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Abstract: Early identification of vulnerable plaques is a major challenge in diagnosis and assess-
ment of atherosclerosis. In atherosclerotic plaque development, the proportion change in compo-
nents caused plaque mechanical property change and induced plaque rupture. In this paper, a
photoacoustic viscoelasticity imaging (PAVEI) technique was proposed to measure the viscosity—
elasticity ratio of atherosclerotic plaque and evaluated for the potential in characterizing vulnerable
plaques. Apolipoprotein E-knockout mice fed with a high-fat/high-cholesterol diet were chosen as
the atherosclerotic model. Plaque component phantoms were examined to demonstrate the high
efficiency of PAVEI in detecting the proportion change in components compared to single elasticity or
viscosity detection. Finally, atherosclerotic plaques from mice aortas at different stages were imaged
by PAVEI, which provided an insight into the compositional and functional characterization of vul-
nerability plaques and suggested its potential applications in the identification of high-risk plaques.

Keywords: photoacoustic imaging; atherosclerotic plaques; mechanical assessment; viscoelasticity;
vulnerability

1. Introduction

In recent years, the incidence of cardiovascular and cerebrovascular diseases have
increased significantly and become one of the main diseases threatening human health, and
the cause of acute cardiovascular disease is mostly plaque rupture after atherosclerosis [1].
Therefore, the early identification of plaques that may rupture has become an important
means to actively intervene in the process of cardiovascular and cerebrovascular diseases,
and plaque stability has also become an important basis for clinical efficacy evaluation [2].
Pathological studies of atherosclerosis have shown that the process of plaque changing from
stable to unstable involves multiple links, such as inflammation, immunity, metabolism and
coagulation. There is an inevitable relationship between plaque rupture and the change
in plaque mechanical properties. When the ratio of lipids and collagen within the plaque
changes, the change in plaque mechanical properties will lead to plaque instability [3].
Most of the diagnostic technology simply showing the morphology of the atherosclerotic
tissues can no longer meet the clinical needs. In order to judge the stability of plaques,
it is necessary to comprehensively evaluate the morphology and mechanical properties
of plaques.

Current studies have shown that elasticity is one of the biomechanical parameters that
can reflect the pathological and physiological changes of atherosclerotic tissues [4]. The
collagen fibers, smooth muscle and lipid components in the blood vessel wall have regular
structure and a strict hierarchy under normal circumstances. In atherosclerosis, changes in
the original structure and hierarchy, coupled with the intensification of lipid deposition
and inflammatory activity, change the molecular composition and structure of the blood
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vessel wall, thus determining the elasticity of the atherosclerotic tissues. Traditional imag-
ing techniques only used elasticity to characterize the mechanical properties of plaques.
However, the complexity in mechanical properties of most atherosclerotic tissues could not
be fully expressed by the elastic modulus. In the description of viscoelastic characterization
and rheological behavior, viscosity is often as important as elasticity. Especially for the
vulnerable plaques, elasticity is not enough to describe their complete internal characteris-
tics, so it is necessary to use both viscosity and elasticity to describe the changes in their
mechanical characteristics [5,6]. Therefore, the invention of techniques that can accurately
assess the viscoelasticity of atherosclerotic plaques is of great significance in the assessment
of atherosclerosis and the identification of unstable plaques.

Photoacoustic (PA) techniques, combining the advantages of optical imaging and
ultrasound imaging, have made great progress in many biomedical applications in recent
years [7-10]. At present, conventional photoacoustic imaging based on tissue light absorp-
tion contrast, reflecting the light absorption coefficient of tissue, technically mainly relies
on measuring the amplitude of PA signals to invert the light absorption distribution of
tissues, and does not consider the viscoelastic information during the process of PA signal
generation [11-15]. In fact, when the laser acts on the tissue, according to the photoacoustic
effect, the tissue will form thermal expansion vibration, while the viscoelasticity of the
tissue will damp the PA generation, and a certain time delay will occur between the laser
and the PA signal. Different viscoelastic tissues or pathologies will produce different phase
delays under the same excitation conditions; therefore, using the measured phase delay as
the imaging contrast, the reconstructed image can reflect the strength of the viscoelasticity
in the detection point. Combined with a certain image information processing method,
the image reflecting the viscoelastic distribution inside the atherosclerotic tissues can be
reconstructed [16,17].

