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Abstract: Carotid plaque composition is a key factor of plaque stability and it carries significant
prognostic information. The carotid unstable plaques are characterized by a thin
fibrous cap (FC)  with large lipid core (LC), while stable plaques have a thicker FC and
less LC. Identifying the percentage of plaque compositions could help surgeons to
make a precise decision for their patients’ treatment protocol. This study aims to
distinguish between stable and unstable plaque by defining the relationship between
plaque composition and arterial waveform non-invasively. An in-vitro arterial system,
composed of a Harvard pulsatile flow pump and artificial circulation system, was used
to investigate the effect of the plaque compositions on the pulsatile arterial waveforms.
Five types of arterial plaques, composed of the LC, FC, Collagen (Col) and Calcium
(Ca), were implemented into the artificial carotid artery to represent the diseased
arterial system with 30% of blockage. The pulsatile pressure, velocity and arterial wall
movement were measured simultaneously at the site proximal to the plaque. Non-
invasive wave intensity analysis (Non-WIA) was used to separate the waves into
forward and backward components. The correlation between the plaque compositions
and the reflected waveforms was quantitatively analysed. The experimental results
indicate that the reflected waveforms are strongly correlated with the plaque
compositions, where the percentages of the Col are linearly correlated with the
amplitude of the backward diameter (correlation coefficient, r = 0.74) and the lipid
content has a strong negative correlation with the backward diameter (r = 0.82). A
slight weak correlation exists between the reflected waveform and the percentage of
Ca. The strong correlation between the compositions of the plaques with the backward
waveforms observed in this study demonstrates that the components of the arterial
plaques could be distinguished by the arterial waveforms. This finding might lead to a
potential novel non-invasive clinical tool to determine the composition of the plaques
and distinguish between stable and vulnerable arterial plaques at the early stage
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ABSTRACT  

Carotid plaque composition is a key factor of plaque stability and it carries significant prognostic 

information. The carotid unstable plaques are characterized by a thin fibrous cap (FC) ≤ 65𝜇𝑚 with 

large lipid core (LC), while stable plaques have a thicker FC and less LC. Identifying the percentage of 

plaque compositions could help surgeons to make a precise decision for their patients’ treatment 

protocol. This study aims to distinguish between stable and unstable plaque by defining the relationship 

between plaque composition and arterial waveform non-invasively. An in-vitro arterial system, 

composed of a Harvard pulsatile flow pump and artificial circulation system, was used to investigate the 

effect of the plaque compositions on the pulsatile arterial waveforms. Five types of arterial plaques, 

composed of the LC, FC, Collagen (Col) and Calcium (Ca), were implemented into the artificial carotid 

artery to represent the diseased arterial system with 30% of blockage. The pulsatile pressure, velocity 

and arterial wall movement were measured simultaneously at the site proximal to the plaque. Non-

invasive wave intensity analysis (Non-WIA) was used to separate the waves into forward and backward 

components. The correlation between the plaque compositions and the reflected waveforms was 

quantitatively analysed. The experimental results indicate that the reflected waveforms are strongly 

correlated with the plaque compositions, where the percentages of the Col are linearly correlated with 

the amplitude of the backward diameter (correlation coefficient, r = 0.74) and the lipid content has a 

strong negative correlation with the backward diameter (r = 0.82). A slight weak correlation exists 

between the reflected waveform and the percentage of Ca. The strong correlation between the 

compositions of the plaques with the backward waveforms observed in this study demonstrates that the 

components of the arterial plaques could be distinguished by the arterial waveforms. This finding might 

lead to a potential novel non-invasive clinical tool to determine the composition of the plaques and 

