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The pathophysiology of atherosclerotic lesions, including plaque rupture
triggered by mechanical failure of the vessel wall, depends directly on the
plaque morphology-modulated mechanical response. The complex interplay
between lesion morphology and structural behaviour can be studied with
high-fidelity computational modelling. However, construction of three-
dimensional (3D) and heterogeneous models is challenging, with most pre-
vious work focusing on two-dimensional geometries or on single-material
lesion compositions. Addressing these limitations, we here present a semi-
automatic computational platform, leveraging clinical optical coherence
tomography images to effectively reconstruct a 3D patient-specific multi-
material model of atherosclerotic plaques, for which the mechanical
response is obtained by structural finite-element simulations. To demon-
strate the importance of including multi-material plaque components
when recovering the mechanical response, a computational case study was
conducted in which systematic variation of the intraplaque lipid and calcium
was performed. The study demonstrated that the inclusion of various tissue
components greatly affected the lesion mechanical response, illustrating the
importance of multi-material formulations. This platform accordingly pro-
vides a viable foundation for studying how plaque micro-morphology
affects plaque mechanical response, allowing for patient-specific assessments
and extension into clinically relevant patient cohorts.
1. Introduction
Characterization of arterial structures such as atherosclerotic plaques is critical for
diagnosing and tracking cardiovascular disease. Disruption of these structures
accounts for many pathologies such myocardial infarction, stroke and peripheral
vascular disease. Myocardial infarction in particular is a potentially fatal clinical
complication, which induces irreversible damage to the myocardium due to
obstructed blood supply through the coronary arteries. Multiple studies have
shown that internal plaque morphological markers, such as a large lipid core
and thin fibrous cap, along with a high plaque burden improves the identification
of the so-called vulnerable, rupture-prone plaques [1–3], providing insights into
both stability and remodelling mechanisms. Yet, a distinct portion of these pheno-
types do not experience rupture [1,4], highlighting the need for improved risk
stratification for lesion vulnerability and rupture prediction. To address this, the
assessment of lesion mechanical behaviour has been proposed as central in
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Figure 1. An overview of the computational platform. Starting from a series of OCT images, the vessel borders are delineated through a mechanics-based surface-
fitting technique. The pixels within the vessel wall are classified into different tissue types with a convolutional neural network to produce segmented label maps.
The label maps are then converted into a 3D multi-material mesh, which is used as the basis for structural mechanics simulations to calculate high-fidelity
displacement and stress fields for the lesion.
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understanding plaque stability. Computational finite-element
(FE) modelling is a promising tool that can provide much
needed insight into local mechanical lesion behaviour. Early
two-dimensional (2D) FE studies indicated a correlation
between high plaque structural stress (PSS) and plaque rupture
[5], as well as important vascular factors relating to decreased
plaque stability, such as collagen degradation [6] and sustained
inflammation [7]. Accordingly, there is increasing interest in the
use of patient-specific in vivo-based models to further improve
our understanding of clinical plaque behaviour and enhance
current risk stratification protocols [8–10].

To facilitate the creation of such individualized in vivo
models, advances in intravascular imaging have become central
in providing input information on anatomy and intraplaque
tissue composition. Intravascular ultrasound (IVUS) has been
extensively used in 2D FE modelling studies, for both assessing
lesion morphology and calculating PSS to identify vulnerable
plaques and predict rupture location [11–13]. The simplifications
imposed by 2D configurations, however, tend to overestimate
intraplaque stresses compared with equivalent 3D models
[14–16]. Such 2D models also cannot convey information about
longitudinal plaque heterogeneity, a component recently pro-
posed as critical in modulating plaque stability [17]. Moreover,
IVUS-basedmodels suffer from comparably limited image resol-
ution, where an in-frame pixel size of around 200 μm impedes
the reconstruction of potentially critical plaque structures, such
as the thin fibrous cap separating a mural lipid pool from the
luminal space. Specifically fibrous cap thickness has been under-
stood to play a significant role in modulating PSS, with an
exponential stress increase indicated with decreasing cap thick-
ness [18,19]. The widely discussed thin-cap fibroatheroma
(TCFA) lesion phenotype is also characterized by a cap thickness
of less than 65 μm [20], again highlighting the limitations of
IVUS-based computational plaque analysis.

