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Background: The three-dimensional (3D) geometry of coronary atherosclerotic plaques

is associated with plaque growth and the occurrence of coronary artery disease.

However, there is a lack of studies on the 3D geometric properties of coronary

plaques. We aim to investigate if coronary plaques of different sizes are consistent in

geometric properties.

Methods: Nineteen cases with symptomatic stenosis caused by atherosclerotic plaques

in the left coronary artery were included. Based on attenuation values on computed

tomography angiography images, coronary atherosclerotic plaques and calcifications

were identified, 3D reconstructed, and manually revised. Multidimensional geometric

parameters were measured on the 3D models of plaques and calcifications. Linear

and non-linear (i.e., power function) fittings were used to investigate the relationship

between multidimensional geometric parameters (length, surface area, volume, etc.).

Pearson correlation coefficient (r), R-squared, and p-values were used to evaluate

the significance of the relationship. The analysis was performed based on cases and

plaques, respectively. Significant linear relationship was defined as R-squared > 0.25

and p < 0.05.

Results: In total, 49 atherosclerotic plaques and 56 calcifications were extracted. In

the case-based analysis, significant linear relationships were found between number of

plaques and number of calcifications (r = 0.650, p = 0.003) as well as total volume

of plaques (r = 0.538, p = 0.018), between number of calcifications and total volume

of plaques (r = 0.703, p = 0.001) as well as total volume of calcification (r = 0.646,

p = 0.003), and between the total volumes of plaques and calcifications (r = 0.872,

p < 0.001). In plaque-based analysis, the power function showed higher R-squared

values than the linear function in fitting the relationships of multidimensional geometric
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parameters. Two presumptions of plaque geometry in different growth stages were

proposed with simplified geometric models developed. In the proposed models, the

exponents in the power functions of geometric parameters were in accordance with the

fitted values.

Conclusion: In patients with coronary artery disease, coronary plaques and

calcifications are positively related in number and volume. Different coronary plaques

are consistent in the relationship between geometry parameters in different dimensions.

Keywords: coronary artery disease, atherosclerotic plaques, computed tomography (CT), three-dimensional

reconstruction, plaque morphology

INTRODUCTION

Coronary artery disease is a cardiovascular disease that has been
the leading cause of death globally (Malakar et al., 2019). The
formation of atherosclerotic plaques in the coronary arteries
plays a key role in the development of coronary artery disease
(CAD). With the growth of an atherosclerotic plaque, the
stenosis in the affected coronary artery reduces the myocardial
blood flow and oxygen supply. Evidence has shown that the
geometry of a plaque, which determines the severity of arterial
stenosis, is related to the risks of clinical events, including
myocardial infarction in patients with CAD (Choi et al., 2015;
Lee et al., 2019a). Further investigation of coronary plaque
geometry is, therefore, recognised as an important pathway
toward understanding the pathophysiology and improving the
diagnosis and treatment of CAD (Ratiu et al., 2018).

Currently, computerised tomography (CT) scan is the most
commonly used medical imaging technique in the diagnosis of
CAD (Gaur et al., 2016). The coronary computed tomography
angiography (CCTA) images have a high spatial resolution
to reflect the geometry and morphology of coronary plaques
(Stefanini Giulio and Windecker, 2015). CCTA can achieve
a higher resolution than cardiac magnetic resonance imaging
(MRI) (Liu et al., 2021). The severity of luminal stenosis
evaluated by CCTA was in similar accuracy as that obtained from
intravascular ultrasound (IVUS) (Lee et al., 2019b). The coronary
angiography (CAG) is also widely used in the diagnosis of CAD.
Compared with MRI, IVUS, and CAG, CCTA is low-cost, non-
invasive, and safe to use on patients with implants (Wang et al.,
2018). CCTA can visualise different types of plaque composition.
Non-calcified, partially calcified, and calcified plaques could be
extracted separately based on their attenuation values (Daghem
et al., 2020). Therefore, CCTA has been widely applied in the
analysis of coronary plaque geometry (Rinehart et al., 2011; Ratiu
et al., 2019).