distinguish between stable and vulnerable arterial plaques at the early stage 

1. Introduction  

     Prediction of plaque progression is of essential significance to 

cardiovascular studies and disease diagnosis, prohibition and 

treatment. Atherosclerotic plaque is one of the arterial diseases 

which builds up in the arterial wall and can be identified by the 

composition of the plaque that includes lipid core (LC), calcium 

(Ca), collagen (Col) and other substances from the blood (Libby, et 

al. 2011). Atherosclerosis causes the narrowing of the carotid lumen 

leading to either occlusion of the blood flow to the brain cells or 

plaque rupture causing stroke event (Li et al. 2018). It causes around 

4.1 million deaths per year, about 46% of all deaths in Europe 

(Nichols et al. 2013). Globally, almost 17.5 million died because of 

cardiovascular diseases, and this figure is expected to increase to 

around 24 million by 2030 (Stroke Association 2018). Stroke 

Association also expects that people over 45, who have first-time 

strokes, will increase by 59 % within the next 20 years. Several 

studies, such as by Li et al. (2018), have indicated that most ischemic 

strokes are correlated with carotid plaque.  

       Carotid plaques could be mainly classified as stable and 

vulnerable (Finn et al. 2010). Vulnerable plaques are often identified 

by a thin FC with a large LC and interstitial Col (Van Den Oord et 

al. 2014), which increases the rupture risk. However, stable plaques 

can be characterized by a dense FC thickness including smooth 

muscle cells in an extracellular matrix rich in type I and III Col that 

tends to be asymptomatic (Finn et al. 2010). The appearance of 

calcification in the atherosclerotic plaque is prevalent in the late-

stage of carotid plaque and grows with age (Bentzon et al. 2014). 

The existence of Col and Ca in the plaque could increase the stiffness 

leading to stability in the plaque (Li et al. 2018). Although the recent 

clinical practices such as carotid endarterectomy rely heavily on the 

stenosis degree (Chan et al. 2014), most of stroke events occurred 

not due to lumen narrowing itself (Ammirati et al. 2015). Moreover, 

several histopathological studies have detected that stroke events can 

happen with plaque stenosis less than 30% and without any other 

detectible reason for their stroke (Wasserman et al. 2005). 

       Non-invasive imaging technique to evaluate the relationship 

between the behaviour of the plaque and the possibility of stroke 

event has been improved by applying Magnetic Resonance Image 

(MRI), Computed Tomography (CT), ultrasound and other 

sophisticated techniques (Underhill et al. 2010; Chan et al. 2014). 

However, to date, the effective non-invasive imaging technique to 

distinguish the vulnerable plaques in the carotid artery is still 

lacking.  

       Several kinds of research have attempted to study the diseased 

blood vessels non-invasively. For instance, distinguishing between 

diseased and healthy coronary arteries was investigated by Biglino 

et al. (2012 using arterial waveform. In addition, the effect of Ca and 

lipid of the carotid plaque on measured arterial waveform was 

studied by Feng (Feng et al., 2015) using WIA. These studies 

demonstrate that plaque properties could be identified by using 

arterial waveform, but no evidence has been shown to differentiate 

between vulnerable and stable plaques. 

       Recent research findings, based on physical testing of human 

carotid arterial plaques, indicated that vulnerable plaques may 

possess unique mechanical properties associated with their specific 

structures and sub-components (Cunnane et al. 2016; Kobielarz et 

al. 2020). This finding inspired a potential approach to assess the 

vulnerability of atherosclerosis non-invasively. Specifically, the 

clinical significance of arterial pulse waveform to the local physical 

properties of the cardiovascular system has been recognized for 

several decades (Xiao et al. 2019). For instance, the pulsatile wave 

velocity (PWV), which is a function of the stiffness of the arterial 

wall, has been used as a clinical index to assess cardiovascular 

disease (Bogatu et al. 2020). Clearly, the behaviour of the arterial 

waveform interrelates with the components and mechanical 

properties of the arterial plaque. Hence, we propose that the specific 

properties of vulnerable plaque would lead to unique arterial blood 

waveforms, which provides an alternative route to detect vulnerable 

arterial plaques non-invasively. Most recently, the in vitro 

experiments performed in our research group found that a significant 

difference in arterial waveforms exists between the arterial system 

with the soft plaque (thin-cap fibroatheroma) and hard plaque (fibro-

calcified) (Abdulsalam and Feng 2019). This finding leads to a 
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hypothesis that a unique correlation might exist between the arterial 