In this paper, a photoacoustic viscoelastic imaging technique was described that can
reconstruct different atherosclerotic tissues with high resolution and high contrast. Phan-
toms mixed with different proportions of lipid and collagen were examined to demonstrate
the high efficiency of PAVEI in detecting the change in components compared to single
elasticity or viscosity detection. Atherosclerotic tissues from apolipoprotein E-knockout
mice aortas at different stages were imaged by PAVEI to accurately assess the viscoelas-
ticity of the plaques, which helps the diagnosis and assessment of cardiovascular and
cerebrovascular diseases simultaneously.

2. Principles and Methods

To radiate absorptive isotropic viscoelastic structures, an intensity-modulated continu-
ous wave laser was used. The light intensity can be expressed as I = Io(1 + coswt), where
w is the modulation frequency and Iy is the light intensity. Then sinusoidal temperature
variation T = Tpe™! due to the light absorption by the viscoelastic structures will then
cause thermal expansion and PA wave generation, and the dominant frequency of the PA
wave will be equal to the modulated frequency of the laser with cyclical changes. During
the PA generation process, the cyclical temperature variation induces cyclical thermal
stress, which causes corresponding strain in the form of cyclical PA waves. Because the
viscoelastic structures will damp the above process, the PA wave would be out of phase
with the laser.

In a spherical coordinate system, to find the changes in rheological thermal stress
caused by a periodic variational point heat source of unbounded isotropic viscoelastic
structures, the radial thermal stress can be expressed as:
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where G is the Green'’s function of thermal conduction, ¢ is defined by A¢ = aT(1+v)(1 —v);
in the condition of temperature T = Toe'™!, the stress o becomes:

o = —EaTye™ /(1 —0) )

where E is the Young’s modulus, « is the coefficient of linear expansion, w is the modulation
frequency, v is the Poisson’s ratio. The differential constitutive equation of viscoelastic
structures can be defined as:

Po = Qe 3)

dk

where ¢ is the strain and the linear differential operator P and Q are definedas P = Y ;" g

Q=Y 04z dtk Combining the Equations (2) and (3):

dke
Zk opk lw) erlwt Zk 0 kdtk (4)

Due to the fact that py and gy, are integers, the solution to Equation (4) can be given
as e(t) = e*e'™!, where €* is the magnitude of the complex strain. Equation (4) can be
rewritten as:

0p (5)

where P(iw) and Q(iw) are expressed as P(iw) = Y., pk(iw)k, Q(iw) = YL, qk(iw)k,
and the stress response can be expressed as:

o(t)y== ,‘ g'ett = : e(t) (6)

Then, the dynamic modulus can be written as:

Y*(iw) = Yi(w) +iYs(w) = (7)

where Y;(w) and Y,(w) are the two parts of Y*(iw) determined by the modulation fre-
quency w and constants py, gx. Thus, the Equation (7) be obtained using:

e(t) = [Y*(iw)) o (t) = LD = @) ®)
\/Y1 +Y2 )

Equation (8) is the constitutive equation of stress—strain relationship for the viscoelastic
structures. The magnitude of the complex strain can then be decomposed:

Y1(w) —iYa(w)

et =¢ +id = 0 9)
V(@) + Y2 (w)
Thus,
e’ /8, = Yz /Y1 (10)
The strain response can be expressed as:
e(t) = '™ = (coswt — & sinwt) + i(e” coswt + ¢ sinwt) (11)

denoting,
tand =¢" /€ =Y, /Y (12)
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The strain response becomes:

/

e(t) = c:jscS [cos(8 + wt) + isin(8 + wt)] = e 4e! @) (13)

where ¢ is the phase delay of the corresponding strain and €4 is the magnitude of the
dynamic strain. To describe the creep process under periodic stress changes, a rheological
Kelvin—Voigt model was used, and the dynamic modulus can be written as:

Yi=E, Y,=uwny (14)
Then the relationship between the phase delay and viscoelasticity becomes:
n/E = tand/w (15)

Finally, by extracting the phase delay of the PA signals, the viscosity—elasticity ratio
can be obtained to describe the mechanical properties of the tissues.