Using the three-dimensional reconstruction of plaque
geometry from CCTA images, many geometric parameters
can be accurately estimated, including the burden (i.e., the
severity of stenosis), size, diameter, and composition of coronary
artery plaques (Liu et al., 2021). The geometry of a plaque can
influence the hemodynamic parameters, such as wall shear
stress, which, in turn, influence the evolution of plaque geometry
(Yamamoto et al., 2017; Arzani, 2020; Pleouras et al., 2020a). For

example, the clinical observation and computational simulation
have disclosed that plaques grow faster in the downstream
areas than the upstream areas (Arzani, 2020). Considering
the haemodynamics-driven plaque growth, in this study, we
hypothesize that different coronary plaques may be consistent
in geometry.

The geometric consistency among different objects can be
investigated using the relationships between multidimensional
geometric parameters (i.e., parameters defined in different
geometric dimensions). For example, sphericity has been
proposed to evaluate the geometric consistency between different
objects. It was defined as the ratio of the surface area of a
sphere, which has the same volume as the given particle to the
surface area of that particle (Li et al., 2012). The surface-area–
volume ratio has been applied in investigating the taxonomic
groups of insects (Kühsel et al., 2017), as well as the relationship
between human brain size and cortex folding (Toro et al.,
2008). However, despite the fact the many geometric parameters
have been applied in the evaluation of coronary plaques (Liu
et al., 2021), as far as we know, the geometric consistency of
coronary plaques has not been comprehensively investigated
using multidimensional geometric parameters based on patient-
specific CCTA imaging data.

In order to comprehensively understand coronary plaque
geometry and its evolution, we aim to investigate the relationship
between different multidimensional geometric parameters of
coronary plaques reconstructed from CCTA images. Considering
the geometric and hemodynamic differences between left and
right coronary arteries, we focus on the plaques in left coronary
arteries in this pilot study.

METHODS

Patients and CCTA Imaging Protocol
In this retrospective study, the CCTA imaging data were collected
from 25 patients with CAD in the Second Affiliated Hospital of
Zhejiang University in China from 2015 to 2016 with approval
from the local ethics committee for sharing and analysing
retrospective anonymised patient data with informed consent
form waived. Details of the CCTA scan protocol are listed in
Table 1. Each scan was visually examined for visible coronary
stenosis, culprit lesions, and calcifications. The resultant datasets
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TABLE 1 | CCTA data acquisition.

Parameter name Name/qty

Scanner type Somatom definition flash

Number of slices 128

Patient’s position Supine

Patient’s heart rate (beats per minute,

mean ± SD)

70.125 ± 14.047

Contrast type Ultravist 370

Any beta-blockers? No

Any nitro-glycerine? Yes- one subject, the rest- no

Time of the scan (minutes, mean ± SD) 2.805 ± 2.464

TABLE 2 | Characteristics of patients.

Patients, n 19

Female, n 6

Age (years, mean ± SD) 63.421 ± 9.532

Total number of plaques, n 49

Number of plaques per case (mean ± SD) 2.579 ± 1.387

Total number of calcifications, n 56

Number of calcifications per case (mean ± SD) 3.158 ± 1.803

Mean calcified plaque volume (per case, mm3,

mean ± SD)

24.137 ± 24.156

Mean whole plaque volume (per case,mm3,

mean mean ± SD)

151.084 ± 115.431

Mean plaque surface area (per case,mm2,

mean mean ± SD)

313.995 ± 186.056

of systolic and diastolic scans were compared regarding the
quality of images, with the better one selected for analysis.

In six patients, there was no observable plaque or significant
stenosis (>50% in diameter) in left coronary artery. In total,
19 patients (13 males, 6 females, mean ± SD of age: 63.4 ±

9.5 years) were finally included for analysis, as listed in Table 2.
The observer was blinded for the case diagnosis. The quantity,
location, and type of atherosclerotic plaques have been confirmed
by a radiologist and a cardiologist.

