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Heart attacks are often caused by rupture of caps of atherosclerotic plaques in coronary arteries. Cap rupture occurs when cap
stress exceeds cap strength. We investigated the effects of plaque morphology and material properties on cap stress.
Histological data from 77 coronary lesions were obtained and segmented. In these patient-specific cross sections, peak cap
stresses were computed by using finite element analyses. The finite element analyses were 2D, assumed isotropic material
behavior, and ignored residual stresses. To represent the wide spread in material properties, we applied soft and stiff material
models for the intima. Measures of geometric plaque features for all lesions were determined and their relations to peak cap
stress were examined using regression analyses. Patient-specific geometrical plaque features greatly influence peak cap
stresses. Especially, local irregularities in lumen and necrotic core shape as well as a thin intima layer near the shoulder of the
plaque induce local stress maxima. For stiff models, cap stress increased with decreasing cap thickness and increasing lumen
radius (R ¼ 0.79). For soft models, this relationship changed: increasing lumen radius and increasing lumen curvature were
associated with increased cap stress (R ¼ 0.66). The results of this study imply that not only accurate assessment of plaque
geometry, but also of intima properties is essential for cap stress analyses in atherosclerotic plaques in human coronary arteries.

Keywords: atherosclerosis; cap stress; plaque morphology; plaque properties; finite element models

Introduction

Among the cardiovascular diseases, the top two causes on

themortality list are stroke and coronary heart disease.More

than 70% of fatal heart attacks are caused by the rupture of

atherosclerotic plaques in coronaries (Falk 2006). A correct

stratification is essential in order to distinguish rupture prone

vulnerable plaques (which would need surgical treatment)

from stable plaques. Post-mortem studies have shown that a

thin cap and a large lipid rich necrotic core (NC) are

commonmorphological features of vulnerable plaques (Falk

2006). However, not all plaques with such morphological

features rupture (Virmani et al. 2006). This calls for a further

exploration of markers for plaque vulnerability.

A plaque cap ruptures when the local stress exceeds the

cap strength. Cap stress is determined by blood pressure,

plaque morphology and the material properties of plaque

constituents. Idealized plaque geometries were used

frequently to study the effect of plaque morphology on

cap stresses. In these idealized models, it was demon-

strated that thinner caps increase the peak cap stress in

exponential fashion (Loree et al. 1992; Finet et al. 2004).

Additionally, an increase in NC size and angle and a

decrease in intima thickness behind the NC have been

shown to elevate cap stresses as well (Ohayon et al. 2008;

Akyildiz et al. 2011).

Only a limited number of studies investigated realistic

plaque geometries. These studies either included a limited

number of samples (Cheng et al. 1993; Huang et al. 2001;

Chau et al. 2004; Finet et al. 2004) or assumed values for

essential features like cap thickness (Ohayon et al. 2008).

In a more extensive study using MRI, it was demonstrated

that lumen curvature has a significant influence on peak cap

stress (Teng et al. 2010), but it was recently shown that this

imagingmodality cannot image thin caps accurately enough

for peak cap stress assessment (Nieuwstadt, Speelman, et al.

2013). In an IVUS-based study in 15 patients, Imoto et al.

(2005) concluded that the influence of cap thickness on cap

stress was heavily modulated by plaque shape. This implies

that observations based on idealized geometries might not

hold for realistic geometries.

The influence of the material properties on peak cap

stresses was investigated before. In some of these studies

(Loree et al. 1992; Cheng et al. 1993; Williamson et al.