waveforms and the composition of the arterial plaque. In this study, 

a pioneer arterial waveform analysis approach, Non-WIA (Feng 

2010), was proposed to distinguish between the various kinds of 

plaque at an early stage (30% blockage degree) and inform the 

vulnerability of plaques by defining the relationship between the 

composition of the arterial plaque and arterial waveforms.  

2. Non-invasive wave intensity analysis (Non-WIA) 

       Wave intensity analysis (WIA) was first introduced by Parker 

and Jones (1990). The technique is based on the solution of the 

method of characteristics to the 1D equations of mass and 

momentum conservation using the simultaneous measurements of 

pressure and velocity invasively. Invasive WIA has been used in 

hemodynamic studies throughout the arterial bed (Khir and Parker 

2005; Feng et al. 2007). WIA was modified by Feng (2010), referred 

as non-invasive wave intensity analysis (Non-WIA), and has the 

advantage to separate arterial waveform into forward and backward 

components based on the measured diameter of the artery and 

velocity of blood flow, which allows for WIA to be used in the 

arterial waveform analysis non-invasively. To date, Non-WIA has 

been widely used in in-vivo cardiovascular mechanics studies, for 

instance, in the coronary artery, the pulmonary artery and the 

common carotid artery (Biglino et al. 2012; Quail et al. 2015; 

Pomella et al. 2017).  

       The wave separation depends on the value of wave speed, c, 

which is a key parameter of WIA. Wave speed is a function of tube 

distensibility and fluid density that can be calculated by Eq (1): 

𝑐 =  √
1

𝜌𝐷𝑠
                                                                                                               (1) 

where c is the wave speed, ρ is fluid density and 𝐷𝑠 is the tube 

distensibility. In this study, the wave speed is determined by using 

Ln DU–loop (Feng and Khir 2010), where the infinite small changes 

of the diameter, along with the propagation of the wavefronts, are 

linearly proportional to the relevant velocity components. 

       The separated forward and backward wavefronts can be 

calculated using Eq (2-3).  

𝑑𝐷± =  
1

2
 (𝑑𝐷±  

𝐷

2𝑐
 𝑑𝑈)                                                                (2)   

𝑑𝑈± =  
1

2
 (𝑑𝑈±  

2𝑐

𝐷
 𝑑𝐷)                                                                (3) 

where 𝑑𝐷± and 𝑑𝑈± are the forward and backward components of 

the diameter and velocity changes, D is the initial diameter and 𝑑𝐷 

and 𝑑𝑈 represent the infinite small changes of the measured 

diameter and velocity. Then, the forward and the backward diameter 

and velocity can be obtained by the integration of the 𝑑𝐷± and 𝑑𝑈± 

by using Eq (4-5): 

𝐷± =  ∑ 𝑑𝐷± + 𝐷0
𝑇
𝑡=0                                                                   (4)     

𝑈± =  ∑ 𝑑𝑈± +  𝑈0
𝑇
𝑡=0                                                                   (5) 

where T is the period total time and 𝐷0 and  𝑈0 are the initial value 

of the diameter and velocity.  