3D Reconstruction of Coronary Arteries
The 3D geometry of coronary arteries and plaques was
reconstructed from the CCTA images using the software
MIMICS 20.0 (Materialise N.V., Belgium). The reconstruction
method was semiautomatic, using the Coronary Segmentation
Tool of Mimics Medical Suite. Firstly, the position of the aorta
was marked. Then, with start and end points marked on the
CCTA image dataset, an arterial segment can be automatically
reconstructed with the result saved in an independent set (a
“mask” in MIMICS). For the left coronary artery tree, artery
segments were extracted from the left main coronary artery (LM)
to major branches, including the left anterior descending artery
(LAD) and left circumflex artery (LCX), and, finally, the distal
branches. The small branches (diameter < 1mm, or blurred
structure) were trimmed off. The left coronary artery tree was

derived by connecting artery segments using the union operation
of different sets.

Extraction of Coronary Atherosclerotic
Plaques: A Two-Step Approach
The 3D reconstruction of coronary plaques was based on a
semiautomatic two-step approach. It is difficult to distinguish
between fibrotic, fibro-fatty, and fatty atherosclerotic lesions.
Therefore, in this study, the plaque components were categorised
as calcified (calcification) and non-calcified. Firstly, based on the
position of plaque on the two-dimensional (2D) CCTA images,
the spatial ranges of plaque were set in three directions (sagittal,
coronal, and transverse). In the 3D space defined by the ranges,
the plaque was automatically extracted using thresholds of CT
attenuation value (in Hounsfield units, or HU). Due to the
difference in plaque composition, the CT attenuation value varies
among different scans. Therefore, the thresholds were set patient
specifically. Low attenuation values (0–150 HU) were used to
identify non-calcified plaques, whereas high attenuation values
(>150–1,334 HU) were used for calcified components. Firstly,
the calcifications were automatically extracted (Figure 1). The
demarcation between non-calcified plaque components, vessel
lumen, and other tissues was inaccurate due to the varying local
attenuation. Therefore, amask was developed by using a wideHU
range for all the non-calcified components, including the vessel
wall. By using union Boolean operation, an outer boundary was
derived that wraps the vessel lumen and the whole plaque (the
cyan part in Figure 2).

In the second step, the plaque geometry was further modified.
Considering the blooming artefact caused by calcification,
the surrounding non-calcified components have higher HU
values. The boundaries between non-calcified components
and calcification or artery lumen were checked and adjusted
manually. The areas opposite to the calcification were also
reviewed to add the non-calcified plaque components that were
not detected by the threshold used in the first step due to the effect
of surrounding tissues (the magenta part in Figure 2).

Measurement of Multidimensional
Geometric Parameters
The measurement of multidimensional geometric parameters in
different dimensions was performed using the Materialise 3-
Matic software (Materialise N.V., Belgium) on the whole plaques
and calcifications, respectively.

For each plaque and calcification, firstly, the volume and
the surface area were measured automatically. Secondly, the
length, surface distance, cross-sectional area, and diameter were
measured manually. The length of a plaque or calcification was
defined as the longest straight-line distance between its proximal
and distal ends. The surface distance was defined as the length of
the shortest path on the surface between the proximal and distal
ends. For the whole plaque, the cross-section area was measured
on the cross-section perpendicular to the local centerline of the
arterial segment with the maximal area (Figure 3). The cross-
section diameter was measured as the longest distance on the
cross-section area. Compared with the plaques, calcifications had
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FIGURE 1 | The extraction of arterial lumen and calcification. (A) The 3D view. The blue and orange points present the start and the end points of extracted artery

segments. The red lines and black points present the centerlines of artery segments and connecting points (left). The arterial segments were extracted in different

masks (in different colours) and connected (middle). The calcifications were extracted independently (right). (B) The 2D views of stenosed artery in three directions

(sagittal, coronal, and transverse).

much smaller size, rounder shape, andwere positioned in variable
directions in spatial distribution. Therefore, the cross-section
area and the diameter were not measured on calcifications.

Statistical Analysis
The statistical analysis was performed using SPSS 24.0 software
(IBM SPSS Inc., Chicago, IL, USA) based on each case, plaque,
and calcification, respectively.

In the case-based analysis, the sum of volumes of different
plaques or calcifications was calculated for each subject. The
relationships among the numbers and volumes of plaques
and calcifications were investigated using simple linear
regression with Pearson correlation coefficient (r), coefficient of
determination (R-squared), and p-value calculated. A significant
linear relationship was defined as r > 0.5 (R-squared > 0.25)
and p < 0.05. A strong linear relationship was defined as r > 0.8
(R-squared > 0.64) and p < 0.05.

