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ABSTRACT

Carotid atheromatosis is causally related to stroke, a leading cause of disability and death. We present the analysis of a
human carotid atheroma using a novel hybrid microscopy system that combines optical-resolution optoacoustic
(photoacoustic) microscopy and several non-linear optical microscopy modalities (second and third harmonic generation,
as well as, two-photon excitation fluorescence) to achieve a multimodal examination of the extracted tissue within the
same imaging framework. Our system enables the label-free investigation of atheromatous human carotid tissue with a
resolution of about 1 um and allows for the congruent interrogation of plague morphology and clinically relevant
constituents such as red blood cells, collagen, and elastin. Our data reveal mutual interactions between blood embeddings
and connective tissue within the atheroma, offering comprehensive insights into its stage of evolution and severity, and
potentially facilitating the further development of diagnostic tools, as well as treatment strategies.
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1. INTRODUCTION

Stroke is one of the major causes of morbidity and mortality in the western world. Carotid artery atherosclerosis and its
complications is the main culprit of stroke, rendering the intensive investigation of atheroma pathology and
pathophysiology a critical need?. Ischemic stroke secondary to carotid atherosclerosis is a frequent medical emergency
that needs urgent treatment. In this respect, an atheromatous plaque, which progressively accumulates within the sub-
endothelial layer (intima) of the affected artery, becomes complicated and causes an acute thrombotic luminal occlusion
and cerebral ischemia. On the quest for a reliable method to early detect lesions strongly precipitating to acute ischemic
events, identifying the mechanisms underlying plaque formation and rupture is of critical need.

Over the last decades, many theories have been developed regarding the pathogenesis of atherosclerosis and numerous
studies explored the role of several biological constituents such as lipids, inflammatory and smooth muscle cells (SMC),
connective tissue, and calcium deposits? 4. Multiple factors (e.g. inflammatory, biomechanical, genetic, environmental)
seem to get involved in all stages of atheroma formation and progression®. Each lesion follows several evolutionary
stages corresponding to subsequent steps of the atherosclerotic process and different pathological profiles. Although
lesions could remain clinically silent over decades, a stable plaque may become vulnerable, get destabilized, and finally
complicated (ulcerated, fissured, ruptured) leading to ischemic symptoms and tissue necrosis®.

Along their evolutionary progress, atheromas can be assigned to different classes according to their degree of severity:
early, intermediate, and advanced stage®. Asymptomatic lesions (early) are characterized by macrophage clusters (Type
1) followed by the formation of patches containing layered foam cells and lipid-loaded SMCs (Type 11)%. Type I and Il
lesions are characterized by the early presence of intimal thickening and xanthoma without demonstrating any
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pathological changes over time®. Furthermore, a transitional early plaque type (Type IlI) shows a pattern of lipidic
regions distributed among the layers of SMCs and a pathologic intimal thickening®. These are the first lesions that may
progress to an acute thrombotic complication and a clinical event via plaque ulceration®. Starting from intermediate
lesions of Type 1V, plaques are called atheromas and are characterized by a distinct lipid core covered by a fibrous cap.
Atheromas usually protrude into the vascular lumen and their cap may get fissured or ulcerated and, thus, lead to a
thrombus formation®®. However, the risk of plague rupture and acute events depends mainly on plague composition and
not on plaque size or luminal constriction”8, The most dangerous lesions (Type V and VI) are classified as advanced
(late) and complicated plaques. Whereas Type V lesions develop a thin fibrous cap and a large lipid core, and contain
more collagen and SMCs, Type VI lesions are further complicated by superficial fissure formation, intraplaque
hemorrhage (IPH), and acute luminal thrombus occurrence*>°. In terms of clinical phenotype, early lesions are
asymptomatic while intermediate ones may cause ischemic disturbances”®. Finally, rupture of an advanced plaque may
be followed by local healing or thrombus formation with or without complete vascular occlusion.