Addressing the resolution limits of current IVUS systems,
optical coherence tomography (OCT) is an alternative ima-
ging modality providing in-plane resolutions of less than
20 μm. OCT-derived morphologies have been used to build
2D structural models of TCFA-like lesions [21,22], and
recent attempts have striven to use OCT data to construct
patient-specific 3D models of atherosclerotic lesions. Wang
et al. [23] created a linear elastic fluid–structure interaction
(FSI) model of a single lipid plaque component within a cor-
onary artery using manually segmented OCT images;
however, the difficulty in delineating the outer adventitial
border of the lesion was highlighted as a particular hin-
drance. Owing to the pronounced signal attenuation at
increasing penetration depth, an improper delineation of
the vessel components can modify the resulting geometry,
potentially influencing the estimation of derived PSS [21].
To rectify this issue, Guo et al. [24,25] proposed a hybrid
IVUS-OCT approach in which IVUS images were used to
manually reconstruct the inner and outer borders of the
lesion, with data subsequently co-registered to the higher res-
olution OCT data from which intraplaque information was
extracted. Although sophisticated, such a hybrid multi-
modality approach requires multiple acquisitions, both
being beyond standard clinical practice and introducing the
need to precisely align images through co-registration and
warping to account for spatial, physiological and resolution
variations between different modalities and acquisitions.

Addressing the limitations of existing approaches, this work
builds upon advances in 3D arterial modelling by leveraging
several novel image-processing tools to generate patient-specific
multi-material structural models of atherosclerotic plaques from
a series of OCT images. To demonstrate the utility and efficacy
of this platform, a coronary lesion from a clinical case was
generated and used as the basis for a structural simulation.
Furthermore, to highlight the importance of multi-material
modelling, various virtual models of the same lesion were
formulated in which the lipidic and calcific tissues were system-
atically included or excluded. To the best of our knowledge, this
platform is one of the first to allow for such 3D multi-material
modelling using clinically acquired OCT images as sole input,
with plaque mechanical response being quantified in a semi-
automated fashion. Accordingly, this platform represents a
viable and novel tool with which to analyse detailed patient-
specific mechanical behaviour of atherosclerotic lesions, being
of value not only for improved insight into atherosclerotic
risk stratification and clinical decision making but also for
understanding fundamental mechanical lesion behaviour.
2. Methods
2.1. Methodological framework
The computational platform presented here transforms a series of
OCT images into a patient-specific, multi-material structural
model of an atherosclerotic lesion for structural simulation
(figure 1). This section provides methodological details for this
platform, which includes image-based tissue characterization,
3D model generation and discrete numerical configuration.

2.1.1. Tissue label map generation
The platform accepts standard OCT image sequences acquired in
current clinical practice as input [26]. Following intravascular
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Figure 2. The outputs for geometrical model generation. (a,b) Longitudinal and cross-sectional OCT data are first acquired. (c) Image pixels are then automatically
classified into healthy tissue (grey), lipid (red), calcium (white), fibrous tissue (dark green) and mixed tissue (light green) to produce segmented label maps of the
lesion. (d,e) Label maps are semi-automatically transformed into a high-fidelity patient-specific 3D model with healthy tissue, lipid and calcium components.
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image acquisition, the vessel wall is delineated using a pre-
viously reported automated methodology [27]. In brief, the
utility fits a continuous 3D anisotropic elastic mesh to visible seg-
ments of the inner (lumen) and outer (external elastic lamina,
representing the transition between media and adventitia)
vessel borders, identified through automated image processing
of the image sequence. A map of the pathological intimal and
medial layers of the vessel wall is correspondingly obtained
from the border information. The pathological regions are then
provided to a convolutional neural network architecture detailed
by Athanasiou et al. [28]. This network classifies each pixel in the
lesion region of interest as belonging to one of five classes: cal-
cium, lipid, fibrous tissue, mixed tissue or shadow (figure 2).
Finally, the label map is post-processed to improve continuity
and amenability to geometry construction. Specifically, spatial
consistency is enhanced through 3D mode filtering using a
5 × 5 × 3 voxel kernel. Subsequently, non-calcified plaque com-
ponents smaller than 0.15 mm2 in plane are replaced by the
most common neighbouring tissue type. The calcium component
is not subject to the size filtration process as the majority of ident-
ified calcium in such lesions is small in size [29]. To avoid the
rare non-physiological scenario of lumen-facing lipid in the
tissue map, such cases are automatically detected and a cap is
added with a thickness of 200 μm (the mean fibrous cap thick-
ness commonly measured in vivo [30]). All operations are
performed in Matlab (MathWorks, Natick, MA, USA).
2.1.2. Geometry creation
Once the label maps are obtained, the spatial distribution of
tissue is transformed into continuous 3D geometries. In this
study, the fibrous and mixed tissue types are treated as healthy
artery tissue to simplify 3D model construction, rendering a
lesion that includes calcified and lipidic tissue components.
The calcium components in the segmentation map are then
dilated by 1 pixel to facilitate smooth intersection with lipid com-
ponents in the 3D volume creation phase. The degree of dilation
is minimal and is not expected to meaningfully affect the recon-
structed geometries. After pre-processing, smoothed isolines
surrounding isolated components of lipid and calcium are
extracted. The inner and outer vessel wall borders are extracted
in the same fashion. Spatial coordinates of these isolines are
then used to generate stacks of 2D surfaces of each plaque
component using Gmsh [31]. Within this process, a minimal
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Figure 3. Overview of the 3D model generation process. Starting from a set of 2D surfaces (top), each material component is manually constructed as an inde-
pendent 3D volume. A series of Boolean operations are conducted between all tissue components to ensure cohering boundaries and to avoid duplicate surfaces. The
geometric model is then meshed to produce a global coarse model of the patient-specific lesion (bottom). Following global simulation, submodels are subsequently
constructed from segments of the same geometric model and used as the basis for higher fidelity structural simulations.