We investigated the multidimensional geometric parameters
in the plaque- and calcification-based analyses. Each pair of
parameters was in different dimensions except for length and
surface distance which can reflect the smoothness of the plaque
surface. In the plaque-based analysis, simple linear regression
analysis was performed between different geometric parameters
(i.e., volume, surface area, length, surface distance, cross-section

area, and cross-section diameter) of plaques. Similarly, in the
calcification-based analysis, simple linear regression analysis
was performed on the geometric parameters measured from
each calcification (i.e., volume, surface area, length, and surface
distance). If any significant linear relationship was found
between two parameters of different dimensions (e.g., surface
area and volume), the non-linear regression analysis based
on power function was performed. The results of linear and
non-linear regressions were compared using their R-squared
values. Finally, to further investigate the relationship between
plaques and calcifications in volume, simple linear regression
analysis was performed in the plaque-based analysis between
the plaque volume and the total volume of calcifications in
the plaque.

Geometric Modelling
Based on the analysis of multidimensional parameters (see
Results), we proposed two models to describe the geometry
of small (patchy) and big (circular) coronary plaques. All the
plaques were simplified as a part of a cylindrical shell with
uniform thickness (Figure 6). To evaluate if the models can
accurately reflect the plaque geometry, the ratio between plaque
length, surface area, and volume was calculated and compared
with the obtained measurement results.
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FIGURE 2 | The extraction of an atherosclerotic plaque. (A) The 3D view. (B) The 2D views. The stenosed artery lumen, calcification, outer boundary that wraps

vessel lumen and non-calcified components, as well as the manually revised results were shown in purple, yellow, cyan, and magenta colours in the 3D and 2D views.

RESULTS

Summary
In the 19 subjects, in total, 49 atherosclerotic plaques and 56
calcifications were extracted from the left coronary arteries. In
each case, the numbers of plaques and calcifications were (mean
± SD) 2.579 ± 1.387 and 3.158 ± 1.803; the mean calcification
volume and mean whole plaque volume were 24.137 ± 24.156
mm3 and 151.084 ± 115.431 mm3, respectively. The plaques
located in all the major branches of left coronary artery tree:
LAD (in 18 subjects), LCX (in 7 subjects), LM (in 5 subjects), as
well as the diagonal (in 4 subjects), and marginal (in 3 subjects)
branches. The CA scores ranged from 1.2 to 856.4. Therefore, the
plaques in this study were diverse in location and composition.

Case-Based Analysis
The results of case-based analysis showed a strong relationship
between the plaques and calcifications in number and volume.
Significant linear relationships were observed between the
number of plaques and the number of calcifications (r = 0.650,
p = 0.003), between the number of plaques and the volume
of plaques (r = 0.538, p = 0.018), between the number of
calcifications and the volume of plaques (r = 0.703, p = 0.001),
and between the number of calcifications and the volume of
calcifications (r = 0.646, p = 0.003). The volume of plaques and

volume of calcifications showed a strong linear relationship (r =
0.872, r < 0.001) (Table 3).

Plaque-Based and Calcification-Based
Analysis: Linear and Non-linear
Regressions
For the plaques, a significant linear relationship was found
between the volume and the cross-section area (r = 0.506, p
< 0.001). Strong linear relationships were found between the
volume and the surface area (r = 0.944, p < 0.001), volume and
length (r = 0.861, p < 0.001), volume and surface distance (r =
0.843, p < 0.001), surface area and length (r = 0.925, p < 0.001),
surface area and surface distance (r = 0.908, p < 0.001), length
and surface distance (r = 0.997, p < 0.001), as well as cross-
section diameter and cross-section area (r = 0.866, p < 0.001).
There was a significant linear relationship between the plaque
volume and the total volume of calcifications in each plaque (r
= 0.754, p < 0.001).