2003; Maldonado et al. 2012), the variations in plaque

properties were limited, leading to only minor changes in

cap stresses. However, in a recent review we showed that

q 2015 Taylor & Francis
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available experimental data indicate that the intima

properties might show much more variation (Akyildiz

et al. 2014). Including these variations might influence

peak cap stresses much more (Ohayon et al. 2012), which

was also shown to be the case in idealized coronary plaque

models (Akyildiz et al. 2011). The effect of anisotropic

intima behavior was evaluated in two numerical studies

(Tang et al. 2009; Liang et al. 2013). The results were

inconclusive as one reported effects of fibrous cap

anisotropy on the peak cap stress up to 100% (Tang

et al. 2009), while the other reported effects below 30%

(Liang et al. 2013). The scarcity of numerical studies on

this topic can be explained by absence of complete

experimental data-sets that comprise the relevant par-

ameters needed for modeling anisotropy.

The aim of the current study is threefold. The first aim

was to investigate the effects of plaque geometry on cap

stresses in human atherosclerotic coronaries. While in

previous studies idealized plaque geometries were

investigated (Akyildiz et al. 2011), the current study

includes a sizeable number of realistic plaque geometries

from histology images. Second, it was investigated how

the effect of geometry was modulated by the properties of

the intima tissue. Finally, regression analysis was applied

to determine how well peak cap stresses could be modeled

using geometrical plaque features alone.

Methods

Histology

Thirteen atherosclerotic coronary segments (four from the

left anterior descending artery, four first diagonal branch,

three from the right coronary artery, and two from the left

circumflex artery), excised from seven donors post-

mortem, were perfusion fixed with formalin at 100mmHg.

Cross-sections of 5mm thickness were obtained. Movat

pentachrome staining was used for histological examin-

ation. Lumen, intima, lipid rich NC, media, and adventitia

were delineated on the histology images (Figure 1).

In total, 55 histology cross sections with 77 NC regions

were obtained.

Finite elements analysis

Two-dimensional finite element models (ABAQUS

Standard 6.11.1) with large deformation formulation and

plane strain assumption were generated. Since the

histology images were obtained from arteries fixed at

100mmHg, the backward incremental method (Speelman

et al. 2011) was incorporated into the finite element

simulations to compute the initial stresses present in the

perfusion fixed plaques. In summary, using a straightfor-

ward finite element analysis, the intraluminal pressure is

step-wise increased in the original geometry up to

100mmHg. After each step, the stresses in the model are

obtained and the geometry is deformed. For the next step,

this deformation is discarded and the geometry is reset to

its original form and the calculated stresses are added to

the model as initial stress condition. At least six pressure

increments were used to reach 100mmHg and the final

initial stress state. From there, a peak systolic pressure of

140mmHg was applied (Figure 1). The stress results

reported in this paper are maximum principal stresses at

this systolic pressure.

Figure 1. From histology to data analysis: first, the histological images are segmented, and the adventitia, media, intima and lipid-rich
necrotic core are delineated. The delineated cross sections are converted to a finite element mesh, and the backward incremental method is
applied to compute initial stresses. Finally, the maximal principal stresses at 140mmHg are computed, and they are analysed using the
segmentation based on the original delineated geometry. The geometrical parameters are illustrated in the lower right panel. The numbers
correspond to (1) lumen radius, (2) cap thickness, (3) necrotic core thickness, (4) intima thickness behind the necrotic core, (5) media
thickness, (6) adventitia thickness, (7) 4 þ 5 þ 6, (8) lumen curvature, (9) necrotic core curvature.
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The nonlinear mechanical behavior of the media and

adventitia was modeled by fitting incompressible,

hyperelastic Yeoh models (Holzapfel 2000) to the uniaxial

tension test results obtained from human coronary vessels

(Holzapfel et al. 2005). The Yeoh model is characterized

by a strain energy density function, WYeoh:

WYeoh ¼
X3

i¼1

Cið�I1 2 3Þi þ 1

Di

ðJ 2 1Þ2i; ð1Þ

where �I1 ¼ �l
2
1 þ �l

2
2 þ �l

2
3 is the first deviatoric strain

invariant where deviatoric strains are �li ¼ J 1=3li with l1,
l2 and l3 being the principal strains. Ci and Di are material

constants. Neo-Hookean material model (Holzapfel 2000)

with a strain energy density function, WNH, was employed

for intima and NC. The Neo-Hookean model is a special

case of the Yeoh model (i ¼ 1), with only one material

constant (C). For both models, incompressibility was

imposed in the model for all components by setting D to

1026. Neo-Hookean material model (Holzapfel 2000) with

a strain energy density function, WNH, was employed for

intima and NC:

WNH ¼ CðI1 2 3Þ: ð2Þ
The only material constant in the model is C [kPa]. For

small deformations, C can be derived from the Young’s

modulus, E [kPa], by C ¼ E/6. Intima and NC were

assumed to be incompressible. As for the intima

mechanical properties measurements of coronary plaques

are scarce, stress computations were done with intima

material models with both a relatively low (Young’s

modulus ¼ 30 kPa) and high stiffness (1000 kPa). These

values cover the range of atherosclerotic intima stiffness

reported in earlier experimental studies from all vascular

territories (Akyildiz et al. 2014). The values of all material

constants are listed in Table 1.

Data analysis

The delineated histology cross-sections were used to

identify cap areas (Figure 1). Each cap area was divided

into three regions: two shoulders and one midcap. These

regions were further divided into segments. The peak cap

stress and nine geometric parameters were determined per

cap area, region and segment. These nine geometric

parameters are (1) lumen radius, (2) cap thickness, (3) NC

thickness, (4) intima thickness behind the NC, (5) media

thickness, (6) adventitia thickness, (7) total intima-media-

adventitia thickness, (8) lumen curvature, and (9) NC

curvature. The mass center of the lumen was defined as the

lumen center. Lumen radius and plaque components’

thicknesses were measured on the line drawn from the

lumen center. Lumen and NC curvatures were calculated

by inverting the radius of the osculating circle through

three adjacent mesh nodes on the lumen and NC contours.

The geometrical quantities are illustrated in lower right

panel in Figure 1.

An additional geometric parameter for cap area was

the NC angle. An in-house written MATLAB script was

used to determine maximum, minimum and mean values

of the geometric parameters.

A number of plaques contained more than one NC.

We only included these NCs if the edges of the NCs were

clearly separated (average separation angle ¼ 70

degrees). This clear separation avoided crosstalk between

the NCs, and therefore they were treated separately in the

analyses. Statistical analyses were performed with SPSS

(release 17.0). All data (peak cap stress for the stiff and the

soft models and geometric parameters) were checked for

normality using Shapiro–Wilk test. Since the data were

not normally distributed, nonparametric tests were

employed. For multivariate regression analysis, log-

transformation was used to improve the normality and

the model fit. In general, a statistical significance was

considered if p , 0.001.

Two approaches were followed during the analyses:

a local and global approach. Segmental analysis aimed

deepening our understanding of the influence of local

geometric parameters on local peak cap stress. First,

nonparametric Spearman’s correlations were calculated to

investigate relationships between segmental geometric

parameters and peak cap stress in segments, and between

segmental geometric parameters themselves. Second, a

multivariate regression analysis with stepwise insertion

method was performed, with local peak cap stress being

the dependent variable and the geometric parameters being

the independent variables. A nonparametric Mann–

Whitney U test was used to compare the peak stresses

and geometric parameters in the shoulder and midcap

regions. For global plaque analysis, a multivariate

regression analysis was employed to predict peak cap

stress in a plaque cross-section using global geometric

plaque parameters for both the stiff and the soft intima

models. Standardized coefficients are reported to allow

comparison the relative effects of the geometric par-

ameters measured on different scales. Standardized

coefficients describe how many standard deviations the

dependent variables changes if the independent variable

changes one standard deviation. Unstandardized coeffi-

cients reflect the results of regression analyses on the

original data.

Table 1. Material constants of the plaque components.