       Wave intensity (W/m2 ) is a typical parameter in the WIA 

method, which illustrates the energy flux that is transferred by the 

wave. The net of wave intensity, dI, can be obtained by the 

multiplication of the changes of the measured pressure (dP) and the 

velocity (dU). The net of non-invasive wave intensity, ndI, can be 

obtained by the multiplication of the change of diameter and 

velocity. The separated forward and backward, nd𝐼±, can be 

calculated by Eq (6),   

 nd𝐼± = ± 
1

4 (𝐷/2𝑐)
 (𝑑𝐷 ±  

𝐷

2𝑐
 𝑑𝑈)

2

                                              (6) 

3. Methods 

       In this study, five types of plaques, composed of the main 

components of the arterial plaques, were fabricated and implemented 

into an in-vitro arterial system. The arterial waveforms including the 

pressure, velocity and diameter of the arterial wall were measured 

simultaneously proximal to the plaque position. After five minutes 

from starting the experiment, the measured data were collected and 

each plaque was applied three times to ensure reproducibility. The 

measured waveforms were analysed using Non-WIA so that the 

reflected wave components could be extracted to illustrate the 

properties and types of the plaques. 

3.1. Artificial plaque preparation 

       Based on the histological study of the human carotid arterial 

plaque, Butcovan et al. (2016) classified carotid atherosclerosis into 

three types: (i) stable plaques including fibroatheroma (FA) and 

fibro-calcified plaque (FC); (ii) unstable plaques such as plaque 

rupture (PR), plaque erosion (PE) and calcified nodule (CN); and 

(iii) vulnerable plaques such as thin-cap fibroatheroma (TCFA). The 

features of these types of plaques are demonstrated in Table 1. In this 

study, the artificial plaques with identical characteristics as that of 

human carotid atherosclerosis, mentioned before, were fabricated 

manually (Fig. 1). 

       The following components were used to form the artificial 

plaques: (i) calcium chloride hexahydrate (Sigma – Aldrich), (ii) Col 

(type III, Sigma – Aldrich, St. Louis, MO) and (iii) lipid core-

soybean oil. Calcium chloride hexahydrate has been widely used in 

medical research such as composite living fibres for creating tissue 

constructs (Akbari et al. 2014) and phosphatidylthreonine and lipid-

mediated control (Arroyo-olarte et al. 2015). Type III Col was used 

to study the Col chain in the human placenta in the previous studies 

(Sage and Bornstein 1979). In this study, this type of Col was used 

to fabricate the FC and the Col part of the plaque. Soybean oil was 

used to form the lipid core of the artificial plaques in this study. 

Gelatine (from bovine skin, type B, Sigma – Aldrich, St. Louis, MO) 

and Col (from human placenta, type III, Sigma – Aldrich, St. Louis, 

MO) were mixed using deionized water to fabricate the FC (Guo et 

al. 2013). The in vitro study by Teng (Teng et al. 2014) was referred 

to for the size and shape of the artificial plaque components. The 

length of the plaque is 21.5 mm, width 6.5 mm and the blockage 

degree in all plaques were 30%± 5 %. The examples of the stable, 

unstable and vulnerable plaques distinguished by various 

percentages of the plaque components (FC, LC, Ca, Col) are 

demonstrated in Fig. 1. 

3.2. Experimental setup 

       The in-vitro experiment (Fig. 2) consisted of the pulsatile blood 

pump (Harvard Apparatus, USA) and artificial artery system, 

formed with latex Penrose tubing (Kent Elastomer, UK). The 

pulsatile pressure, flow rate and change of the diameter were 

measured by the tipped catheter pressure sensor (Millar Instruments, 

TX, USA), transonic flow probes (Transonic System, NY, USA) and 

sonometric crystals (Sonometric Cooperation, ONT, Canada), 

respectively. 

       The Pulsatile Blood Pump (Harvard Apparatus, Holliston, 

Massachusetts, US) was used to generate the pulsatile arterial 

waveforms. The shape and amplitude of the arterial waveform, 

which are similar to those of the human carotid arteries, were 

determined by the settings of the pump and the compliance of the 

arterial system. The pump rate was set at 70 RPM and stroke rate at 

15cc. The simulated ventricle was connected by polyvinyl chloride 
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(PVC) tube to receive and pump the circulation fluid. The diameter, 

flow rate and pressure measurements, via change of the time, were 

taken simultaneously at 5 mm proximal to the artificial plaque. The 

distance between artificial plaque, pressure transducer, flow probe 

and crystals was less than 5mm. The artificial blood vessel diameter 

was 9.5 mm.  