The general topography of plaques can be partitioned into discrete areas such as the cap, the shoulders, and the lipid core
(see Fig. 2a). Thrombosis is usually actuated by a plaque rupture in the shoulder region combined with an ulceration of
the cap®“. A large necrotic core consisting of lipids, blood cells, macrophages and fibrin, a thinned cap of degraded
collaged and SMCs, as well as the presence of inflammation and neovascularization indicate the vulnerability of the
plaquel’. Moreover, mechanical injury is commonly assumed to be an important underlying mechanism of rupture.
Hence, observing and analyzing components, such as collagen and elastin, fundamental parts of the connective tissue
regulating the mechanical stability of an atherosclerotic lesion, is of great interest!'. Furthermore, intraplaque blood in
form of neovessels or IPH seem to contribute significantly to the progression and rupture of the plaque?.
Histopathological interrogation of atheromas is primarily based on staining methods, which enables the microscopic
depiction of several cellular and molecular features'>6. In this case, multiple adjacent slices are required to visualize the
components of interest, not only making this procedure costly and ineffective, but also preventing an accurate
superimposition of the observed components. Thus, a variety of approaches have been introduced to examine human
carotid atheroma using label-free multimodal imaging techniques which visualize intrinsic contrast by nonlinear optical
(NLO) phenomenal”?2, Since NLO processes rely on specific optical properties of the imaged tissue for harmonic
generation or high quantum yield based autofluorescence generated by multiphoton absorption?®, these methods are not
or only partially able to detect blood residues within the plaque in a label-free mode. In order to image coagulated blood
within the scope of inflammation, neovascularisation, and IPH, standard histology methods such as immunochemistry
and simple staining are commonly employed??,

Developing or utilizing imaging systems, which are able to depict the above mentioned constituents involved in the
plaque formation and destabilization and their mutual interactions at a very high resolution (1 pum), could enable new
insights into the process of atherosclerosis. Therefore, we developed a novel method of characterizing atheromatous
tissue using a hybrid multiphoton and optoacoustic microscopy system (MPOM). The setup allows for co-registered
visualization of several components of interest in one atheromatous slice without the need of chemical staining of
different slices. In this study, we focus mainly on collagen and red blood cell (RBC) visualization, two basic components
which are present and frequently altered in unstable plaques®?.

2. MATERIAL AND METHODS
2.1 Experimental setup

The hybrid multiphoton and optoacoustic microscopy (MPOM) system of this study (see Fig. 1), as comprehensively
described and characterized in?*%%, relies on the combination of laser-scanning modalities such as second and third
harmonic generation (SHG and THG), two-photon excitation fluorescence (TPEF), and optical-resolution optoacoustic
microscopy (OR-OAM). MPOM utilizes two separate excitation sources for the non-linear optical (NLO) signals and the
optoacoustic effect, which are co-aligned and commonly guided over a set of galvanometric mirrors (GM) (6215H,
Cambridge Technology, Bedford, USA) in order to raster-scan both foci across the specimen placed onto an inverted
microscope (AxioObserver.D1, Zeiss, Jena, Germany). Finally, a lateral resolution of about 1 um across a field of view
(FOV) of about 630 x 630 um2 is achieved for all modalities by using a microscope objective lens (Plan Apochromat
10X, Zeiss, Jena, Germany; air immersion, NA: 0.45)>%6, The system is fully controlled in Matlab (Matlab 2014a,
Mathworks, Natick, USA). All MPOM images shown in this work are acquired with a resolution of 600 x 600 pixels and
an averaging of 50. For validation purposes, MPOM also equips a CCD camera (AxioCam ICc 1, Zeiss) to take
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microscopic brightfield (BF) images of the specimen, whereas widefield BF examinations are carried out on a separate
microscope (Aperia CS2, Leica, Wetzlar, Germany).
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Figure 1. Schematic depiction of MPOM consisting of two interchangeable microscopy systems, namely OR-OAM and
MPM. Abbreviations: AMP, amplifier; DAQ, data acquisition card; F, optical filter; FM, flippable mirror; GM,
galvanometric mirrors; GMC, GM control; L, lens; LP-DM, longpass dichroic mirror; M, mirror; ND, neutral density filter;
OA, optoacoustic signal; OL, microscope objective lens; P, prism; PH, pinhole; PMT, photomultiplier tube; S, xyz stage;
SHG, second harmonic generation signal; SP-DM, shortpass dichroic mirror; UT, ultrasound transducer; THG, third
harmonic generation signal; TPEF, two-photon excitation fluorescence signal.