In Figure 4, the non-linear regression shows a higher R-
squared value than linear regression in most relationships except
between the volume and the cross-section area where the
relationship is just above the significant threshold (R-squared:
0.256 and 0.236 for linear and non-linear regressions), as well
as between the length and the surface distance where the values
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FIGURE 3 | Measurement of geometric parameters. (A) Stenosed artery

lumen. The surface of plaque was indicated by polylines for better

comparison. (B) Measurement of the cross-section area of a plaque

(magenta). The cross-section with the maximal area (yellow) was derived

perpendicularly to the centerline of arterial segment (purple). (C) Measurement

of length and surface distance of a plaque. The red curve (24.26mm) and blue

segment (22.91mm) illustrate the shortest distance on the surface and in the

3D space, respectively.

are very approximate (R-squared: 0.993 and 0.990 for linear and
nonlinear regressions).

In the calcification-based analysis, strong linear relationships
were found between volume and length (r = 0.895, p < 0.001),
volume and surface distance (r = 0.850, p < 0.001), as well as
length and surface distance (r = 0.888, p < 0.001). In Figure 5,
the linear regression always shows a higher R-squared value than
the non-linear regression. All the relationships in Figure 5 are
weaker than the corresponding ones in Figure 4.

Geometric Modelling of Coronary Plaques:
Two Presumptions
Presumption 1: Cylindrical Ring Shape of Fully

Developed Plaques
It can be observed in Figure 6 that the fully developed plaques
are nearly symmetric circumferentially but asymmetric along
the artery wall. In a large-scale study of coronary plaque
geometry using intravascular ultrasound, 50.2% were concentric
in 1,441 cross-sections (Komiyama et al., 2016). Longitudinally,
atherosclerotic plaques often grow faster along one side of the
artery wall due to the difference in hemodynamic effect (Gnasso
et al., 1997; Samady et al., 2011). Therefore, we presume that a
fully developed plaque has a nearly cylindrical ring shape in the
middle segment and extends slantly toward the proximal and
distal arterial segments. Accordingly, we developed a model of
cylindrical ring shape with slanted cross-sections at both ends
(Model 1 in Figure 6). The ratio between the surface area (S) and

TABLE 3 | Linear regression results of case-based analysis.

Number of

plaques

Number of

calcifications

Total volume

of plaques

Total volume

of calcification

Number of

plaques

r = 0.650,

p = 0.003*

r = 0.538,

p = 0.018*

r = 0.411,

p = 0.080

Number of

calcifications

r = 0.703,

p = 0.001*

r = 0.646,

p = 0.003*

Total volume

of plaques

r = 0.872,

p<0.001**

*marks significant linear relationship (R-squared > 0.25 (i.e., r > 0.5) and p < 0.05).

**marks strong linear relationship (R-squared > 0.64 (i.e., r > 0.8) and p < 0.05).

the volume (V) can be derived as

S

V
=

2

R− r
+

1

h

(

1

cos θ1
+

1

cos θ2

)

(1)

where R, r, and h are the external radius, internal radius, and
height on the centerline. θ1 and θ2 describe the dihedral angles
between the surface planes and the perpendicular cross-section
plane at both ends.When the size of plaque increases, the value of
S
V decreases: S

V = 0, which is in accordance with the observation
in Figure 4A. The exponent in the power function relationship
between S and V can be derived as

lnS

lnV
=

lnπ + ln (R+ r) + ln
[

2h+ (R− r)
(

1
cos θ1

+
1

cos θ2

)]

lnπ + lnh+ ln (R+ r) + ln (R− r)

(2)

which can be estimated based on the following two hypotheses
on plaque geometry evolution:

Hypothesis 1.1: during the growth of a plaque, the values of R,
r, and h are linearly related while θ1 and θ2 are independent.
Under this hypothesis, it can be derived that

lim
V→∞

lnS

lnV
=

2

3
(3)

Hypothesis 1.2: with the growth of plaque, the atherosclerosis
extends asymmetrically on the artery wall toward the proximal
and distal arterial segments, where the values of R, r, 1

cos θ1
,

1
cos θ2

, and h are linearly related. It can be derived that

lim
V→∞

lnS

lnV
= 1 (4)

In Figure 4A, the exponent in the power function fitting is 0.741,
which is between 2

3 and 1. Therefore, this geometric model
reflects the relationship between the surface area and the volume
in real coronary plaques.