       The range of pressure for a healthy condition (no plaque) was 

between 127 mmHg to 75 mmHg. The housing program, based on 

Non-WIA and edited using Matlab R 2018a, was used for analysing 

the data. 

 

 

Table 1 The compositions of the three types of plaque: stable; unstable and vulnerable plaques (referred to from Butcovan et al. (2016)) 

Plaque type Thickness of FC (mm)  LC % Ca %  Col%  

FA (Stable) 0.35 57 %  0 % 43 % 
FC (Stable) 0.27 47 % 6.2 % 47 % 

TCFA (vulnerable) 0.022 26 % 0 % 74 % 

PR (Unstable) 0.017 22 % 0 % 78 % 
PE (Unstable) 0.013 71 % 18 % 12 % 

 

 

 
Fig. 1. The examples of the different types of plaques. Stable plaques: (A) FA plaque, (B) FC plaque; Unstable Plaques: (C) PR plaque and 

(D) PE plaque; Vulnerable Plaque: (E) TCFA plaque. 
 

 

 

 

 

 

 

 

 

 

Fig. 2. The experiment setup. PT is pressure transducer bridge amplifier; PF is Perivascular flow meter; DA is data acquisition and PC is 

personal computer. The measurements: flow probe, pressure transducer and crystals were mounted before the plaque at 26.6 cm from the 
injection site; and the distance between each of them was less than 5mm. The fluid level was 2 cm above the artificial artery. 

4. Results 

4.1. The measured diameter and velocity  

       Fig. 3A shows that the diameter of the tube wall was measured 

at 5mm proximal to the soft (PE, TCFA) and hard (FC) plaques. The 

diameter measured at the same position with no plaque implemented 

(Healthy) is also plotted in the same graph (solid line). In this figure, 
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the highest amplitude of diameter waveform was observed for the 

case with FC plaque, which is 4.2% higher than the diameter 

measured at the same position for a healthy one (Table. 2). The soft 

plaques also caused a slight increase of the measured diameter 

waveform by 3.4% for TCFA and 3.9% for PE plaque, respectively. 

The exceptional results are presented in Fig. 3B and indicate that PR 

(soft) plaque generated the highest measured diameter amplitude 

with a 6.7% increase compared to a healthy case and the lowest 

amplitude of diameter was found with FA plaques. 

       The measured pulsatile velocity waveforms in the tube with the 

attached TCFA, FC and PE plaques are exhibited in Fig. 3C. The 

lowest amplitude of velocity waveform was observed in the system 

with FC plaque. In comparison with a healthy case, FC plaque 

caused a 3.8% decrease in peak velocity. In contrast, the velocity 

waveforms measured in the system with TCFA and PE plaques are 

similar to those measured in the healthy system. Fig. 3D shows the 

velocity waveform measured in the system with FA (hard) and PR 

(soft) plaques and a healthy artery (no plaque). In this figure, the 

highest velocity waveform was observed with FA (hard) plaque, 

while the lowest one links with PR plaque (soft). Particularly, PR 

plaques caused a considerable decrease in the peak velocity in 

comparison to a healthy scenario (approximately 8% decrease). 

4.2. Separated forward and backward diameter 

4.2.1.  The wave speed determination (no plaque) 

Fig. 4 shows the determination of wave speed by using the non-

invasive ln DU-loop technique. The artificial artery diameter was 

9.5mm, which responded to the single pulse from the pulsatile blood 

pump. The early systolic period (initial part of the loop) is visibly 

linear from the beginning of injection. The linearity of the early 

systolic period means that the forward waves are only existed and 

the straight line corresponds to 
1

2
𝑐. The indicated line, therefore, is 

corresponded to c = 3.5m/s, and this value was used to separate the 

measured velocities and diameters of no plaque, FC, TCFA, PE, FA 

and PR plaques. 