The schematic of the PAVEI technique in atherosclerosis detection is shown in Figure 1.
The system used an 808 nm fiber-coupled continuous-wave laser as the excitation source.
A function generator was used to apply a 4.5 V sinusoidal signal to the electro-optical
modulators, which controlled the intensity of continuous wave lasers at 50 KHz and 90%
of the modulation depth. A 4x microscope objective (NA = 0.1) then focused the laser
onto the samples. By imaging the blade edge, the current system had a lateral resolution of
approximately 65 pm (Supplementary Figure S1) and a time-average laser power density
of 100 mw/cm? for measuring the sample surface. An ultrasonic transducer with a center
frequency of 50 KHz collected the PA signals, a lock-in amplifier pre-amplified the PA
signals and then extracted the phase delay, which was analyzed by the computer to obtain
the mechanical property of the samples. Through the two-dimensional scanning of the
mechanical scanner over the desired area, the photoacoustic viscoelasticity image can be
reconstructed. With photoacoustic lock-in measurements, the system had a higher signal-
to-noise ratio (Supplementary Figure S2) and a high quality viscoelasticity image can be
obtained [18]. Lipids (L5146; Sigma-Aldrich, St. Louis, MO, USA) and type I collagen
(C7774; Sigma-Aldrich) were used to mimic the composition of plaques. A different
concentration series of Gelatin phantoms were made by mixing different proportions of
lipid and collagen. The PA signals of each phantom were taken with a time constant of
30 ms and average times of 100, then the viscosity—elasticity ratio was calculated. This study
was approved by the Animal Study Committee of Shandong University of Technology
in Zibo, China. A total of 15 apolipoprotein E-knockout mice served as animal models,
12 mice were fed with a high-fat/cholesterol (HFC) diet (97% normal chow, 2% lard and
1% cholesterol) and killed at different stages for PAVEI assessment, with other mice as
controls. The aorta was detached from the coronary artery and cut lengthwise for the PAVEI
image and then were stained with oil red O staining for histological measurement. The
en-face oil red O staining followed the steps below. After PAVEI, the aortic specimen was
pretreated with 60% isopropyl alcohol for 10 min and then incubated with 0.6% Oil Red O
(Sigma) solution in 60% isopropyl alcohol for 3 h at room temperature. The aortic specimen
was then repeatedly washed with 60% isopropyl alcohol, and then repeatedly washed
with water for 2 min. Cross-sectional oil red O staining followed the steps below. Aortic
specimens were frozen to —22 °C and sectioned with 8 um step (CM1850, Leica, Wetzlar,
Germany). The cryo-sectioning tissues were pretreated with 60% isopropyl alcohol for
5 min and then incubated with 0.6% oil red O solution in 60% isopropyl alcohol for 15 min.
Subsequently, tissues were washed in running tap water for 2 min. Finally, tissues were
treated with hematoxylin for 1 min to stain the cell nuclei and excess stain was removed by
running tap water. All data were analyzed using a t-test and were expressed as mean + SD,
p values < 0.01 were considered statistically significant [19-23].
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Figure 1. Atherosclerotic tissue was excited with a sinusoidally modulated laser. This process
generated a PA signal in the tissue at the same frequency as the excitation but with a delay in the
relative phase. Through the recording and analysis of the PA phase delay, the viscoelasticity image of
the atherosclerotic plaques could be reconstructed.

3. Results

As the main components in atherosclerotic plaques and leading to fragile plaque
rupture, lipids and collagen are directly related to the mechanical property and plaque
morphology. Through analysis, PAVEI has a good ability to distinguish plaque compo-
nents in simulated tissue models composed of different proportions of lipids and collagen.
Figure 2 showed the relationship between lipid or collagen content (Figure 2A) and the
viscosity—elasticity ratio, and the averaged viscosity—elasticity ratio of phantoms contain-
ing different ratios of lipids and collagen; the PAVEI images of the phantoms were also
shown in Figure 2B. The accuracy of PAVEI was confirmed through a comparison with
rheometers, which were considered the gold standard viscoelastic measurement method
(Figure 2C,D). As theoretically predicted, viscosity—elasticity ratio increased with increasing
lipids compared to collagen.
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Figure 2. Average viscosity—elasticity ratios of phantoms containing various concentrations of
lipid or collagen (A), and of phantoms mixed with different proportions of lipid and collagen (B).
(C) Elasticity and viscosity measured by rheometer. (D) Comparison between the viscosity—elasticity
ratios measured by PAVEI and rheometer.