Table 1. Hyperelastic material properties for the lipid and arterial tissue components.

material C10 (kPa) C01 (kPa) C20 (kPa) C11 (kPa) C30 (kPa) D

artery 127.9 0 0 0 0 0.096

lipid 1.6 0 9.3 0 11 0
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intima–media thickness of 0.5 mm is enforced, compensating
for instances where non-pathological tissue is rendered to be
excessively thin by the border detection methodology.

The 2D contours for the lipid, calcium, lumen and healthy
artery are then imported into SpaceClaim (ANSYS, Canonsburg,
PA, USA) and employed to produce 3D volumetric plaque com-
ponents through 3D surface interpolation methods. The
curvature of the vessel is not taken into account for simplification
purposes. A series of Boolean operations are then applied to the
volumetric components, removing overlapping volumes and
ensuring continuity between components within the vessel
wall. The ultimate product is a continuous and smooth 3D
model of the vessel encompassing the heterogeneous distribution
of lipid and calcium within the diseased vessel wall (figure 3).

2.1.3. Material models
While the FE model generated here is amenable to any material
model assignment, for demonstration and evaluation purposes,
relatively simple isotropic constitutive mechanical models are
used. Specifically, the material model for healthy tissue is desig-
nated to be hyperelastic and neo-Hookean, with a third-order
polynomial strain energy function used for the lipid:

c ¼ C10ðI1 � 3Þ þ C01ðI2 � 3Þ þ C20ðI1 � 3Þ2 þ C11ðI1 � 3ÞðI2 � 3Þ

þ C30ðI1 � 3Þ3 þ 1
D
ðJ � 1Þ2,

ð2:1Þ

where Cij and D denote the material constants for distortional
and compressional response and I1, I2 and J represent the first,
second and third invariants of the right Cauchy–Green defor-
mation tensor, respectively. The model parameters (table 1) are
adopted from published literature within which ex vivo mechan-
ical testing has quantified tissue material properties [32,33].
Calcium is assigned to be a linear elastic material:

s ¼ E � e, ð2:2Þ
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with a Young’s modulus E of 184MPa [34] and an assumed
Poisson’s ratio ν of 0.495.

2.1.4. Meshing and modelling
The artery geometry is meshed with second-order hybrid tetrahe-
dral elements, where nodes at the interface boundaries between
different materials are shared between components such that no
contact algorithm is employed. Hybrid elements were chosen to
allow incompressible material formulations, and second-order
elements were chosen to improve accuracy. The resulting mesh
is then used as the basis for a structural model that consists of a
patient-specific multi-material coronary artery pressurized to
physiological conditions. Boundary conditions are applied such
that artery caps are fixed in all directions and the inner (i.e. lumi-
nal) surface is assigned an outwards pressure of 110mmHg (15
kPa). The structural simulation is solved with ABAQUS/Implicit
6.13 (Dassault Systemes, Providence, RI, USA).