4.2.2. The separated waveforms with FC, TCFA and PE plaques  

       The separation of the diameter for the three types of plaques is 

illustrated in Fig.5 A–D. Compared with the healthy condition, an 

increase in the backward diameter was observed for all three types 

of plaques. FC plaque, with the components of LC (47%), Ca (6%) 

and Col (47%), causes +39% of increase in diameter (0.61∝ 0.44 

mm), whereas TCFA plaque made of LC (26%) and Col (74%), 

results in 30% of increase in diameter (0.57 ∝ 0.44 𝑚𝑚). PE plaque 

(70% of LC, 18% of Ca and 12% of Col), having a lower content of 

LC, shows the lowest value of diameter. In comparison with the 

diameter measured in the healthy condition, PE plaque causes a 

+23% increase in diameter (0.55 ∝ 0.44 𝑚𝑚).  

4.2.3. The separated waveform with PR and FA plaques 

       Fig. 6 presents the results of waveforms associated with the PR 

and FA plaques. The composition of PR soft plaque in this study, 

including 22% of LC, 0% of Ca and 78% of Col, generated 0.61mm 

backward diameter amplitude. In comparison with a healthy 

condition, PR plaque causes a 57% increase in diameter. The 

backward diameter of FA plaque, which contained 57% of LC, 0% 

of Ca and 43% of Col, increased approximately 9% in comparison 

with a healthy artery.  

       The results for the measured and separated waveforms related 

to the PR and FA plaques are inconsistent with our expectations. We 

expected that FA (hard) plaque caused the stronger reflection, 

accordingly leading to the higher diameter waveform. Whereas, the 

lower diameter waveform was expected with PR plaque due to the 

potentially less strong reflection to be generated by the soft plaque. 

The phenomena with higher diameter related to PR plaque and the 

lower diameter linking with FA plaque is opposite to our 

expectations and it was observed among all of the tests. Therefore, 

it is speculated that the underpinning mechanism lies in the 

compositions of the plaques, particularly the percentage of typical 

components.  

 

 

Fig. 3. (A) The measured diameter for hard plaque (FC), soft plaques (PE and TCFA) and healthy case; (B) the measured diameter for hard 

plaque (FA), soft plaque (PR) and healthy case; (C) the measured velocities of hard plaque (FC), soft plaques (PE and TCFA) and healthy 

case; (D) the measured velocities of hard plaque (FA), soft plaque (PR) and healthy case. 
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Fig. 4. The wave speed determined by the non-invasive ln DU-loop technique from the experiment. The linear part is visible which 

corresponds to 0.5c. The value of c is 3.5 m/s, which was used to separate the measured waveform into forward and backward. 

 

 

 

 

 

 

 

 

Fig. 5. Measured, forward and backward arterial diameter in the healthy tube and tubes with hard plaque (FC) and soft plaques (TCFA and 

PE) are illustrated in (A), (B), (C) and (D), respectively. The solid, dashed and dotted lines represent the measured, forward and backward 

waves, respectively. The effect of FC plaque, which has 47% of LC, 6% of Ca and 47% of Col, generates a higher amplitude of diameter 

than PE and TCFA plaques do. The diameter of PE plaque is lower than that of TCFA. 

 

 

 

 

 

 

 

Fig. 6. A, B and C show the diameter waveform separations of no plaque condition, FA hard plaque and PR soft plaque, respectively. The 

solid, dashed and dotted lines in the three graphs represent the measured, forward and backward waves, respectively. The PR soft plaque 

generated higher backward diameter amplitude than FA hard plaque. 