To demonstrate the high efficiency of PAVEI in detecting the proportion change in
plaque components, we measured the elasticity modulus, viscous coefficients and the
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viscosity—elasticity ratio of plaque component phantoms and the fatty plaque from an
atherosclerotic tissue. As is evident in Figure 3A, the elasticity modulus and viscous
coefficients of the phantoms, which mixed with different proportions of lipid and collagen,
were 63.5 kPa, 3.08 Pa-s and 59.4 kPa, 3.28 Pa-s, respectively. The difference in elasticity
and viscosity were 6.52% and 6.58%, respectively. However, the difference in the viscosity—
elasticity ratio measured by PAVEI can reach 29.30% approximately. Furthermore, we
verified the viscosity and elasticity changes in atherosclerotic tissues. Figure 3B showed the
rheometer and PAVEI results of a control artery and an atherosclerotic one. In the rheometer
measurement, the elasticity modulus and viscous coefficients were 55.6 kPa, 1.18 Pa's and
43.5 kPa, 1.46 Pa-s, respectively. Thus, the difference in elasticity and viscosity were 21.82%
and 23.75%, respectively. However, a 58.54% difference in the viscosity—elasticity ratio
can be obtained in PAVEL much higher than that of single parameter. By comparing the
test results of phantoms mixed with different proportions of lipid and collagen, obtained
using a rheometer, the change in the different components in the phantoms indeed caused
the change in elasticity and viscosity. In the case of little changes in composition, the
elastic or viscosity change will be very small. However, the PAVEI technique measured the
viscosity—elasticity ratio, which magnified the opposing changes in viscosity and elasticity
that occur during atherosclerosis and amplified the mechanical change in the composition,
thus enabling a more effective detection of plaque pathology with higher sensitivity and
higher contrast.
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Figure 3. Elasticity and viscosity of (A) phantoms mixed with different proportions of lipid and
collagen and (B) the atherosclerotic artery and the control one measured by rheometer, and the
viscosity—elasticity ratios measured by PAVEL

The PAVEI system was capable of characterizing lesions in atherosclerotic plaques
(Figure 4). Figure 4A showed a cross-sectional PAVEI for a healthy artery and an atheroscle-
rotic artery. Due to the high viscoelasticity of lipids, atherosclerotic plaques contrasted
strongly with the normal arterial wall. Figure 4B showed the oil red O staining results
of the arterial samples in Figure 4A, showing the changes in composition of the arteries
clearly. The main components of plaques were lipids and collagen. The averaged viscosity—
elasticity ratio of the plaque with lipid accumulation was 2.75 x 10> which was increased
compared to 2.35 x 10~ from the control group (Figure 4C). A comparison between groups
was performed using a t-test (p < 0.01), which ensured the accuracy of PAVEI in presenting
the lipid composition in atherosclerotic plaques. Oil red O was mainly used to stain the
lipid region; the different staining degrees represent the lipid content, and the distribution
of lipids in plaques can be visually seen through the staining results. The unstained part
was mainly composed of collagen fibers, which was an important component in maintain-
ing plaque stability. The correspondence between the PAVEI images and the results of the



Photonics 2024, 11, 471

7of 11

histological sections clearly showed that the lipids greatly increased the viscosity—elasticity
ratio in the mechanical properties of atherosclerotic tissues.
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Figure 4. (A) Cross-section PAVEI of the control artery compared to the atherosclerotic one.
(B) Corresponding oil red O staining results. Bars = 100 um. * p < 0.01 for lipid plaque group
vs control group. (C) Comparison of the viscosity—elasticity ratio measured by PAVEL * p < 0.01 for
control artery vs lipid plaque.