To investigate the relationship between plaque length and
volume, the length was calculated under two hypotheses:

Hypothesis 1.3: the plaque length (L) locates along the
external wall

L = h + R (tanθ1 + tanθ2) (5)
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FIGURE 4 | Linear and non-linear regression fittings on the geometric parameters of plaques. The regression line and curve are shown in dotted lines. (A) The volume

and the surface area. (B) Volume and length. (C) Volume and surface distance. (D) Volume and the cross-section area. (E) The surface area and length. (F) The

surface area and surface distance. (G) Length and surface distance. (H) Cross-section diameter and the cross-section area.
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FIGURE 5 | Linear and non-linear regression fittings on the geometric parameters of calcifications. The regression line and curve are shown in dotted lines. (A) Volume

and length. (B) Volume and surface distance. (C) Length and surface distance.

FIGURE 6 | Two types of coronary atherosclerotic plaques and corresponding geometric models. In both models, R, r, and h are the external radius, internal radius,

and height on the centerline. In model 1, L1 describes the longest segment along the longitudinal direction on the surface. L2 describes the segment from one end of

L1 to the opposite side. L1 and L2 form a plane across the centerline of the cylinder. θ1 and θ2 describe the dihedral angles between slanted surface planes and the

perpendicular cross-section plane at both ends. In model 2, θ describes the circumferential range of the partial ring.

Hypothesis 1.4: the plaque length (L) goes across the geometry

L =

√

(2R)2 +
(

h+ R tan θ1 − R tan θ2
)2

(6)

In both cases, it can be derived that lnL
lnV

≈
1
3 under hypothesis 1.1,

and lnL
lnV

≈
2
3 under hypothesis 1.2. In Figure 4B, the exponent

in the power function fitting is 0.414, which is between 1
3 and

2
3 . Therefore, this model is in accordance with the geometric
properties of real coronary plaques.

Presumption 2: Partial Cylindrical Ring Shape of

Early-Stage Plaques
In the early stage of plaque formation, the vessel wall thickening
often emerges from one side of coronary artery and extends both
longitudinally and circumferentially. Therefore, we proposed a
model that describes the geometry of an early-stage plaque that
covers circumstantially a part of the artery wall (Model 2 in
Figure 6, in which θ describes the circular range of the plaque
and θ < π). The ratio between the surface area and the volume
can be derived as:

S

V
= 2

[

2

θ (R+ r)
+

1

h
+

1

R− r

]

(7)
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When the size of a plaque increases, the value of S
V decreases:

lim
V→∞

S
V = 0, which is in accordance with the observation in

Figure 4A. The exponent in the power function relationship
between S and V can be calculated as

lnS

lnV
=

ln
[

2h (R− r) + θ
(

R+ h
) (

R− r + h
)]

lnθ + lnh+ ln (R+ r) + ln (R− r) − ln2
(8)

We investigated the plaque geometry under the
following hypothesis:

Hypothesis 2.1: The growth of atherosclerotic plaque extends
in axial and circumferential directions, where h, R, and r are
linearly related, while θ increases toward 2π .

Thus, the following relationships could be derived:

lim
V→∞

lnS

lnV
=

2

3
(9)

L =

√

h2 +

(

2R sin
θ

2

)2

(10)

L

V
=

2

√

h2 +
(

2R sin θ
2

)2

θh
(

R2 − r2
) (11)

lnL

lnV
=

ln2+ 0.5ln
(

h2 +
(

2R sin θ
2

)2
)

lnθ + lnh+ ln (R+ r) + ln (R− r)
(12)

lim
V→∞

lnL

lnV
=

1

3
(13)

In Figure 4, the values of exponents for lim
V→∞

lnS
lnV

and lim
V→∞

lnL
lnV

are 0.741 and 0.414, which are in accordance with the
values derived from the model (difference < 0.08 and <

0.09 for S
V and L

V , respectively). Therefore, this model is
also in accordance with the geometric properties of real
coronary plaques.