Tissue Material constants

Media C1 ¼ 6.3 kPa, C2 ¼ 25 kPa, C3 ¼ 255 kPa
Adventitia C1 ¼ 2.4 kPa, C2 ¼ 80 kPa, C3 ¼ 345 kPa
Intima C ¼ 166 kPa (stiff) or 5.5 kPa (soft)
NC C ¼ 0.166 kPa

Computer Methods in Biomechanics and Biomedical Engineering 3773



Results

Geometrical plaque parameters

The coronary plaques investigated in the present study

showed diverse geometries. Table 2 gives the median and

quartile values of the most relevant geometric parameters.

The minimum cap thickness had a median of 190mm [1st

quartile (Q1):3rd quartile (Q3) ¼ 64:400 mm]. The

maximum NC thickness had a median of 507 (297:597)

mm. The median value of lumen radius was 922

(780:1075) mm.

Stress results

The finite element simulations revealed that the stress

distribution and peak cap stress values strongly depended

on plaque geometry. Figure 2(A)–(C) illustrates how

stress results for the stiff intima models were influenced by

distinct geometrical plaque features. In Figure 2(A), a

representative example of a plaque with a smooth NC and

a smooth lumen shape is shown. For this type of plaques,

peak stresses in the shoulders were mostly at the lumen

border (140 and 120 kPa in the representative example in

Figure 2(A)). In the midcap region, peak stress was present

at the NC border (230 kPa in Figure 2(A)). Moreover,

lowest stresses in the entire cap were at the luminal side in

the midcap region (10 kPa in Figure 2(A)). The effect of

lumen irregularities is illustrated in Figure 2(B). Locally

increased lumen curvature correlate strongly with peak

stress locations (91 kPa in Figure 2(B)). Figure 2(C)

illustrates that for plaques with irregular NC shape, peak

stress locations shift toward the irregularities (210 kPa at

the luminal side and 305 kPa at the NC border in Figure 2

(C)). Figure 2(D) demonstrates that a thin intima layer in

the nondiseased part of a vessel adjacent to the cap

shoulder showed high stresses (475 kPa in Figure 2(D))

and increased the stresses within the cap shoulder. The

peak cap stress for the soft intima models was lower when

compared to the stiff intima models (stiff model: median

[Q1:Q3] ¼ 135 [93:229] kPa; soft model: 96 [46:168] kPa,

Table 2. Geometric parameter values for cap analysis.

Geometric parameter Median [Q1:Q3]

Min. Cap Th. 190 [64:400] mm
Max. NC Th. 508 [297:598] mm
Min. Intima Th. 100 [47:191] mm
Min. Media Th. 63 [25:83] mm
Min. Adventitia Th. 55 [34:88] mm
Min. IMA Th. 282 [2209:422] mm
Max Lumen Radius 922 [780:1075] mm
NC Angle 55 [35:75] 8
Max. Lumen Curv. 3.4 [2.6:5.8] mm21

Max. NC Curv. 31 [21:55] mm21

Note: Th, thickness; NC, necrotic core; Adv, adventitia; IMA, intima-
media-adventitia; Curv, curvature.

Figure 2. Finite elements analysis results showing maximum principal stress (in kPa) within the intima of atherosclerotic coronary
plaques. The results for the stiff models are depicted in panels A–D, for the soft models in panels E–H. (A) In plaques with smooth lumen
and NC shapes, higher stresses were observable at the lumen border in the shoulders and at the NC border in the midcap area. Very low,
even negative stresses were present at the lumen border in midcap. (B) Irregularities on the lumen or (C) NC border caused stress
concentrations. (D) High stresses occurred in the thin intima region adjacent to plaque shoulder and increased the cap stresses.
Qualitatively, the soft models (panels E–H) show comparable results, although the peak stresses at the NC side and the effect of local
lumen curvature is more pronounced.
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p ¼ 0.02). Overall, the results for the soft model showed

similar dependencies of cap stress on the geometrical

plaque features as for the stiff intima models. However, the

peak cap stresses at the NC side were markedly lower

(35 kPa in Figure 2(E)) and the effect of local lumen

curvature was more pronounced (312 kPa in Figure 2(F)).