To ensure proper resolution of the stress distribution for the
intricate lesion, a node-based submodelling technique is employed
which applies a displacement boundary condition to a smaller
and more finely meshed submodel of the lesion according to a
simulated coarse mesh global model. Submodelling has proven
to be a robust and reliable technique to minimize the compu-
tational costs while accurately resolving stresses and strains at
specific regions of interest in large and complex atherosclerotic
lesions [29,35]. The stress results from the global model inform
the choice of submodel location, with areas of high stress denoting
regions of interest to be selected for adaptive submodelling.

To determine sufficient mesh density for the submodel, the
healthy artery default mesh size is set to a value of 0.1 mm and
the surface of the plaque components is ascribed a smaller
mesh edge length (0.05mm) to fully resolve the complex lesion
morphology. The edge length in the vicinity of the plaque sur-
faces is controlled by a distance function to ensure a gradual
transition in mesh size. The submodel caps are given displace-
ment boundary conditions according to the global model and
similarly pressurized to 110mmHg. Once a submodel is selected
and simulated, the stress maps are used to adaptively remesh
high-stress regions with an even finer mesh. Multiple tiers of
stress-based meshing are used in which the level of refinement
varied with the magnitude of the stress. The adaptive, stress-
based remeshing process is repeated multiple times to ensure
that there are no unresolved stress concentrations. Such compre-
hensive meshing techniques ensure a properly resolved stress
field while also constraining the total mesh size of the submodel
to manageable levels.

2.2. Computational case study
To demonstrate the viability of the developed platform, OCT
data from a human coronary lesion were reconstructed with
acquisition details described in our previous work [27]. The
reconstructed vessel in question consists of the left anterior des-
cending artery of a non-diabetic 65-year-old patient presenting
with stable angina pectoris. The scan diameter, inter-frame resol-
ution and axial resolutions were 10mm, 200 μm and 15 μm,
respectively. From the pullback dataset, a 40mm section (200
frame series) was selected from a full pullback of 53.8 mm (269
frames); vessel borders were detected for the full segment, and
every alternate frame (100 frames) was characterized by the
described image-processing module. The model consisted of a
patient-specific lesion with 12 lipid components, 23 calcium com-
ponents and a continuous healthy artery component. The lesion
consisted of approximately 38% healthy artery, 34% fibrous
tissue, 3% mixed tissue, 24% lipidic tissue and 1% calcium
tissue. In this specific model, the majority of the calcific com-
ponents were localized away from the lumen within the
intimal layer. For the coarse artery model, a general element
edge length of 0.1 mm was found to sufficiently resolve the com-
plex lesion morphology and produce sufficiently converged
displacement results (preliminary analysis indicated less than a
5% change in displacement when mesh size is halved). The
resulting mesh size was generated with approximately 1.7 × 106

second-order hybrid tetrahedral elements. After the coarse
model was simulated, three submodels of 8 mm length each
were selected for further investigation, with lengths chosen to
mitigate boundary condition effects in regions of interest. The
final mesh for both submodels consisted of approximately
0.6 × 106 elements.

2.2.1. Computational model variation
Conventionally, in vivo patient-specific 3D mechanical models of
coronary atherosclerotic lesions focus primarily on the role of
lipid tissue [23,24], as it is considered the most prevalent and
spatially extended component associated with plaque structural
stability. Accordingly, including calcium in tandem with lipid
enables the detailed investigation of how calcium and lipid con-
stituents interact in a synergistic or antagonistic fashion to affect
the mechanical response of coronary lesions. To highlight the
importance of considering multi-material models in a 3D FE simu-
lation, a material inclusion variation analysis was implemented.
Specifically, four model variants were created: a full multi-material
model, in which both lipid and calcium material properties were
assigned; and three hypothetical alternatives wherein diseased
tissue types were reassigned to healthy tissue, yielding a model
that is non-pathological as well as a calcium-only and a lipid-
only model. The global model mesh for all four scenarios was
identical, differing only in element material assignment to
facilitate direct comparisons.

