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Characterization of the Atherosclerotic Plaque Tissue
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Cardiovascular diseases (CVD) are the leading causes of morbidity and mortality globally. Atherosclerosis is
a chronic inflammatory CVD associated with the accumulation of plaque activated by the complex
interactions between systemic, hemodynamic and biological factors. Thus, identification of plaque
vulnerability is essential for the prevention of acute events and treatment of the disease. Despite, advanced
imaging technologies, patient-specific computational simulations and availability of experimental data,
there are still challenges in developing accurate risk stratification techniques. Therefore, this study aims to
characterize the carotid plaque components structurally (histological analysis and immunostaining),
mechanically (Nanoindentation tests) and chemically (Fourier Transform Infrared (FT-IR) micro-
spectroscopy). The preliminary results showed that arterial remodelling is a dynamic interaction between
mechanical forces and plaque progression. The biological content and composition of human
atherosclerotic plaque tissue have been shown to significantly influence the mechanical response of
samples. This data represents a step towards an enhanced understanding of the behaviour of human
atherosclerotic plaque. Future large-scale experimental studies with more cross-sections along the length of
the plaque could be used to develop a risk stratification technique.

Introduction

Atherosclerosis, a significant cause for the majority of the
cardiovascular events is a chronic inflammatory disease
associated with the accumulation of plaque activated by
the complex interactions between systemic, hemodynamic
and biological factors [1]. These lesions result from the
inflammatory-fibroproliferative response to injury of the
endothelium [2]. The mechanisms involving plaque
formation are lipid retention, oxidation, and modification
that provokes inflammation results in thrombosis or
stenosis [3]. Atherosclerotic plaque rupture in carotid
arteries is the leading cause of ischemic strokes [4] that
results in mortality and long-term morbidity in developed
countries [5]. Plaque rupture occurs in vulnerable plaques
characterized by a thin fibrous cap covering a sizeable
necrotic core [6-8]. Therefore, assessment of the
morphological features of the atherosclerotic plaque is
essential. Several imaging modalities such as ultrasound
and high-resolution magnetic resonance (MRI) [8-10]
have been used to identify the morphological features of
the atherosclerotic plaque in the carotid arteries.
Furthermore, patient-specific computational models are
often used to investigate plaque geometries susceptible to
rupture [11-20]. The stresses induced in the arteries due to
the hemodynamic blood flow plays an essential role in
plaque mechanics. Therefore, understanding the effect of
biomechanical forces on the plaque progression is
essential for developing accurate imaging procedures for
vulnerability —assessments. Moreover, biomechanical
characterization of the plaque constituents’ aids in

accurate assessment of the plaque stresses. It is anticipated
that patient-specific computational modeling, combined
with accurate material models, will allow clinicians to
identify vulnerable plaques and tailor treatments based on
plague composition. Therefore, characterizing the
atherosclerotic plague components is necessary.

Numerous methods for characterizing the mechanical
behaviour of atherosclerotic plaque exist. Uni-axial tensile
testing is the frequently used method for determining the
mechanical properties of the plaque tissue [21-25] as
discussed by Walsh, Cunnane, Mulvihill, Akyildiz, Gijsen
and Holzapfel [26]. In addition to stretching due to the
pulsatile blood flow, plaque tissue components experience
compressive  forces. Therefore, compressive tests
including stress relaxation [27] micro-indentation [28-30],
nano-indentation [31,32] were also used for the plaque
characterization.

Vibrational spectroscopy is a potential method
for the investigation of biological tissues. FTIR
microspectroscopy is a non-destructive  analytical
vibrational spectroscopy technique used for the
identification of chemical and structural information
within ~ the  tissue  specimens [33-35]. FTIR
microspectroscopy Vvisually demonstrates the spatially
resolved specific chemical functionalities in the form of
heat maps. Several studies have shown the ability of FTIR
microspectroscopy to identify different components
present within the plaque tissue [36-38]. Therefore, FTIR
microspectroscopy imaging is considered as a powerful
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technique for the chemical characterization of the
biological samples.

Despite, availability of experimental data of the
plaque tissue, there are still challenges in developing
accurate risk-stratification techniques. Therefore, this
study aims to characterize the plaque components
structurally  (histological ~ analysis)  mechanically
(Nanoindentation  tests) and chemically  (Fourier
Transform Infrared (FT-IR) microspectroscopy) to
enhance understanding regarding the mechanical

behaviour of plaque components.