4.2.4.  Statistical analysis results  

       The results of the correlational analysis between backward 

diameter amplitude with Col, LC and Ca are displayed in Fig. 7. A 

strong positive correlation between backward diameter amplitude 

and Col was observed with R = 0.75 (Fig. 7A). In addition, a strong 

negative correlation was found between backward diameter and LC 

with R = 8.2 (Fig. 7B). However, no significant correlation was 

found between Ca and backward diameter amplitude with R = 0.3 

(Fig. 7C). These results indicate that a higher percentage of Col in 

the plaque is associated with a higher backward diameter, while the 

higher percentage of LC is related to a lower backward diameter. 

5. Discussions 

       The arterial system in the human body is very complex, 

particularly in bifurcation, and its properties can change from one 

place to another. This can cause the reflection, transition and change 
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of diameter during the cardiac cycle (Parker 2009). The existence of 

arterial plaque could increase the rate of reflections, which makes 

the waveform more complex. Therefore, it is very important to 

understand the wave behaviour in the arterial system to understand 

its wave properties. This can be done by separating the measured 

waves into forward and backward waves to extract more information 

from the measured waveforms. The forward waves are mostly 

caused by the heart, while the backward waves are from the 

reflections (Parker 2009).  

       There has been growing evidence that arterial plaque 

composition could be characterized by the arterial waveform which 

may lead to identifying plaque vulnerability (Feng et al. 2015; Li et 

al. 2018; Abdulsalam and Feng 2019). This study attempted to 

investigate the effect of plaque composition on arterial waveform 

using different types of plaques.  

       One observation of this study is that the measured diameter of 

stable plaque generated higher amplitude than the unstable plaques, 

while the measured pulsatile velocity of unstable plaques generated 

higher amplitude than the stable plaques. For example, FC plaque 

produced higher amplitude in diameter than PE and TCFA plaques 

(Fig. 3A). A possible explanation is that the mechanical properties 

of stable plaque, particularly the arterial plaque stiffness, which 

includes Ca and Col, are greater than soft plaque. As can be seen 

from Table 1, the plaque composition of FC plaque contained 47% 

Col and 6% Ca, PE plaque had 12% Col and 18% Ca and TCFA 

plaque included 74% Col and 0% Ca. The strong reflection 

generated by FC led to a higher amplitude in diameter in comparison 

with PE and TCFA plaques. Meanwhile, a higher amplitude of 

diameter was observed in the vessels attached to the PR plaque, 

while a lower amplitude of diameter was observed in the FA plaque 

(Fig. 3B). This finding is inconsistent with our expectations. 

Clinically, PR plaque is a soft plaque, while FA is a hard plaque 

(Narula et al. 2013). It is expected that PR plaque, clinically known 

as a soft plaque, causes weak reflection and is associated with lower 

diameter, whereas FA plaque as a hard plaque, leads to a strong 

reflection, resulting in a higher amplitude of diameter. This non-

anticipated result could be attributed to their plaque compositions.  

 

Fig. 7. (A) shows the effect of arterial plaque Col on arterial backward wall movement. This result shows that there is a positive significant 

correlation between Col and backward diameter amplitude. (B) illustrates that there is a negative correlation between LC and backward 

diameter amplitude. (C) demonstrates that the effect of Ca in this study on arterial backward diameter had negative correlation.

      The separated forward and backward diameters for the stable and 

vulnerable plaques with the different components are presented in 

Fig. 5 and Fig. 6. The correlation of the percentages of each type of 

the components and the amplitude of the backward diameters are 

plotted in Fig.7. A positive correlation was found between Col and 

backward diameter amplitude and a negative correlation was found 

between LC and backward diameter. This implies that the higher 

percentage of Col in PR plaque caused higher backward diameter 

amplitude, while the higher percentage of LC in the plaque produced 

lower backward diameter. Therefore, the plaque compositions, 

particularly in LC and Col, have a direct effect on the amplitude of 

backward diameter. The increase of Col in arterial plaque resulted in 

higher diameter amplitude, while the increase of LC led to a decrease 

in the backward diameter.  