2.2.2. Quantitative stress analysis
Three illustrative transverse cross-sections were also selected to
display scenarios in which calcium–lipid interactions were visu-
ally evident, or where TCFA-like morphologies could be
identified. To conduct a quantitative comparison between the
four computational model variations for each cross-section, a
set of 180 equally spaced radial projections from the luminal cen-
troid were defined for each analysed frame. The von Mises stress
distribution along each projection was extracted. These data were
used to assess the polar distribution of the luminal stress (defined
as stress induced on the inner vessel border) and the maximum
mural stresses (defined as the maximum stress along the pro-
jection within the healthy artery tissue component) for each
specified frame. The same methodology was applied to analyse
the variation in maximal mural arterial stress along the longi-
tudinal direction. For each geometric submodel, 40 radial paths
were defined along the longitudinal direction of the artery and
were used to extract the von Mises stress distribution across the
vessel wall. The process was repeated for each computational
model material variation to compare the effect of different
material inclusions on the variation of stress along the artery.

Furthermore, a larger statistical analysis was carried out
over an extended number of submodel frames, in which the
effects of including lipidic and calcific tissue in isolation
were quantified. For the analysis of lipid, 30 frames for each
submodel were chosen for quantification. In total, 90 cross-
sections of the non-pathological model and lipid-only model
were each analysed using the radial projection method with
3° separating the individual projections from one another. In
each frame, the minimum cap thickness (defined as the mini-
mum distance between the lipid and lumen) was selected
and the maximum von Mises tissue stress along the equivalent
radial projection was extracted. The relationship between the
maximum tissue stress at the site of minimum cap thickness
and the magnitude of minimum cap thickness was then
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Figure 4. Representative cross-section detailing the von Mises stress distribution, together with maximum mural stress as a function of circumferential position as shown in
the polar plots. Calcium and lipid can exhibit opposing effects on plaque stability in isolation and synergistic effects in tandem. Data shown for model variations containing
(a) only arterial tissue, (b) arterial tissue and calcium, (c) arterial tissue and lipid, and (d ) arterial tissue, calcium and lipid. (e) Maximum tissue stress (solid lines) and ( f )
luminal stress (dashed lines) highlight differences in results yielded by the four variations. The locations of maximum stress are indicated by the (*) marker. The polar plot
axis range is equivalent to that of the colourbar. Calcium was excluded from the visualization to increase clarity of arterial stress distribution.

royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

18:20210436

6

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

24
 S

ep
te

m
be

r 
20

23
 

displayed in a scatterplot for both models. For the calcium, 34
cross-sections (chosen manually because of limited availability
of calcium) of the non-pathological model and the calcium-
only model were analysed using a set of radial projections
with 0.5° of angular separation. The relationship between
maximum tissue stress along each radial projection and the
corresponding arc angle (defined as the angular distance
from the centre of the calcium component within the cross-
section) was then displayed in a scatterplot.
3. Results
In total, four global model simulations were conducted to
compare the effect of various lesion components. Each
global model was used to create three submodels. Each sub-
model was then simulated and adaptively remeshed three
times recursively, such that a total of 36 simulations were per-
formed. Each global model simulation took 6 h of simulation
time and the maximum time that a submodel simulation
required was 18 h.