Experimental

Eleven carotid plaques with stenosis > 70%, scheduled for
carotid endarterectomy (CEA) in the Princess Alexandra
Hospital (PAH), were recruited for this study. This study
was approved by the Metro South Human Research Ethics
Committee (HREC/17/QPAH/181) and patient content
forms were obtained. Immediately after excision, the
plague samples were placed in phosphate buffer solution
(PBS) and taken for a low energy X-ray at PAH. Later, the
tissue sample was cut into 3-4mm thick segments and
placed in aluminium foil cups (made in house) semi-filled
with Optimal Cutting Temperature (OCT) compound
(Tissue-Tek OCT, TED Pella Inc, CA, USA). Following
which, the tissue samples were embedded entirely in OCT,
snap frozen using liquid Nitrogen and stored at -20°C
within 2h of excision. This method of storage has been
used since it has no significant effects on the mechanical
properties [31]. To avoid changes in mechanical properties
the carotid plaque samples were sectioned using a cryostat
(Leica CM1850). The frozen tissue blocks were used for
cutting different thickness sections (7pum, 8um & 30um).
To equilibrate, the frozen block is mounted onto the
specimen holder and is kept in a Cryostat maintained at -
20°C for 30 mins. Adjacent sections of eight-8um, one-
7um & and one-30um thick sections were cut for
histology, FTIR and Nano-Indentation respectively. The
8um and 30um sections were taken onto the polysine
microscope adhesion slides (Thermo Fischer Scientific,
USA) which are electrostatically and biochemically
adhesive and attracts frozen tissue sections. While the
7um section is taken onto a Barium Fluoride (BaF2)
substrate [(20mm diameter x 2mm thick polished window)
-CRYSTRAN, Coree, UK]. Following the sectioning, the
polysine glass slides with sections on it were placed in the
freezer at -20°C until further experiments. The 7 pm
sections taken on BaF2 substrate were dried for 10
minutes. To remove the OCT few drops of distilled water
were placed on the section for 30 seconds. Later the water
is carefully removed using a micropipette. The samples
were then air-dried for 60 minutes before placing in the
freezer at -20°C until further experimentation.

Histology and immunostaining were performed on
adjacent sections (8 um thick). The sections were stained
with haematoxylin and eosin (H&E) to identify the basic
constituents present in the plaque tissue, Oil Red O (ORQ)
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for lipids and Masson’s trichrome to categorize the fibrous
tissue and intra-plaque hemorrhage. Immunostaining was
performed to identify the macrophages (CD68- dilution
1:1000) and neovascularization (CD31- dilution 1:1200).
For immunostaining (CD68 and CD31), optimization of
primary antibodies was done to determine the best dilution
for optimal staining. Also, the omission of the primary
antibody was used as a negative control, thereby allowing
the clarification of degree of non-specific background
staining by the secondary antibody (Fig. 1). The histology
sections were digitized using a 3D Histech Scan Il
Fluorescence/Brightfield Slide Scanner (Total
magnification 70 x 0.14pm resolution).

Fiji (https://imagej.net/Fiji/Downloads) was used to
evaluate the staining intensity of H & E, Oil Red O for
lipids, Masson’s Trichrome for haemorrhage CDG68
for inflammation. The percentage staining of lipids,
calcification, haemorrhage, and macrophages was reported
as the percentage of plaque area calculated from H & E
stain. Neovessels were identified from CD31 positive
staining that highlights the endothelial cells in the
inner lining of the lumen. The number of neovessels
was manually counted using a grid of 1 mm?2
Neovascularization was expressed as neovessels/mm?,

(a) Negative control

ORI

o (o B N

1:1000 Dilution 1:1000 Sniper

R

(b) Negative control 1:500 Dilution 1:800 Dilution

Fig. 1. (a) CD31 negative control (no staining) and different dilutions for
selecting optimal staining (1:1200 Sniper); (b) CD68 negative control
(no staining) and different dilutions for selecting optimal staining
(1:1000 Sniper).