Local peak stress in the shoulder region (stiff model:

median [Q1:Q3] ¼ 88 [49:176] kPa, soft model: median

[Q1:Q3] ¼ 51 [17:109] kPa) and midcap region (stiff

model: median [Q1:Q3] ¼ 102 [65:172] kPa; soft model:

median [Q1:Q3] ¼ 35 [12:73] kPa) was not significantly

different.

Local regression analysis

The relationships between local peak cap stress and the

geometric parameters on segmental basis were investi-

gated to gain better insight of the effect of geometry on

peak cap stress. For the stiff models, segmental bivariate

analysis revealed that four geometric plaque parameters

significantly correlated to local peak cap stress: minimum

cap thickness, minimum media thickness, maximum

lumen curvature, and maximum lumen radius (Table 3).

Minimum cap thickness showed a strong, negative

correlation (r ¼ 20.59) to stress. Another strong corre-

lation was observed for maximum lumen radius in with a

positive trend (r ¼ 0.47). Maximum lumen curvature

(r ¼ 0.17) and minimum media thickness (r ¼ 0.14) were

positively correlated to local peak cap stress. For the soft

models, geometrical irregularities were correlated stron-

gest to peak cap stress: maximum lumen curvature and

maximum NC curvature were positively correlated with

r ¼ 0.50 and r ¼ 0.20, respectively. Cap thickness and

maximum lumen radius were also significantly correlated

with peak cap stress, but much weaker (r ¼ 20.17 and

r ¼ 0.13, respectively). The minimum media thickness

and the minimum total intima-media-adventitia thickness

were also (weakly) correlated to peak stresses in the soft

models. Surprisingly, maximum NC thickness did not

show a significant correlation to peak cap stress for both

models.

There were correlations between the geometric plaque

parameters indicating that the influence of one geometric

feature might be confounded by another one. Therefore,

we performed multivariate regression analysis on seg-

mental results. Using backward elimination method, a

model with three geometric plaque parameters was

obtained (Table 4). For the stiff models, the multivariate

regression (R-value ¼ 0.69) showed that thinner cap

elevated the local peak stress, and smaller lumen radius

and lumen curvature decreased the peak stress. For the soft

models, increasing lumen curvature and lumen radius

increased peak stress, while increasing the media thickness

decreased peak stress (R-value ¼ 0.55).

Global regression analysis

Multivariate regression analysiswas employed to predict the

global peak cap stress in plaques from the geometrical

parameters. For the stiffmodels,minimumcap thickness and

Table 3. Nonparametric Spearman’s correlation coefficients for segmental analysis.

Min Cap
Th.

Max NC
Th.

Min Intima
Th.

Min Media
Th.

Min Adv.
Th.

Min IMA
Th.

Max Lumen
Curv.

Max NC
Curv.

Max Lumen
Rad.

Peak segment stress (stiff) 20.59* 0.01 0.06 0.14* 20.07 0.09 0.17* 0.09 0.47*
Peak segment stress (soft) 20.17* 0.06 0.08 20.12* 0.11 0.12* 0.50* 0.20* 0.13*

Note: All parameters are log-transformed. Th, thickness; NC, necrotic core; Adv, adventitia; IMA, intima-media-adventitia; Curv, curvature. Asterisk
indicates significant correlation (p , 0.001).

Table 4. Multivariate regression model for segmental analysis.