3.1. Effect of lipid on stress distribution
The effect of including lipid on the stress distribution is shown
in figures 4–8. In the non-pathological model (figure 4a), the
stress concentrates at a location of minimal wall thickness.
However, once lipid is included (figure 4c), high stresses
instead concentrate at the adluminal lipid–tissue interface.
The inclusion of lipid tissue also shifts the location of themaxi-
mum arterial tissue stress to the thin cap structure, increasing
the maximum within-frame arterial tissue stress from 118 to
125 kPa (figure 4a,c). As apparent in the polar plots of the
maximum and inner surface stresses, the addition of the
lipid increases the maximum arterial tissue stress and ampli-
fies the inner border stress distribution in regions which
contain lipid (up to 80% for maximum stress and 60% for sur-
face stress), though the inclusion of lipid does not affect stress
fields in lipid-free regions (figure 4f,e). This trend is also evi-
dent in the TCFA-like cross-section (figure 5b), where the
addition of lipidic components not only increases the arterial
tissue stress (up to 140% formaximum stress and 110% for sur-
face stress) but also shifts the location of maximum within-
frame stress to the thin cap structure (elevating stresses from
110 kPa in figure 5a to 196 kPa in figure 5b). In instances
where the lipid is covered by a thick fibrous cap (as exempli-
fied in figure 6c, with a minimum cap thickness of 160 μm),
the inclusion of lipidic tissue does not shift the location of
maximum within-frame stress. However, it does have an evi-
dent effect on intraplaque stress distributions, as shown in
the corresponding polar plots. Specifically, maximum arterial
tissue stress and inner border stress are both slightly amplified
with the inclusion of lipid tissue (up to a 40% increase for
maximum arterial stress and a 20% increase for surface
stress, seen in figure 6e,f, respectively). Corroborating these
trends, the 3D stress distributions highlight how both luminal
(figure 7) and mural (figure 9a–c) stresses are elevated at the
site of intraplaque lipid. Lastly, the quantitative analysis of
including lipid (figure 8b) reveals that the addition of lipid
tissue causes a significant increase in maximum arterial
tissue stress at the point of minimum cap thickness within
each frame. Furthermore, the increase in stress induced by
adding lipid exhibits an exponential relationship with mini-
mum cap thickness, as indicated by the logarithmic fit.
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stress are indicated by the (*) marker. The polar plot axis range is equivalent to that of the colourbar. Calcium was excluded from the visualization to increase clarity
of arterial stress distribution.
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3.2. Effect of calcium on stress distribution

The inclusion of calcific components increases stresses at the
major (circumferential) axis poles (up to 30%; figure 6b),
while decreasing stresses at the minor (radial) axis poles (by
as much as 30%; figure 4b). These stress concentrations are
also apparent in the maximum arterial tissue stress polar
plots, where elevated maxima in von Mises stress visually cor-
respond to the position of the major axis poles (figure 4b). As
illustrated in the surface stress polar plots of figures 4f and 6f,
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highlight important features. For clarity, only the lipid, calcium and luminal surface are shown.
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including calcium also causes the luminal stress at the minor
axis poles in the juxtaluminal region to decrease below that
of the non-pathological model by 20% for both frames. Includ-
ing calcium alone (i.e. in the absence of lipid) did not change
the location or magnitude of the maximum within-frame arter-
ial tissue stress in figure 4a,b (117 kPa) or figure 6a,b (90 kPa).
The 3D stress distribution on the inner surface of the artery
illustrates that including calcium components (figure 7c)
induces a stress-diminishing effect on the underlying inner sur-
face stress (figure 7d), which corresponds to the minor axis pole
in a cross-sectional view. The longitudinal stress plots in figure
9a,b shows that the presence of both in-frame and out-of-frame
calcium induces a minor stress-diminishing effect. Assessing
derived stresses throughout the entire model, the relationship
between maximum tissue stress along each radial projection
was plotted against the corresponding projection arc angle
(figure 8a). The scatterplot shows how the inclusion of calcium
introduces a decrease in maximum tissue stress with low arc
angles (corresponding to the centre of the calcium at the
radial poles). The maximum stress then increases significantly
at the calcium periphery (approaching the circumferential
poles), where the stress seems to rise with arc angle as
indicated by the parabolic curve fit.

3.3. Effect of lipid–calcium interaction on stress
distribution

Including calcium and lipid imposes an interaction effect on
the stress distribution (figure 4d) where the stress concen-
trations at the major axis poles of a calcium component are
amplified in magnitude with the addition of an encompassing
lipid core (up to a 120% increase for maximum arterial tissue
stress and a 60% increase for surface stress). Furthermore,
the maximum arterial tissue stress plot shows that, while the
major axis poles of the embedded calcium are sites of stress
concentration, the juxtaluminal region at the calcification
minor axis pole bears a higher amount of stress than both
the non-pathological model and the calcium-only model, as
well as a lower amount of stress than the calcium-only
model (figure 4e). Figure 6d shows another representative
example where lipidic and calcific components are both pre-
sent without being in physical contact. Here, the maximum
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arterial tissue stress is seemingly elevated in the region
between the tissue components (10% increase) compared
with both the non-pathological and calcium-only (15%
decrease) model, and slightly diminished compared with the
lipid-only (20% increase) model. The longitudinal stress plot
in figure 9a suggests an interaction effect between the out-of-
frame calcium and within-frame lipid, as evidenced by the
stress concentrations occurring near the centre of the plot.