Hysitron Tl 950 Tribolndenter was used for the
nanomechanical characterization of the tissues. The tests
were performed at room temperature using displacement
feedback-controlled mode with a normal stage of 5 um
displacement. A conospherical diamond tip, with a radius
of curvature of 50 pm, was used for the experiments. This
probe is ideal for soft tissue, as the indentation area is
much larger at small depths. Therefore, smaller
indentation depths can be achieved with this tip. The
thickness of the sample being tested is 30 pm, and the
depth of penetration is 2000nm, which is 6% of the sample
thickness [39]. Accurate tip to optics calibration is vital to
ensure the alignment between the centre of the tip and the
centre of the visual field. This alignment is desirable for
indentation on specific sites, especially for soft tissue
characterization. For this reason, dark chocolate was used
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to calibrate the 50 pm tip. The schematic of the sample
preparation and hydration is shown in Fig. 2. A
trapezoidal load function consisting of loading, holding
and unloading times of 5 s each were applied to the indent
site. The maximum displacement of 2000 nm with a
constant displacement rate of 400 nm/s was used in this
study. [Sample thickness 30 um].

Sample

Oasis Foam for Hydration

Glass Slide

Metal Plate
Lumen
Lipid

Fig. 2. Schematic of the sample positioning and hydration system for
nanoindentation test.

A Nicolet-iS50 FT-IR equipped with a Nicolet
continuum microscope was used for the spectral imaging
of the carotid plaque tissue [Sample thickness 7 pm].
Histological images were used as the reference to select
the areas for FT-IR imaging. All spectra were acquired
using transmittance mode with a resolution of 4 cm™ in
the wavenumber range between 4000-800 cm™ with 40 x
40 um2 aperture area and 64 scan numbers. Due to the
large acquisition time of the spectral maps, setting up
background scans at regular intervals is essential to
account for the variation in atmospheric conditions around
the sample. Therefore, background spectra were collected
from an area on the BaF2 substrate, which is free of the
tissue at every 10-minute interval. This background
spectrum was automatically subtracted from the tissue
spectra using OMNIC 9 (Thermo Fisher Scientific,
Madison, USA). Before the spectral imaging, a visual
image of the area was recorded using a continuum
microscope.

Results and discussion
Structural characterization

Histological analysis and immunostaining are performed
on the sections cut from a segment selected from eleven
carotid plaque tissues. It should be noted that the carotid
plaque tissue obtained from the hospital is not intact and
have some missing part of the tissues. The structural
characterization is based on the sections available for
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staining. Fig. 3 represents adjacent sections of a section
displaying  different morphological characteristics.
Analysis of the histological images has shown varied
morphology and shape of the lumen (Table 1).

<

@ (c) -

1 |

Fig. 3. Example of section representing different staining (a)
Haematoxylin Eosin stain; (b) Oil Red O; (c) CD68; (d) Masson’s
Trichrome; (e) CD31 (neovessels represented by pink dots); (e)
Hemorrhage stained in red colour.

Table 1. Summary of the quantitative data extracted from the
histological analysis of different patients.

Patient % LA %CAL % HA  %CD68 NV/mm2
P1 5 0 0 18 1.2
P2 55 1 0 1 0.04
P3 27 6 4 3 2
P4 47 5 4 1 2.01
P5 43 9 0 4 0.75
P6 28 6 0 8 0.56
P7 9 32 8 2 2.57
P8 8 56 0 1 0.55
P9 16 19 0 2 1.47
P10 3 23 5 1 2.06
P11 4 15 1 16 0.67

It was evident that the lipid area (stained in red-Qil
Red O staining) and calcification area (Dark pink in H &
E) are inversely related Fig. 4(a). Similarly, the % lipid
area and % CD68 staining (inflammation- brown colour)
were inversely related. Also, % hemorrhage (red in
Masson’s Trichrome) and neovessels density were
positively related (Fig. 4(b)). Neovessels density was
higher in the sections with hemorrhage. Neovessels were
in the shoulder areas, closer to the outer layer of the blood
vessel and closer to the locations of the inflammation. In
this study, however, no correlation was found between
inflammation and microvessels density. It was observed
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that the spatial distribution of the neovessels for different
patients was associated with the location of inflammation
and are closer to the outer wall, similar to previous studies
[40].