Optoacoustic microscopy (OAM). The optoacoustic modality equips an actively Q-switched diode-pumped solid-state
laser (SPOT-10-200-532, Elforlight, Daventry, UK; energy per pulse: 20 pJ, pulse width: 1.8 ns, repetition rate: 50 kHz)
as an excitation source at 532 nm. The beam is spatially filtered by a pinhole, attenuated by a set of neutral density
filters, merged with the other laser beam by a longpass dichroic mirror (DMLP650, Thorlabs, New Jersey, USA), guided
onto a high-precision set of GMs, and finally focused into the specimen as described previously. In order to achieve
high-speed OAM acquisition, the laser, the GMs, as well as the acquisition of the OAM signals detected by a spherically
focused 100 MHz transducer (SONAXIS, Besancon, France; bandwidth: ~10-180 MHz, focal distance: 2.85 mm, active
element diameter: 3 mm) placed in positive defocus and amplified by 63 dB (AU 1291, Miteq, New York, USA) are
actively triggered by a 16 bit data acquisition card (DAQ) (PCle 6363, National Instruments, Austin, Texas, USA; max.
sampling rate per channel: 1 MS/s). The raw OAM signals are recorded by a high-speed 12 bit DAQ card (ADQ412, SP
Devices, Linkdping, Sweden; max. sampling rate per channel: 4 GS/s) in a streaming-like acquisition mode at 900 MS/s
%, Due to the active triggering of all involved components, a direct assignment of the recorded OAM signals to the
corresponding pixel in the final image is enabled. The signals are further bandpass filtered from 10 to 180 MHz and their
maximum amplitude projection (MAP) is used for final image generation.
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Multiphoton microscopy (MPM). As described comprehensively in?*%, a Yb-based solid-state laser (YBIX, Time-
Bandwidth, Zurich, Switzerland; energy per pulse: 30 nJ, pulse width: 170 fs, repetition rate: 84.4 MHz) is utilized to
generate NLO signals such as SHG, THG, and TPEF. Using optical filters (SHG (FB520-10), THG (FGUV11), TPEF
(FELHO0550), Thorlabs) and highly sensitive PMTs (H9305-03, Hamamatsu, Hamamatsu City, Japan), these signals are
digitized by the previously mentioned 16 bit DAQ card, which also controls the GM scanning with a predefined scanning
frequency of 320 kHz.

2.2 Imaging protocol

The human atherosclerotic tissue sample was extracted by carotid thrombendarterectomy (CAE) from a patient with
advanced carotid artery stenosis. The plaque was first cut into blocks of about 3 mm length, fixed in formalin, embedded
in paraffin, and cut into 20 pm thick slices, that were finally placed onto glass slides (170 um)2. In order to select ROIs
for latter high-resolution MPOM examination, the yellow-brownish pattern seen in a widefield BF image of the whole
specimen (Aperio CS2, Leica) is assigned to a coarse mechanical OAM scan over an 8 x 8 mm? FOV utilizing the
sample holding xyz-stage (MLS203-2 & MZS500, Thorlabs). Image processing and co-registration of all MPOM
modalities was carried out in ImageJ (ImageJ 1.51g, Wayne Rasband) as described in%.

3. RESULTS

Prior to MPOM investigation of the atherosclerotic tissue sample, we imaged the whole specimen with both a widefield
BF and coarse OAM scan which was further assigned to typical topological regions within the plaque (see
1. Introduction) as depicted in Fig. 2a. Fig. 2b shows a widefield BF image of the sample. In Fig. 2c, a coarse OAM scan
of the whole sample can be seen, which is co-registered to the widefield BF image according to the yellow-brown pattern
across the sample that is assumed as intraplaque blood embeddings.

Figure 2. Coarse examination and ROI selection of human carotid atheroma. (a) Schematic subdivision of an atheroma
tissue slice. (b) Widefield BF image of the unstained atheroma sample and (c) coarse OAM scan reveal an advanced stage
characterized by large tissue fissures and significant intraplaqgue RBC embedding. Final ROI selection for subsequent
MPOM imaging is indicated by the red or white boxes.

As becomes apparent in Fig. 2, the atherosclerotic tissue sample is characterized by large fissures, a highly degraded
tissue morphology and a widely spread blood embedding. Thus, an advanced stage of the lesion (Type VI) could be
assumed. To further study the fine topological features of the sample we chose 6 ROIls across the specimen to perform
high-resolution MPOM examination.
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Figure 3. Hybrid microscopy imaging of human carotid atheroma at the shoulder and cap region. (a) Overlay of OA,
SHG, THG, and TPEF demonstrates a largely unscathed condition of the connective tissue (e.g. collagen and elastin), no
large inclusions or fissures, and blood residues at the side in ROI 1. Analogous depiction of (b) ROI 2 reveals partly intact
connective tissue and widely spread blood embeddings and of (c) ROI 3 two separated areas of connective tissue and
inclusions of single erythrocytes. (d-f) Corresponding BF observation of (a-c), respectively.