Lastly, while all of the above sections have been focusing on
the variation in maximal von Mises stress due to its potential
clinical relevance, it must be noted that the analysis of mean
stress and thus the transfer of mechanical load throughout the
vessel wall exhibits more subtle variation. Nevertheless, a
detailed assessment of howmean stress varies with the addition
of various tissue inclusions will have to be conducted in future
studies, partially because of the fact that a mean effective stress
metric—being averaged in all spatial directions—cannot
adequately describe the directional transfer of mechanical force.
4. Discussion
In this study, a platform for 3D structural plaque modelling
has been presented in which clinical intravascular images
are utilized to create patient-specific arterial geometries
with multi-material recovery. These reconstructions are then
used for structural simulations, resolving local mechanical
response with high fidelity. These structural model represen-
tations can be leveraged for a variety of purposes, such as
studying how the 3D morphology of different plaque com-
ponents modulates structural stability, or how clinical
interventions might alter the resulting mechanical response.

As previous OCT-based reconstructions of atherosclerotic
arteries have primarily relied on the manual delineation of
vessel borders and plaque components from acquired images
[21,23], they require significant time investment from trained
clinical staff and are subject to inter-reader variability. To miti-
gate such limitations, multi-modality approaches have been
implemented wherein the outer border information is
obtained from co-registered IVUS frames [22,24], necessitating
multi-modality clinical data and image co-registration.
Accordingly, a significant benefit and novelty of our platform
lies in the use of automated image-processing utilities for
vascular wall delineation and tissue classification, avoiding
the need for manual segmentation and multi-modality
imaging data.

Moreover, another advancement lies in the 3D nature of
our proposed modelling platform. While coronary artery
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rupture has been experimentally indicated to occur at
approximately 300–500 kPa [36,37], 2D FE simulations tend
to overestimate intraplaque stresses [14–16,38] with predic-
tions of up to 1000 kPa reported in some previous 2D
studies [22]. In contrast, our model predicts physiological
levels of stress (200 kPa) that are below the reported threshold
of 300–500 kPa, congruous with the few other 3D coronary
models in the literature [23,24]. Furthermore, while a multi-
tude of studies have examined the effects of plane strain
assumptions for lipidic components [14,15], there have been
no studies to our knowledge that examine how well this
assumption holds with regards to calcium components,
which can exhibit rapid morphological variation in the
longitudinal vessel direction [39]. To study this effect, 3D
modelling would thus be essential to reproduce accurate
stress levels in the vicinity of calcific atherosclerotic com-
ponents. It must also be noted that the homogeneous
3D artery model exhibits non-negligible variation in stress
(figures 4a, 5a and 6a). While the source of this variation
can be seen as the result of the vessel’s in-plane geometric
variation in vessel thickness, luminal diameter and curvature,
it is also expected that the morphological variation along the
longitudinal direction plays a definite role in the arterial
mechanical response, which further emphasizes the
importance of 3D modelling in modelling more realistic
outcomes.

Lastly, this framework allows for the incorporation of
multiple plaque components in the structural simulation,
where the interplay between different tissues and their
unique impact on structural responses can be modelled.
With different intraplaque components showing vastly differ-
ent innate constitutive behaviour [33], the implementation of
a multi-material model is therefore of particular importance
for studying local stress patterns in patient-specific lesions.
For example, such a complex model allows us to explore
how lipid and calcium—being, respectively, softer and stiffer
than surrounding vascular tissue—have opposing roles in
defining the local mechanical response. These trends are
demonstrated in the produced results, where the softer
lipid components concentrate stresses in the juxtaluminal
fibrous cap (figures 4c, 5b, 6c, 7b and 9a–c), with values elev-
ated compared with the homogeneous equivalent. Contrarily,
the stiffer calcium tends to dissipate stresses in the radially
positioned juxtaluminal tissue, while amplifying stress in
the vicinity of the major axis poles of the calcification (figures
4b, 6b, 8a and 9b). As such, considering the investigated tissue
classes in isolation, lipid and calcium seem to redistribute
intraplaque stresses in opposing manners (figures 4 and 6)
and play different but important roles in modulating
plaque structural stability.