Stiff model: log(PeakCapStress) Soft model: log(PeakCapStress)

UC 95% CI SC UC 95% CI SC

Constant 1.20 [0.78;1.62] 2.73 [1.74; 23.72]
log(MinCapTh) 20.59 [20.64; 20.53] 20.57 – – –
log(MaxLumenRadius) 0.87 [0.74;1.00] 0.35 0.52 [0.20;0.84] 0.15
log(MaxLumenCurv) 0.15 [0.10;0.21] 0.15 0.71 [0.58;0.84] 0.49
log(MinMediaTh) – – – 20.40 [20.59; 20.21] 20.19

Note: Peak cap stress is in kPa, minimum cap thickness and maximum lumen radius are in mm. UC, unstandardized coefficient; CI, confidence interval; SC,
standardized coefficient. For the stiff model, R ¼ 0.69 and for the soft model, R ¼ 0.55. p-Values for the terms are ,0.001.
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maximum lumen radius were the only significant geometric

parameters in the final statistical model (R ¼ 0.79):

log ðPeakCapStressÞ ¼ 0:972 0:41 £ log ðMinCapThÞ
þ 0:71 £ log ðMaxLumenRadiusÞ

with peak cap stress in kPa, minimum cap thickness and

maximum lumen radius in mm. A thinner cap and larger

maximum lumen radius increased the peak cap stress in a

plaque. Lumen curvature, which was one of the important

parameters in the local multivariate analysis, did not have a

significant effect in global analysis. For the soft intima

models, only maximum lumen radius and maximum lumen

curvature significant contributed to peak cap stress

(R ¼ 0.66):

log ðPeakCapStressÞ ¼ 2:52þ 0:68

£ log ðMaxLumenRadiusÞ þ 1:09

£ log ðMaxLumenCurvÞ

Table 5 shows the standardized and unstandardized

coefficients and statistical significance of the geometric

parameters.

Figure 3 illustrates the results of the global regression

analyses. Figure 3(A) illustrates the strong non-linear

dependency of the peak cap stress on cap thickness and the

weaker more linear relationship with the lumen radius for

the stiff models. Figure 3(B) shows how the peak cap for

the soft models depends on lumen curvature and lumen

radius.

Discussion

This study focused on the impact of realistic plaque

geometries on computed peak cap stresses in athero-

sclerotic plaques. To our best knowledge, this is the first

study to investigate this topic in a sizeable group of 77NCs,

using high-resolution histological data as input. The

geometrical plaque features in this study cover a great

variation in cap thickness and NC size, including typical

in vivo shape irregularities. These irregularities, not present

in studies that focus on idealized geometries, greatly

influence the stress distribution in coronary plaques,

inducing local peak stresses. On top of these irregularities,

also the presence of a thin intima layer, adjacent to the

shoulder of the plaque, leads to stress concentrations.

When considering the influence of geometrical

parameters on local cap stresses for the stiff models, this

Table 5. Multivariate regression model for cap analysis.

Stiff model: log(PeakCapStress) Soft model: log(PeakCapStress)

UC 95% CI SC UC 95% CI SC

Constant 0.97 [0.02; 1.92] 2.52 [0.61; 4.45]
log(MinCapTh) 20.41 [20.50; 20.32] 20.67 – – –
log(MaxLumenRadius) 0.71 [0.40; 1.02] 0.34 0.68 [0.03; 1.34] 0.18
log(MaxLumenCurv) – – – 1.09 [0.81; 1.37] 0.68

Note: p-Values for the terms are ,0.001. Peak cap stress is in kPa, minimum cap thickness and maximum lumen radius are in mm. UC, unstandardized
coefficient; CI, confidence interval; SC, standardized coefficient. For the stiff model, R ¼ 0.79 and for the soft model, R ¼ 0.67.