Fig. 3 depicts the MPOM examination of ROI 1, ROI 2, and ROI 3, which are located close to the former lumen in the
shoulder and the cap region (see Fig. 2). Fig. 3a presents a composite image combining OAM, SHG, THG, and TPEF
images of ROI 1. Here, a largely maintained connective tissue of collagen and elastin can be seen, whereas the collagen
and elastin fibrils appear spread into single fibers. A spatially separated blood inclusion is located towards to former
lumen. Fig. 3b shows an analogous examination of ROI 2 revealing a partly intact collagen fibril band of roughly
100 pm width consisting of individual strands and a widely spread blood embedding. In Fig. 3c, two separated areas can
be observed. Herein, one side contains collagen and elastin as part of the connective tissue whereas the other side is
characterized by areas of diffuse single erythrocytes. The corresponding BF images shown in Fig. 3d-f demonstrate,
besides the large rupture in ROI 3 separating the two mentioned regions, the overall unharmed tissue morphology in
these ROIs.
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Figure 4. Hybrid microscopy imaging of human carotid atheroma in the lipid core. (a) Overlay of OA, SHG, THG, and
TPEF indicates a highly degraded connective tissue (e.g. collagen and elastin), inclusions and fissures, and blood
embeddings at the top part in ROI 4. Analogous depiction of (b) ROI 5 demonstrates residues of connective tissue and
spatially separated blood inclusions along with a highly distorted tissue morphology. In ROI 6 (c), two separated areas of
intact connective tissue and blood residues can be seen together with a highly damaged morphology. (d-f) Corresponding
BF observation of (a-c), respectively.

Fig. 4 shows MPOM images from ROI 4-6 located at the lipid core close to the media layer of the plaque (see Fig. 2). As
before, the merged image is shown in Fig. 4a-c and the corresponding BF images are shown in Fig. 4d-f, respectively.
Fig. 4a depicts a highly degraded connective tissue without the presence of intact collagen and elastin bands.
Furthermore, blood embeddings can be seen at the top part in this ROI. In Fig. 4b and c, showing the ROIs 5 and 6
located close to the media layer of the plaque, partly intact connective tissue is observable indicating the boundary to the
media layer. Furthermore, a widely spread blood residue pattern can be seen. In these two ROIs, the tissue morphology
revealed by THG and BF is characterized by large fissures and ruptures in the range of 50-100 pum.

4. DISCUSSION

In this work, we imaged and characterized a human carotid atheroma sample using a novel-developed a label-free hybrid
microscope by means of optical resolution optoacoustic microscopy along with non-linear optical microscopy. Hybrid
microscopy utilizing contrast mechanisms without the need of staining and labelling offers the unique possibility to
depict several moieties of interest within the same slice of the sample. Due to this property, a co-registered depiction
with a sub-micrometer precision and resolution of relevant atheroma elements such as blood embeddings, the connective
tissue consisting of collagen and elastin, as well as the overall tissue morphology is enabled. Hence, mutual interactions
can be investigated leading to new insights into pathological phenomena.

We studied a human carotid atheroma sample of a patient with severe and advanced stage of atherosclerosis. The
developed hybrid multiphoton and optoacoustic microscopy (MPOM) revealed several structural and morphological
features within the sample. By using OAM, hemoglobin, a natural strong near-infrared light absorber, can be detected
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and visualized. Collagen and elastin, as parts of the connective tissue, can be imaged by SHG and TPEF, respectively,
whereas the tissue morphology is revealed by THG and BF observations. These components play a crucial role in the
viscoelastic behavior, stability, and stress tolerance of the vessel wall?®?”. In a healthy arterial wall, intact connective
tissue adapts to wall stresses, and enhances the mechanical strength. During the progress of atherosclerotic disease, both
overproduction of connective tissue, which leads to stenosis, as well as, its degradation are assumed to influence the
plague vulnerability?. Besides that, embeddings of RBCs in the form of neovascularisation and IPH are considered to
contribute to the accumulation of atheromatous mass?>®, Revealed by standard histological studies, a plaque at risk of
rupture is characterized by a large lipid core, degraded connective tissue within the fibrous cap, severe inflammation in
the shoulder regions and the cap, and significant accumulation of blood embeddings!®2®.

In this study, MPOM examined these biological features without the need of staining and, thus, enabled the precise
depiction of co-registered distributions and their mutual interactions. Our results indicate several different conditions
ranging from intact connective tissue as part of the media layer along with embeddings of diffuse single RBCs and minor
blood clusters to a highly degraded connective tissue with a widely spread blood inclusion. With the background
knowledge of a severe state of the extracted plaque together with the previously demonstrated examination of an
advanced atheroma?, these findings confirm a mutual interaction among intraplaque blood embeddings and the
connective tissue on the single cell or strand level. Future investigations of human carotid atheromas in different
pathological stages of the disease could offer new insights in the overall process of the accumulation of atheroma, the
degradation of the connective tissue, the occurrences of intraplaque blood residues, and, finally, caused effects on the
plaques vulnerability. Furthermore, along with macroscopic in vivo observations by means of multispectral optoacoustic
tomography (MSOT)?, an improved diagnostic method as well as novel treatment strategies could be investigated.
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