      The research findings from this study indicate the possibility of 

using arterial waveforms to detect the compositions of stable and 

vulnerable plaques in clinical settings. In the current clinical 

practice, the narrowing blood vessels are measured by using the 

ultrasound echo tracking and Doppler system, which allows for the 

diameter of the arterial wall and velocity of the blood to be measured 

non-invasively. It has been proved that Non-WIA is a reliable 

approach to analyse the carotid arterial waveforms measured by 

using the ultrasound echo and Doppler system (Pomella et al. 2017).  

      Therefore, the approach to detect the compositions of the stable 

and vulnerable plaques, developed in this study, has potential 

clinical applications. 

      As mentioned above, the arterial system in the human body is 

very complex. In particular, the bifurcations in the arterial system 

can disturb the blood flow performance around the regions of the 

bifurcation (Feng 2020) and could inherently alter the propagation 

pattern of arterial waveforms. Meanwhile, the geometries and 

properties of the arterial system can change from one place to 

another, which also have an influence on blood flow performance 

(Wang 2020) and the nature of arterial waveforms. To the authors’ 

best of knowledge, the effect of compositions of the plaques on the 

propagation of the arterial waveforms has not been studied in depth. 

Therefore, the findings from this study provide novel knowledge 

regarding the nature of the types of plaques related to arterial 

waveform propagation, providing important information to 

distinguish between stable, unstable and vulnerable plaques. The 

findings from this study, combined with the feasibility of using Non-

WIA to analyse arterial waveforms in a clinical setting, offer a 

potential novel medical diagnosis approach to distinguish between 

the vulnerable and stable plaques. 

      An in-vivo study would be essential to further investigate the 

correlation between arterial waveforms and the nature of plaques in 

clinical settings. It is envisaged that the complex of the arterial 

system in the human body, such as bifurcations, the variation of the 

stiffness of the local arterial wall, would add more complicated 

information for the arterial waveforms. Extracting the information 

of compositions of the plaque accurately and excluding the influence 

of the other factor(s) would be more challenging. The key 

information from this in-vitro study is the correlation of the 

backward arterial waveforms (amplitude) and compositions of the 

different types of plaques. In this study, we consider pulsatile wave 

velocity (PWV) as a constant due to the uniform vessel used. In the 
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human body, properties of the arterial wall varied along with the 

arterial system, therefore, variation of PWV along with arterial 

system needs to be considered. Furthermore, alteration of the 

waveform caused by the bifurcations and local arterial wall 

properties also needs to be considered. 

       In this study, the uniform outer shape of the artificial plaque was 

fabricated and employed, which are different from the irregular 

shape of the real plaques observed in clinical studies. This is also a 

major limitation of this study. The effect of the irregular shape of the 

plaques is worth being further investigated in the future. It is also 

noticed in this study that the characteristic of arterial waveforms is 

sensitive to the location of the different compositions within the 

plaques. The effect of the location of the different compositions on 

the arterial waveforms will be further investigated. Additionally, 

investigation and experimentation into the effect of Ca with various 

percentages together with Col are strongly recommended to provide 

a clearer picture of its effect on arterial backward amplitude. Finally, 

the severe stenosis degree (between 50 and 90%) should be 

performed for further investigation about the effect of the 

combination of the degree of block and plaque composition on the 

arterial waveform.  

 

6. Conclusion  

       This study investigates the effect of artificial plaque 

compositions on the arterial waveform. The results show that 

plaques with less LC percentage and a higher amount of Col and Ca 

percentage generate higher backward diameter amplitude. In 

addition, a strong positive correlation was found between Col 

percentage and backward diameter amplitude, while a significant 

negative correlation was observed between LC and backward 

diameter amplitude. The strong correlation between the 

compositions of the plaques with the backward waveforms observed 

in this study demonstrated that the components of the arterial 

plaques could be distinguished by the arterial waveforms. This 

finding might lead to a potential novel non-invasive clinical 

approach to determine the compositions of the plaque and 

distinguish the stable and vulnerable arterial plaques at the early 

stage 
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