DISCUSSION

The results disclosed the geometric consistency among coronary
atherosclerotic plaques of different sizes. Based on the results,
we proposed two simplified geometric models of coronary
plaques whose geometric properties were in accordance with
the measurement results. As far as we know, this is the
first study on the geometry properties of coronary plaques in
different dimensions.

In this pilot study, the coronary plaques were extracted
from CCTA images and manually revised. As aforementioned,
some invasive imaging methods, such as IVUS and optical
coherence tomography, can achieve a high accuracy in detecting
the geometry and morphology of atherosclerotic plaques while
CCTA is non-invasive and widely used in the diagnosis of CAD.
Additionally, CCTA has high reproducibility (Symons et al.,
2016) and reliability in evaluating coronary plaques (Dweck et al.,
2016). However, automatic extraction of coronary plaques from
CCTA images could cause under- or over-estimation of plaque
size, especially for calcified plaques where blooming artefact

could increase the attenuation value of adjacent tissues, leading
to the inaccurate estimation of plaque volume (Liu et al., 2021).
Additionally, the automatic separation of a non-calcified (lipid
or fibrotic) plaque from surrounding tissues could be difficult
due to the similarity in attenuation value (Liu et al., 2019).
Therefore, for CCTA images, the manual revision could reduce
the inaccuracy in plaque geometry. These results were also
assessed and corrected by experienced radiologists to provide a
basis for reliable geometric analysis.

In some studies on the computational simulation of CAD,
simplified 2D models of different atherosclerotic plaques have
been developed, including carotid plaque models (Yuan et al.,
2015; Shahidian and Hassankiadeh, 2017) and idealised plaque
models (Shimizu and Ohta, 2015). On the cross-section plane
perpendicular to the centerline of a local arterial segment,
the circular, elliptical, crescent, and irregular shapes have been
used to describe the plaque geometry where the internal and
external boundaries of the arterial wall were modelled using a
circle and an ellipse, respectively (Shahidian and Hassankiadeh,
2017). By changing the size of the crescent shape, Kumar and
Balakrishnan investigated the stress on coronary plaques with
different sizes (Krishna Kumar and Balakrishnan, 2005). On the
cross-section plane along the artery centerline, Konala et al.
used a simplified trapezoid model to describe the longitudinal
coronary plaque geometry along the local artery segment (Konala
et al., 2011). As a result, the 3D geometry of the plaque had
adjustable slopes of the proximal and distal segments (Karimi
et al., 2012, 2014c). Some smoother shapes were also developed
to describe the longitudinal plaque geometry. Yasutomoa and
Makotoa used a semicircle model to investigate the recirculation
area distal to the plaque (Shimizu and Ohta, 2015). To describe
the longitudinal change of radius along the stenotic artery
segment in a more accurate way, Moreno and Bhaganagar used
a cosine function to describe the boundary between coronary
plaque and the lumen in the longitudinal direction (Moreno
and Bhaganagar, 2013). With these smoother functions, saddle-
shaped 3D plaque geometry could be derived to describe the
geometry of eccentric plaques (Karimi et al., 2014a,b; Yuan
et al., 2015). However, the geometric models in existing studies
were highly simplified without validation using patient-specific
imaging data. Based on the patient-specific CCTA imaging data,
we found the consistency in geometry among different coronary
plaques and developed two geometric models whose geometry
properties were in accordance with the measured results. These
results provide an important reference for the pathophysiological
and computational studies on coronary plaques.

The power function relationship between multidimensional
geometric parameters (volume, surface area, and length) of
coronary plaques is a novel finding. As we observed, coronary
plaques often grow along the artery wall, forming curved shells,
rings, or more complicated shapes, which are quite different from
a sphere (Figure 6). Therefore, instead of using sphericity to
evaluate geometric consistency of coronary plaques, we directly
investigated the relationship between geometric parameters in
different dimensions. The consistency of plaque geometry is
related to plaque growth. With a certain degree of stenosis,
the plaque geometry has a direct effect on the turbulence flow
characteristics in the surrounding areas (Bhaganagar, 2009). As
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a result, an area with low values of wall shear stress (WSS),
which is a hemodynamic parameter directly related to endothelial
function and atherosclerosis, will appear in the distal segment
of the plaque, accelerating the plaque growth (Liu et al., 2018;
Arzani, 2020). In a study on 900 artery segments extracted from
94 patient-specific coronary arteries, Pleouras et al. found that the
plaque growth and degree of stenosis predicted using the baseline
WSS values derived from computational simulation were in
accordance with the follow-up clinical observation (Pleouras
et al., 2020b). Therefore, the plaque geometry can influence
the plaque growth by hemodynamic effects in pathological
mechanisms, which contributes to the geometric consistency of
different coronary plaques.