Figure 3. Panel A shows the 3D representation of the regression analyses for the stiff model, clearly showing the strong non-linear
dependency of peak cap stress on cap thickness and the weaker near linear dependency on lumen radius. For the soft models (panel B), the
dependency of peak cap stress on lumen curvature and radius is shown.
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study confirms the dominant effect of cap thickness on cap

stress (Ohayon et al. 2008; Akyildiz et al. 2011). However,

this study also demonstrates that there are marked

differences, induced by the combined effect of the

aforementioned plaque specific features. Most notably,

necrotic core thickness has been shown to be an important

factor in idealized geometries for cap stresses (Ohayon

et al. 2008; Akyildiz et al. 2011). However, in the present

study in realistic geometries, no significant effect of NC

thickness on peak cap stress was found. It was also shown

that high local lumen curvature, which indicates an

irregularity on lumen shape, increases the local stresses in

coronary artery plaques. Optical coherence tomography

images demonstrate that these irregularities are frequently

observed in patients (Tearney et al. 2012) and might

therefore be an important geometrical surrogate for peak

stresses in coronary plaques. Teng et al. (2010) reached a

similar conclusion for the effect of lumen irregularities in

carotid plaques, using finite element models based on

MRI. Since MRI-based segmentation tends to smoothen

out local irregularities (Nieuwstadt, Geraedts, et al. 2013),

the effect might even be stronger than reported in that

study. Maximum lumen radius was another important

factor for local peak cap stress and in line with the Laplace

Law, larger radius elevated the stress. When comparing

plaques with similar cap thickness in the proximal part

(with larger lumen radius) to plaques in the distal part of

the coronary tree (with a smaller lumen radius), the stress

in the cap in the proximal plaque will be higher. These

elevated stresses might contribute to the more frequent

occurrence of plaque rupture in the proximal part of the

coronary tree (von Birgelen et al. 2001). In a recent study,

we investigated the influence of the plaque structures

behind the NC using idealized plaque geometries and

showed that media and adventitia had almost no influence,

whereas a thicker intima behind the NC slightly reduced

cap stress (Akyildiz et al. 2011). The results of the present

study confirmed our earlier findings.

Some of the significant effects of various geometrical

plaque features on local cap stresses disappear when

multivariate analysis is carried out to relate global plaque

features to peak cap stresses. For the stiff intima models,

only minimum cap thickness and maximum lumen radius

are independent predictors of cap stress. A thin cap and a

large lumen radius are surrogate markers for high cap

stresses, together accounting for 62% of the variation in

peak cap stress. Although there is much room for

improvement, these geometrical plaque features might

serve as an alternative to finite elements analysis for peak

cap stress prediction in a clinical setting, since both cap

thickness and lumen radius can be measured directly by

invasive imaging techniques, including optical coherence

tomography.

Apart from the large influence of a realistic geometry

on cap stresses in coronary arteries, the current study also

demonstrates the importance of selecting the appropriate

material model for the intima. While most numerical

studies employ stiff material models (Holzapfel et al.

2014), often based on the experimental data on

hypocellular aortic plaque tissue, it was recently demon-

strated that these properties might overestimate stiffness of

the intima in carotid and coronary plaques (Chai et al.

2014). We employed lower stiffness values from those

studies in our soft model, and demonstrated that not only

the overall stress levels decrease, but that the relationship

between the geometrical plaque features and cap stresses

change rather dramatically. For the local cap stresses, the

aforementioned irregularities gain importance, especially

at the expense of cap thickness. This can be explained by

the fact that the impact of cap thickness on cap stress will

naturally diminish if the intima is softer and closer to the

properties of the NC. In the limiting case that the material

properties are identical, the influence of cap thickness will

disappear altogether. The predictive value of global plaque

features decreases, with lumen curvature and lumen radius

predicting approximately 44% of peak cap stress. These

findings emphasize the importance of application of the

appropriate plaque-specific material properties in patient-

specific numerical studies. These properties can poten-

tially be obtained by combining finite element models with

strain imaging with ultrasound (Baldewsing et al. 2004) or

MRI (Franquet et al. 2011; Nederveen et al. 2014).