(a) 60% m % Lipid = % Calcification
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Fig. 4. (a) Relation between % lipid area and % calcification area; (b)
Association of haemorrhage and neovessels density.

Lipids- Oil Red O

L, = 1.39 MPa

Haemorrhage (Masson’s Trichrome) 404

T iy
v’;i E,~ 0.774 MPa :
0
o L
2 o)

0 1000 1500 2000 /K 1000 1500 2000
(ﬂ)_5 _/ (b) Displacement (nm})

Displacement (nm)

25

Load (xN)

Fibrous Tissuc (H & F) Calcified Tissuc (H & E)

L, =2.008 MPa E, =13 MPa

Load (:N)
Load (uN)

©) %% ceo 100 2000

- - - T
Mn 1500 2000
(d)
50

Displacement (nm) Displacement (nm)

Fig. 5. (a) Load-displacement curves for (a) hematoma; (b) lipid; (c)
fibrous tissue; (d) calcified tissue (square indicates the corresponding
histological images).

Mechanical characterization

In total, data for 187 indent locations is presented, which
excludes the data of indents that were considered incorrect
regarding the indentation depth and partial contact of the
tip due to loosely structured tissue. The number of indents
performed on each section depended on the size of the
tissue and structural presentation based on histology.
Fig. 5 represents a tissue section and the corresponding
modulus values obtained from nanoindentation test. Indent
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locations were selected based on the adjacent histological
section and the material properties were sorted based on
the tissue type as seen in histological staining. These
locations were identified based on the coordinates of the
indent position and thereby manually mapped to the
locations of the histological section. Based on the
locations of indentation, the average modulus values were
extracted for each tissue type. The nanoindentation test
results (Reduced Modulus) for different patients were
presented in Table 2.

Table 2. Patient-specific reduced modulus values for different tissues.

Patient  Fibrous Lipid  Calcified Paraly
1 22085 1279667

2 2605118 1293 9533 3.441
3 14775 0.636 20.368

4 2.8238 0.8225 109.312 3.36
5 215675 1238714  6.779714 3.921
6 2056714 1308333 14.43867 2796
7 1380818 5235333 3.6002
8 5.3231 106 9.8964

9 255 42,67 3.36
10 3.466 106 17.4764 2129
1 2024813 12252 6.2865 3.36

The properties of calcification were influenced by the
density at the site of indentation. It must be noted that a
part of calcium content is lost during the sample
preparation phase. There were no correlations found
between the locations or patients analysed in this study.
The values varied between tissue types, and there were
differences in the same tissue. The reduced modulus
values for the fibrous tissues were influenced by the
compositional changes. The reduced modulus was high for
structured collagen regions compared to the unstructured
collagen regions [29]. The mean reduced modulus values
obtained for different tissue types are consistent with a
higher range of values obtained in the literature [41]. The
patient-specific average values for each tissue type were
defined for the 2D structural simulations. The
heterogeneous nature of the atherosclerotic plaque tissue
can be determined by the comprehensive mapping of the
material properties in the submicron level, which has
further challenges. This mapping might provide more
insights regarding the stress distribution and stress
concentration locations.

Chemical characterization

FTIR Microspectroscopy mapping of the carotid plaque
tissue was performed on the unstained 7 pm thick
sections placed on BaF2 windows. The region for
microspectroscopy was identified based on the adjacent
histological sections. The time duration for the acquisition
of FTIR micro spectra depended on the size of the
photomicrograph defined. The histological section,
photomicrograph, and corresponding chemical images for
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the lipid, fibrous tissue, mineral content and the FTIR
absorption spectra of a section at location shows by the
cross mark (red colour) in (c) are shown in Fig. 6. The
chemical image is based on the absorbance of IR radiation
and vibrations of the moieties within the molecules. The
prominent peaks found in the FTIR spectra include the
amide, lipid and mineral peaks. The main constituents of
the vascular tissue comprise of proteins such as collagen
and elastin and are attributed to amide I (1665 cm™), I
(1538 cm™) and 111 (1238 cm™?) peaks. The two peaks at
2922 cm and 2851 cm™ corresponds to the lipids, and the
peak at 1736 cm™ corresponds to the lipid esters. The
mineral content is attributed to the phosphorous peak at
1083 cm™.