On the other hand, geometrical parameters of coronary
plaques can provide information about many CAD-related
clinical risks: the severity of ischemia, the risky areas of
plaque growth, and the stability of arteriosclerotic plaques (Choi
et al., 2015; Driessen Roel et al., 2018). Therefore, the accurate
evaluation of plaque geometry in different dimensions can help
to determine the pathological and morphological properties of
coronary plaques which will improve the diagnosis, treatment,
and management of CAD.

The calcifications and plaques showed different geometric
properties. Firstly, the case-based analysis disclosed that plaques
and calcifications were significantly correlated in number and
total volume (Table 3). This is in accordance with the fact
that calcification occurs in the mature plaques. The plaque-
based analysis showed a significant relationship between plaque
volume and total calcification volume in the plaque. In carotid
and coronary arteries, the volume of calcification is closely
related to the intima-media thickness (IMT) (Araki et al., 2015).
Pathologically, calcification often appears in the later stages of the
atherosclerotic lesion (Shioi and Ikari, 2017). Thus, in the case-
based analysis, the total calcification volume was not significantly
related to the total number of plaques (Table 3). Secondly,
compared with the plaques, the calcifications had less significant
relationships between multidimensional geometric parameters
(Figures 4, 5), which suggested that the geometry of calcification
is more irregular. In atherosclerotic plaques, the formation
of calcification is influenced by different pathophysiological
mechanisms, including the death of inflammatory cells, releasing
of matrix vesicles, reduced local expression of mineralisation
inhibitors, and induction of bone formation resulting from
differentiation of pericytes and/or vascular smooth muscle
cells (Nakahara et al., 2017). Therefore, the distribution of
calcifications is discontinuous with irregular geometry. It was
observed that calcification itself exists in a diverse range
of morphologies from spherical microcalcifications to large
irregular-shaped macrocalcifications (Cahalane and Walsh,
2021). Additionally, the calcification geometry extracted from
CCTA images is influenced by the image quality and the
blooming artefact (Liu et al., 2021). Due to the limited resolution
of imaging techniques, detailed shape features of calcifications
have not been analysed (Shi et al., 2020a). The shape of
calcification was found to be significantly related to the rupture of
carotid plaques where the calcifications in the ruptured plaques
displayed a remarkably lower ratio between the long axis and

the short axis (Shi et al., 2020b). Therefore, the 3D geometry
of coronary calcification may provide valuable information to
improve the diagnosis and prognosis of CAD, which deserves
further investigation.

This study has some limitations. Firstly, only 19 subjects
were included in this pilot study, in which there was no
plaque rupture. All the plaques were from the left coronary
arteries. The size and composition of plaques vary across
different epicardial coronary arteries (Bax et al., 2021) and
are influenced by some physiological factors, such as age and
gender (Khosa et al., 2013). The plaque diversity deserves further
consideration. Secondly, the plaques were manually extracted,
which is time-consuming, unstandardized, and difficult for large-
scale clinical application. Finally, we focused on the geometry
of the plaques. The relationship between plaque geometry
and other pathophysiological factors, including local coronary
artery geometry and medical history of CAD, deserves further
investigation. In future studies, the large-scale study based on
automatic extraction algorithms of plaque and calcification could
be considered to cover different types of coronary plaques
and subjects. The geometry of calcification could be further
investigated using more accurate imaging technologies (e.g.,
IVUS). Based on the large-scale data, the relationship between
the plaque geometry and the pathophysiological factors of CAD
could be investigated.

CONCLUSION

The coronary plaques with different sizes showed consistency in
geometry with power function relationships between geometric
parameters of different dimensions. The calcifications and
plaques are significantly related in terms of number and
total volume.
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