However, the most complex interactions produced by this
platform are observed when calcium and lipid are considered
together, where synergistic or antagonistic interactions are
induced depending on the geometric configuration of both
components. The inclusion of an embedded calcium into a
lipid component creates a 3D zone of concentrated stress
around the region where healthy artery, lipid and calcium
intersect (figure 4). Such stress concentrations may be clini-
cally relevant when considering the probability of plaque
rupture or progression. By contrast, when a calcium com-
ponent is included some distance away from the lipid
component, the region of artery in between both components
experiences both an increase in stress due to the lipid
component as well as a decrease in stress due to the calcium
component (figure 6), possibly stabilizing a lesion that would
rupture otherwise. It is likely that such multi-material inter-
action effects are a complex result of both component
positioning and morphology, where the quantitative investi-
gation of such phenomena and their clinical relevance
requires further attention.

Despite being a promising engineering tool capable of
exploring the structural response of atherosclerotic lesions,
this platform bears a number of limitations. First, the pre-
sented platform lacks access to patient-specific material
properties. For the inclusion of such, image-based inverse
modelling could be utilized to obtain patient-specific material
properties [33]. Alternatively, complementary image data
could be included in the platform. For example, recent
advances in polarization-sensitive OCT have been shown to
provide information on the fibrous composition of an
assessed lesion plaque [40]. However, even though absolute
stress magnitudes may vary as a function of defined constitu-
tive parameters, the relative stress distribution and innate
effects of lipid and calcium are expected to be similar to
what was observed in our study.

Second, the lesion modelled in our study was of a pre-
dominantly lipidic nature, with only minor calcific entities
dispersed along the 3D model. As coronary calcium exhibits
a wide array of morphological phenotypes [39], inferring the
comprehensive clinical influence of calcium will require
further modelling. However, the presented platform offers
unique abilities for such systematic model analysis, where
models with varying degrees of calcium could be generated
to observe potential mechanical trends and interaction effects
with concomitant lipid pools. Furthermore, although we
believe the derived mechanical patterns in our model to be
indicative of general intraplaque stress distribution in the
presence of calcium and lipid deposits, specific behaviour
relating to luminal-facing or more deep deposits would
have to be assessed in separate future studies.

Third, as the reconstruction is based on OCT images
alone, the patient-specific artery is currently modelled as a
straight entity with no information on vessel curvature
included in the geometry construction. Curvature and bend-
ing effects have been shown to be important in obtaining
accurate stress predictions in coronary plaques. Specifically,
the direction and degree of bending can cause FE predictions
using straight model formulations to overestimate or under-
estimate the stress [41]. While this effect is not expected to
be critical for vessels that are relatively straight, tortuous cor-
onary vessels may require curvature to be included for more
accurate stress estimation. Accordingly, vessel curvature can
be integrated into the computational platform detailed
above with the availability of 3D coronary angiography
centreline data.

Finally, the structural modelling strategy detailed in this
study pressurizes the in vivo geometry acquired from the
OCT data to 110mmHg and thus does not include residual
and initial stresses. While such assumptions have been
shown to be influential on the resulting arterial stress distri-
butions [42], implementing residual and initial stresses is
restricted for clinical models based on the inherent limitations
of in vivo data. Typically, arterial residual stresses are mod-
elled in pathological studies by making a longitudinal
incision along the artery and noting the opening angle [43].
However, this method is not available for in vivo studies,
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and obtaining the residual stress through computational
optimization methods is still an active area of research [44].
oyalsocietypublishing.org/journal/rsif
J.R.Soc.Interface
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5. Conclusion
This study details the use of a computational platform
generating high-fidelity multi-material patient-specific
models of atherosclerotic lesions using in vivo OCT images
as sole input. These semi-automatically produced models
are then used as the basis for structural simulations to recapi-
tulate the complex mechanical response of the lesion and
investigate how the heterogeneity of the lesion modulates
plaque structural stability. This study further demonstra-
tes the importance of including both calcium and lipid in
the coronary artery model formulation through the conduc-
tion of a computational case study. The simulated results
suggest that, when considered in isolation, the lipid and
calcium components exhibit important and opposing effects
on the stress field. Furthermore, when considered in
tandem, they exhibit complex synergistic or antagonistic
interaction effects on the stress field, depending on their rela-
tive positioning and morphology. These findings illustrate
the importance of high-fidelity and patient-specific lesion
reconstruction in assessing lesion micro-mechanics, and the
potential for more comprehensive and accurate assessment
of stress distributions in advancing the utility of such
computational models.
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