(g 12

Lipid 2922 cm™*

10 |

Amide | 1655 cm™!

08

Lipid 2851 cm'!

06 |

Absorbance
Amide 11 1538 cm™!

04

Amide Il 1238 cm'!

Mineral 1083 cm?

02 Lipid 1736 cm

0.0 y . L s s A .
3500 3250 3000 2750 1750 1500 1250 1000

Wavenumber ((:m"I )

Fig. 6. FTIR Microspectroscopy mapping (a) Reference histological
section; (b) Region selected for the acquisition of spectra; (c)
Photomicrograph of the region of a section; (d) Chemical image
corresponding to the presence of lipids; (e) Chemical image
corresponding to the presence of fibrous tissue; (f) Chemical image
corresponding to the presence of mineral; (g) FTIR spectra of the point
shown by the red cross as shown in (c) with peaks representing the
absorbance of different tissue types.
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The results from this study are consistent with the
histological imaging. There was a good correlation
between the lipid content, calcification, and fibrous tissue.
Apart, from this observation, the FTIR spectra showed the
presence of lipid molecules and microcalcification trapped
in the complex fibrous structure. Histological analysis also
provides detail of the plaque components present.
However, for revealing each component, different staining
is required. Whereas, FTIR microspectroscopy mapping
presents the chemical composition of all the components
present in a single map. This mapping might be helpful in
future to assign the component-specific mechanical
properties for accurate finite element analysis. However,
current studies for mapping the chemical composition of
the whole section using FTIR microspectroscopy require
long testing durations. Thus, future studies for mapping
the chemical composition of the whole section are
required.

Limitations

Despite extensive optimization, there are limitations which
require further research. Firstly, the tissue sample was slit
longitudinally during CEA. Therefore, the shape of the
histology image was out of its original shape. Also, only
one slice is analyzed from each sample. Secondly, the
reduced modulus values have been influenced by the
substrate effects at locations where there are gaps in the
tissue due to the loss of calcification or lipids during
sample preparation as visible from histology. Moreover,
nanoindentation tests take longer duration. Therefore, to
minimize the degradation of the samples, a suitable fluid
medium maintained at physiological temperature is
required. In this study, the samples are hydrated with PBS
and are tested at room temperature. Also, a fluid tip would
be appropriate for testing the samples, as the challenge of
maintaining the sample hydration would be eliminated.
However, it should be noted that finding the sample would
be a challenge.

In this study, the reduced modulus was calculated by
using the hertz contact mechanics which assumes the
structural homogeneity. Further studies must consider
more complex methodology to capture the heterogeneity
of the plaque tissue. Since the nanoindentation technique
enables measurement in the sub-micron level, tissue-
specific material properties have been identified by
mapping the locations with the histological sections.
Future study will develop accurate mapping techniques
with more indent locations to capture the heterogeneity of
the tissue.

Furthermore, to have a negligible substrate effect and
compensate for any surface roughness issues, it might be
appropriate to use cyclical trapezoidal loading protocols
for varying displacement depths. The complex nature of
the plaque tissue needs more research enabling the
mapping of the tissue properties at the sub-micron level.
Another limitation is the current studies for mapping the
chemical composition of the whole section using FTIR
microspectroscopy requires long testing durations. Thus,
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future studies for mapping the chemical composition of
the whole section are required. This mapping will aid us in
developing accurate material models for the
biomechanical analysis.

Conclusion

Histological analysis, nanoindentation and FTIR micro-
spectroscopy were utilized to investigate the structural,
mechanical properties and composition for atherosclerotic
plaque tissue. The biological content and composition of
human atherosclerotic plaque tissue have been shown to
significantly influence the mechanical response of
samples. This is demonstrated by the changes in
mechanical behaviour due to increasing calcification.
Significant differences are identified in the mechanical
properties and composition of plaque tissue in a sample at
different  locations  thereby  demonstrating  the
heterogeneous and complex structure of the tissue.
Histology and MRI segmentation are found to have good
correlation. This data represents a step towards an
enhanced understanding of the mechanical properties of
the human atherosclerotic plaque. Besides, large scale
studies on the mechanical properties and patient-specific
computational simulations are required to develop a risk
stratification technique for the vulnerability assessment of
the plaque.
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