Figure 5A was obtained from atherosclerotic plaques found in apolipoprotein E-
knockout mice with 4 to 12 weeks of HFC diet. Histological results obtained by oil red
O staining showed the changes in lipids on the surface of the vessel lumen during this
period (Figure 5B). In the data processing of PAVEI results from the atherosclerosis groups,
the viscosity—elasticity ratio of the control group was taken as the threshold value, and
then the viscosity—elasticity ratio of the atherosclerotic tissues that was above the threshold
was statistically averaged. The plaques in mice 4 weeks into the HFC diet were early
lesions with an averaged viscosity—elasticity ratio of 2.64 x 10~°. The mice after 8 weeks
of the HFC diet had significantly more mixed lipids in their vascular walls with an aver-
aged viscosity—elasticity ratio of 2.87 x 10~°. High-grade fat regions were observed after
12 weeks of the HFC diet, where the viscosity—elasticity ratio ranged from 3.02 x 10~° to
3.58 x 1072, corresponding to an increase in lipid content. The statistical analysis of the
high lipid content area measured by PAVEI is shown in Figure 5C, and statistical signifi-
cance was compared using a f-test to identify group differences, resulting in p value < 0.01.
The correspondence between histological sections and PAVEI images indicated that lipids
produced contrast in PAVEI This validation ensured that PAVEI can accurately identify
lipid accumulation during plaque lesions.
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Figure 5. (A) En-face PAVEI and (B) histology acquired from the luminal surface with different
duration of HFC diet (4, 8, 12 weeks). The white dashed box showed the imaging area in Figure
(A). Bars = 1 mm. (C) Comparison of the viscosity—elasticity ratio measured by PAVEI * p < 0.01 for
8-week group vs 4-week group; ** p < 0.01 for 12-week group vs 8-week group.
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4. Discussion

One aim of the study was to show the capability of PAVEI to characterize the mechani-
cal properties of atherosclerotic tissue and thus differentiate plaque components. Lipid and
collagen played important roles in the development of atherosclerosis, and the change in
their proportion will lead to a change in plaque mechanical properties. Lipids were the
main component, which were usually covered with a layer of collagen fibers that protected
blood vessels and prevented the plaque from rupturing. Early lipid accumulation was only
on the surface of blood vessels, and did not make the plaque unstable. With the increase in
lipid accumulation, a necrotic lipid core will form and the plaque will become vulnerable.
On the other hand, the main component of the fiber cap was collagen; thus, changes in the
ratio of lipids to collagen reflected changes in the fiber cap, ultimately leading to changes
in plaque stability. In this study, two-dimensional maps of atherosclerotic tissue were
reconstructed to evaluate the plaque viscoelasticity. Significantly higher viscosity—elasticity
ratios were found in fatty plaques compared to normal arteries. These results indicated
that the mean viscosity—elasticity ratio of the plaque was dominated by the tissue type.

Another aim was to determine what composition generates areas with a high viscosity—
elasticity ratio, as identified via PAVEIL Therefore, we analyzed cross-sections of atheroscle-
rosis plaques via PAVEI and validated the results with histology. First, there was a signifi-
cant relationship between the fatty area and the average viscosity—elasticity ratio. Fat-laden
macrophages (FLMs) played a big role in the formation of fatty plaques. In the early stage
of atherosclerosis, FLMs phagocytized lipids and the fatty area was directly related to the
intimal accumulations of numerous FLMs. As atherosclerosis progressed, activated FLMs
secreted proteolytic enzymes and matrix metalloproteinases to degrade the fibrous cap,
leading to plaque rupture. Therefore, an increase in the amount of accumulated FLMs
was often accompanied by an increase in the viscosity—elasticity ratio of plaques [24,25].
Second, there was an inverse correlation between the plaque viscosity—elasticity ratio and
the collagen content, which was closely related to the weakening of atherosclerotic plaques
at points of rupture. The loss of collagen was the main reason for the increase in plaque
vulnerability, and plaques containing less collagen were thought to be more likely to break.
Therefore, in our study, the viscosity—elasticity ratio measured using the PAVEI technique
can be identified as an important mechanical index to evaluate the vulnerability of plaques.
All sections of lesions in this study contained no calcium. However, it is possible that the
stiff calcium deposits in plaque increase the propensity to rupture, and that calcification
may be a marker for the extent of disease or for another process such as inflammation. Due
to the high hardness of calcification, PAVEI will attribute a much lower viscosity—elasticity
ratio to calcified areas compared to other pathologies [26-29].

