image intensity and contrast
of the three images composing Fig. (a) was properly adjusted
before merging them in the overlaid image (a) in order to
highlight the fact that the cholesterol crystal located in the
inset is emitting both CARS and SHG.

stretching vibrations, while the strong SHG signal
observed is probably due to the nonlinear optical
properties of cholesterol as well as to the regular
molecular arrangement in a crystalline structure.

4. Discussion

CARS, TPF and SHG images were obtained from
thin cross sections, as well as from bulk plaque
formations at the inner arterial wall. Whereas the
CARS signal, recorded in resonance with the
maximum of the CH stretching vibrations of
methylene groups predominant in lipids detected
plaque deposits mainly composed of cholesterol,
cholesterol ester and/or triglycerides, TPF revealed
protein structures composed of elastin and oxidized
lipids within the plaques. The results are in good
agreement with earlier studies. Interestingly, SHG
signals were generated from connective tissue as
well as from plaque areas. It is well established that
collagen, because of the symmetry of the triple
helical arrangement of its protein strands, gives rise
to strong SHG signals. Recently, it has been
reported that crystalline cholesterol and cholesterol
esters without crystalline structure can generate

frequency doubling.!” The Raman images clearly
show, that cholesterol esters and cholesterol,
although non crystallized, can co-localize in the
plaque areas investigated here. It is not clear why
these structures can cause SHG signals. However,
the SHG sensitivity to plaque deposits that contain
cholesterol derivatives is obvious.

The comparison between plaque areas which
exhibited CARS and SHG signals, with areas that
showed CARS but no SHG signals, using Raman
microscopy clearly showed the difference in sensi-
tivity with respect to deposits composed of trigly-
cerides. Here, the amorphous structure of the fatty
droplets does not produce SHG. Instead, because
of the strong scattering cross sections of the ali-
phatic side chains of the triglycerides, fatty deposits
can be easily detected by CARS. An interesting side
observation is that although the rabbits were
exposed to a heavily enriched cholesterol diet, tri-
glycerides apparently also contributed to the plaque
formations.

It was possible to collect three-dimensional image
stacks with penetration depths of about 100 um
into the plaques, for the experimental conditions
described here, employing approximately 60 mW,
which are considered to be physiologically feasible.
The focal plane of TPF and SHG signal are intrin-
sically the same because both signals get simul-
taneously excited by the 830 nm beam. Apparently,
the SHG signals revealed almost exclusively the
cholesterol/cholesterol ester rich plaque formations
and not the underlying tissue matrix. A possible
reason for that observation could be due to the epi-
detection geometry that only allows detecting
backward-emitted SHG light. Although in thick
samples the signal can be enhanced by the back-
scattered forward-emitted SHG, this is probably
not enough to provide a reasonable signal level.
However, why it was not possible to detect SHG
signals from collagen fibrils, is not entirely clear,
since Ko et al. did observe strong SHG signals from
collagen fibrils.'? In comparison to their findings,
the deposits investigated here, were more pre-
dominant. Thus, one possibility is that the signals
are overlaid by the strong SHG signals from
cholesterol/cholesterol esters. Furthermore, the
group detected the lipid deposits exclusively by
CARS, which indicates that the deposits were
mainly composed of triglycerides.

At the moment, from the cardiologists’ point of
view, it is particularly important to distinguish
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vulnerable from stable plaque deposits. Because
common medication primarily treats risk factors,
such as blood pressure and circulating lipids
altogether, differentiating between triglycerides and
cholesterol /cholesterol esters is not of key interest in
regard to systemic treatment. However, given the
development of potential local treatments, as for
instance coated balloon or stent dilatation, sub-
classification of the lipid content may become very
important.

It is important not only to detect an existing
plaque, but also to characterize the biochemical
composition. Two aspects may be addressed in ap-
plications in humans. First of all, the possibility to
distinguish vulnerable plaques from stable plaques
in order to estimate the risk associated with the
plaque formation. Secondly, a more personalized
medication may be possible. Today patients are
prescribed a combination of up to a dozen drugs,
which often cause side effects. For a better charac-
terization of the plaque compositions, the very
specific spectral information obtained by Raman
spectroscopy is of great advantage compared with
the nonlinear techniques.

In conclusion, multimodal nonlinear imaging can
represent a powerful label-free adjunct to standard
histopathological methods for the analysis of arterial
tissue. As demonstrated in this work, a combination
of various nonlinear imaging modalities such as
CARS, TPF and SHG has the potential to highlight
various tissue features simultaneously, providing an
optimal morphological correlation with common
routine histology. Nonlinear imaging offers the
strong advantage of a better resolution and contrast
with respect to H&E labeling. In addition, different
imaging techniques are able to selectively image
various tissue components such as the connective
tissue in the arterial wall and plaque deposition, with
a potentially higher depth penetration than demon-
strated here. In particular, SHG microscopy was
found to be selective in imaging both crystalline
cholesterol and cholesterol esters without crystalline
structure within the deposition. The reason why the
SHG signals are generated from cholesterol esters is
theoretically not fully understood. The main obser-
vation from the correlation with the Raman exper-
iments is that cholesterol esters do give rise to SHG
signals, whereas triglycerides, chemically also ester
compounds do not.

The capability to image the arterial wall through
the plaque deposition using an en face geometry was

Nonlinear imaging of atherosclerotic plaques

demonstrated as well. On the behalf of this result
and considering the recent advancements for the
realization of a nonlinear optical endoscope,’® we
believe that this approach could be used in vivo in
the near future.
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