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Coronary plaque rupture is the precipitating event in two 
thirds of myocardial infarctions,1 with ruptured plaques 

exhibiting a large, necrotic, lipid core and superimposed 
thrombus.2 The proposed precursor lesion has a thin overlying 
fibrous cap separating the core from the lumen and is termed 
a thin-cap fibroatheroma (TCFA).3 Currently, there is a major 
emphasis on diagnostic modalities that can identify and strat-
ify plaques before rupture.
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Increased plaque structural stress (PSS) is a potential 
mechanism promoting plaque rupture, with rupture occur-
ring when intraplaque stress exceeds the material strength of 
the fibrous cap.4 PSS can be calculated through an engineer-
ing technique known as finite element analysis (FEA), which 
presents a defined solution through synthesis of multiple vari-
ables, including plaque geometry, tissue material properties, 
and hemodynamic forces. FEA constructed on ex vivo data 
derived from histology demonstrated that ruptured plaques 
are associated with higher PSS levels.5 In addition, idealized 
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FEA models have shown that altering plaque composition, 
including increasing necrotic core size, decreasing fibrous cap 
thickness, and microcalcification, can significantly elevate 
PSS.6–8 However, until recently, in vivo imaging modalities for 
coronary atherosclerosis have lacked sufficient resolution for 
accurate and reproducible identification of both plaque com-
position and architecture. Thus, limited data exist on PSS dis-
tribution in coronary atherosclerosis in vivo, and whether in 
vivo PSS values are affected by plaque composition, subtype, 
or clinical presentation is unknown.

Virtual histology intravascular ultrasound (VH-IVUS) is 
an invasive, ultrasound-based modality that uses backscatter 
to identify plaque composition.9 VH-IVUS reliably identi-
fies plaque components including dense calcium, fibrofatty, 
fibrous tissue and necrotic core, providing a VH corol-
lary of histological definitions.10 Prospective studies using 
VH-defined plaque classification algorithms have shown an 
association between VH-defined TCFA (VHTCFA) and sub-
sequent major adverse cardiovascular events11,12; however, the 
absolute event rate per individual higher-risk lesion was low 
(<10% at 3 years). Thus, additional methods for assessment 
of plaque vulnerability are required to improve our ability to 
predict plaque rupture.

We present a methodology using FEA to calculate PSS 
based on in vivo VH-IVUS data. We examined PSS variability 
and distribution throughout whole vessels, whole plaques, and 
in specific higher-risk plaque regions. We assessed the rela-
tionship between PSS and plaque composition and subtype 
and whether PSS calculation provides incremental informa-
tion beyond VH-IVUS imaging to identify clinical presenta-
tion. We find that PSS is highly heterogeneous and that plaque 
composition, subtype, and clinical presentation significantly 
affect PSS. The positive predictive power of VH-IVUS to 
identify clinical presentation was improved through addition 

of PSS. If validated prospectively, FEA–VH-IVUS may 
improve stratification of higher-risk coronary plaques.

Methods
Procedural Details
The VH-IVUS in Vulnerable Atherosclerosis (VIVA) study protocols 
were approved by the Cambridge Research Ethics Committee as pub-
lished previously.11 Briefly, following informed consent, 170 patients 
undergoing percutaneous coronary intervention underwent 3-vessel 
VH-IVUS (100 stable angina pectoris [SAP] and 70 troponin-positive 
acute coronary syndrome [ACS]). Demographic data were obtained 
at recruitment and hemodynamic data from the guiding catheter at 
the time of VH-IVUS imaging. VH-IVUS data were acquired be-
fore stenting with 20 MHz Eagle-Eye Gold catheters (Volcano 
Corporation, Rancho Cordova) using motorized pullback at 0.5 mm/s 
after administration of intracoronary glycerin trinitrate. Image analy-
sis was performed offline on S5 consul software version 3.1 (Volcano 
Corporation) and verified by Krakow Cardiovascular Research 
Institute core laboratory using Volcano Image Analysis Software ver-
sion 3.0.394. A plaque was defined when plaque burden (PB) was 
>40% of vessel cross-sectional area for 3 consecutive frames. Both 
gray-scale (GS) and VH-defined IVUS parameters were calculated 
along each artery, including PB, minimal luminal area (MLA), and 
VH-defined plaque composition. Noncalcified VHTCFAs (ncVHTC-
FAs) were defined as plaques with confluent necrotic core (>10% of 
plaque cross-sectional area) in contact with the lumen, with minimal 
dense calcium (≤10% plaque cross-sectional area). Full details of 
plaque classification are shown in Table I in the Data Supplement. To 
minimize interarterial mechanical forces in the analysis, only culprit 
left anterior descending arteries were studied. Culprit arteries were 
defined by dynamic electrocardiographic criteria (ST-segment shift 
or T-wave inversion) combined with angiographic appearance at per-
cutaneous coronary intervention.