This study had several limitations which should be noted. Due to the low frequency
of an ultrasonic transducer in this system, the size of the transducer was big and its radius
was about 3 cm, which made it unable to do any in vivo intravascular detection. In the
future, a transducer with a low radius or update on detection mode can be used to solve
this key problem during the promotion of intravascular PAVEI technique. Because the
energy of the continuous laser was relatively weak, the signal-to-noise ratio (SNR) of the
excited PA signal in the experiment was relatively poor, thus the PA signals need to be
amplified by the lock-in amplifier and then collected by the ultrasound transducer. In the
future, a high frequency pulsed laser should be used to greatly improve the SNR of the
PA signal, improving the contrast of the PAVEI images and the sensitivity of the system.
The step size during the scanning of atherosclerotic tissue was 25 um. When detecting the
system resolution, a blade with high uniformity and flatness was used, thus the resolution
results were much better. However, in the detection of atherosclerotic samples, due to
the unevenness of the plaques, the focusing effect of the laser on the tissue surface was
not good. As a result, the resolution and contrast of the PAVEI image in Figures 4 and 5
were not very good. The atherosclerotic specimens used in ex vivo studies may have
degraded, so the measured viscosity—elasticity ratio may change slightly, but differences
in mechanical properties between different plaque types should remain under in vivo
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conditions in the future. The main reason for the low resolution of the PAVEI images was
that the scanned area was very small, and the radius of blood vessels in mice was less than
1 mm, so it is difficult to get a very clear image. In the future, the resolution of PAVEI can
be improved by using a high-power objective lens to achieve the high-resolution detection
of atherosclerotic plaques.

Possibly the most important factor is that, to describe the mechanical properties of an
isotropic material, a minimum of two parameters (i.e., Young’s modulus and the coefficient
of viscosity) are required. However, biological materials are rarely isotropic, and as a
result, more parameters must be defined via further study to describe the complex me-
chanical behavior of a plaque. Although the viscosity—elasticity ratio reflected the different
mechanical behaviors of various types of tissues, further research is needed to separate
the elasticity modulus and viscous coefficients, versus the viscoelasticity contributions to
the mechanical behavior of atherosclerotic tissues. Our group has been carrying out the
research in photoacoustic quantitative elasticity modulus determination. Combined with
PAVEI, we can obtain the viscous coefficient of the atherosclerotic tissue, which allows for
the multi-parameter detection of plaque pathology and will contribute to a more compre-
hensive description of plaque vulnerability. Combined with traditional PA imaging, multi-
parameter measurements of laser absorption, elasticity, viscosity and viscosity—elasticity
ratio can also be realized simultaneously to cooperatively realize the morphological and
functional evaluation in atherosclerosis. The detection of the viscosity—elasticity ratio be-
tween different plaques has high statistical significance. With the accumulation of large
amounts of experimental data, it may be possible to use the PAVEI technique to distinguish
different stages of atherosclerotic plaque in the future, and it is also possible to detect other
types of vascular diseases through the viscosity—elasticity ratio using the PAVEI technique.

5. Conclusions

In this paper, the PAVEI technique was proposed to evaluate the vulnerability of
atherosclerotic plaques using the viscosity—elasticity ratio. The high sensitivity and reli-
able contrast of the PAVEI system were demonstrated through an analysis of the change
in mechanical characteristics caused by the change in composition in gelatin phantoms.
In addition, PAVEI can also realize the determination of the mechanical properties of
atherosclerotic plaques and differentiate between plaque components, which revealed
higher mean viscosity-elasticity ratio values in fatty plaques compared to normal arteries.
All the advantages revealed that the PAVEI technique has wide application prospects in
detecting the morphological and mechanical characteristics of atherosclerotic plaques.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/photonics11050471/s1. Figure S1: Resolution of the PAVEI
system. Figure S2: Amplitude and phase delay of PA signals and noise.
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