For rupture risk assessment, cap strength is as

important as cap stress. Strength in itself is not directly

influenced by plaque morphology. However, an associ-

ation between cap strength and morphology might be

present. Macrophages are known to reduce cap strength

(Lendon et al. 1991) and they are mainly located around

the NC, with a slight prevalence for accumulating in the

shoulder regions of the plaque (Davies et al. 1993). The

shoulder regions of the plaque might therefore be less

strong.

This study has some limitations. The number of

patients the plaques were taken from is limited. However,

taken the wide variation of NC features in this study into

account, it can be expected that the main findings will not

change when the database would have contained more

patients. The intima of the investigated plaques was

modeled with a rather simple homogeneous material

model. Although diseased intima generally contains an

accumulation of collagen fibers, the used material model

did not incorporate anisotropy. The experimental data on

the potential anisotropy of coronary intima tissue is to the

best knowledge of the authors not available. In a recent

study on carotid intima tissue, it was shown that the fiber

dispersion angle was relatively wide, indicating that

carotid intima tissue might be modeled with an isotropic

model (Chai et al. 2013). Whether this also holds for

coronary intima tissue needs to be investigated. The

anisotropic material properties of media and adventitia
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available in literature were not employed in the finite

element computations, as the 2D simulations with initial

stress analysis did not support the use of anisotropic

material models. However, by approximating the mech-

anical behavior of the outer layers using an isotropic

material model, it is assumed that the effect of this

limitation is minimal in this geometrical analysis study.

Residual stresses were not included in this study. Although

recently some interesting approaches were introduced to

assess residual stresses in atherosclerotic plaques (Riou

et al. 2014; Schroder and Brinkhues 2014), there is still

quite some debate on how to determine them adequately.

The relevance of residual stresses for plaque mechanics

was recently addressed (Holzapfel et al. 2014), and in that

review it was concluded residual stresses might reduce

peak cap stress and are therefore potentially relevant for

rupture risk prediction. Since this study explores the effect

of geometry and material properties on cap stress, we

believe that ignoring the residual stresses in this study will

not influence our main findings. Calcifications could not be

retained due to the histological processing that was

applied. Although the stabilizing effect of macro-

calcifications has been shown (Huang et al. 2001),

indicating that plaques without calcification might be

more of vulnerable type, micro-calcification may cause

stress concentrations (Vengrenyuk et al. 2008). This

warrants further investigation. The analyses presented in

this study are based on 2D plane strain analysis, while the

arteries are 3D structures. In a previous study, we have

shown that including 3D geometry in the simulations does

influence absolute stress values. The difference in absolute

peak cap stress values between 2D and 3D analyses were

shown to be as large as 25%. However, it was also

demonstrated that the relationship between geometrical

features and cap stresses were largely unaltered in the 2D

simulations (Nieuwstadt et al. 2012). However, another

study demonstrated that there is a distinct difference in

peak cap stress when comparing 2D and 3D simulations

study (Balzani et al. 2012). This topic requires further

research. Since anisotropy, the residual stress, and the 3D

geometry were not included in this study, the absolute

peak cap stress values should be interpreted with caution,

especially in the context of rupture risk analyses.

In conclusion, this comparative study showed that

patient-specific geometrical plaque features greatly

influence peak cap stresses. Especially, local irregularities

in lumen and NC shape as well as a thin intima layer near

the shoulder of the plaque induce local stress maxima.

These irregularities are not included in idealized plaque

models and are responsible for the fact that well-

established geometrical surrogates for peak cap stresses

in idealized models lose their predictive value. Moreover,

the choice for material properties for the intima determines

how geometry influences peak cap stresses. This implies

that not only accurate assessment of plaque geometry, but

also of intima properties is essential for cap stress analyses

in atherosclerotic plaques in human coronary arteries. The

effect of anisotropy, 3D geometry, and residual stresses on

absolute cap stress assessment, especially relevant in for

rupture risk assessment, warrants further investigations.
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