FEA Modeling
Vessel geometry and plaque architecture were reconstructed from in 
vivo radiofrequency data acquired at each R-wave peak (Figure 1A). 
Plaques were considered suitable for modeling where PB ≥40%. 
Imaging data were imported into analysis software (proprietary 

Figure 1. Illustrative example for stepwise 
calculation of plaque structural stress 
(PSS) through finite element analysis (FEA). 
A, Virtual histology intravascular ultrasound 
image showing dense calcification (white), 
necrotic core (red), fibrous (green), and 
fibrofatty tissue (light green). B, Recon-
structed geometry and segmented plaque 
components used for FEA. C, Nine-node 
quadrilateral mesh with ≈10 000 elements 
constructed. D, Band plot of PSS identify-
ing regions with high stress concentration 
(arrows). E, Band plot of variation of PSS 
during 1 cardiac cycle, illustrating regions 
with high stress variation (arrows).
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code, MATLAB R2011b, The MathWorks Inc), allowing construc-
tion of 2-dimensional (2D) vessel cross-sections for FEA modeling 
(Figure 1B). Because data were obtained during diastole, circum-
ferential vessel shrinkage was applied, permitting generation of a 
zero-pressure condition as a basis for computational simulation.13 
Investigators (Z.T., A.J.B.) were blinded to both plaque classifi-
cation and clinical presentation for all FEA modeling. Individual 
VH-defined plaque components were segmented and assumed to be 
incompressible, piecewise homogenous, nonlinear isotropic, and hy-
perelastic as described by the modified Mooney-Rivlin strain energy 
density function:

W c I D D I= −( ) + −( )( ) − 1 1 1 2 13 3 1exp

where I
1
 is the first invariant of deformation tensor and c

1
, D

1
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are material parameters derived from previous experimental work14 
and include the following: arterial vessel wall, c

1
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1
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1
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1
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D
1
=144 kPa, D

2
=2.0. The motion of each plaque component was gov-

erned by kinetic equations as:

ρυ σi tt ij j i j, , , ,= =( )1 2

where υ1[ ]and σ ij
   are the displacement vector and stress tensor, 

respectively, ρ=density of each component, and t=time. The entire 
plaque model was then meshed using 9-node quadrilaterals, generat-
ing ≈10 000 elements and 40 000 nodes per model (Figure 1C). Both 
displacement and strain were assumed to be large. There was no rela-
tive movement at the interface of atherosclerotic components and 
relative energy tolerance was set to 0.005. Two adjacent points were 
fixed to prevent rigid body displacement. Dynamic loading condi-
tions were generated from simultaneous coronary pressure record-
ings taken during VH-IVUS acquisition, with pressure at the outer 
boundary set to zero.

Throughout the analysis, vessel wall PSS is described using maxi-
mum principal stress. Variation in PSS during 1 cardiac cycle was 
defined as:

Variation of  PSS PSS PSSi i
t

i
t= ( ) − ( )max min

in which the subscript i=ith integration node and the superscript 
t=time were computed. PSS was subsequently normalized by coro-
nary pressure, creating a ratio for comparison between patients. 
Normalized PSS (Figure 1D) and its variation (change in normalized 
PSS during a cardiac cycle; Figure 1E) were used for all statistical 
analysis. All FEA simulations were performed using ADINA 8.6.1 
(ADINA R&D, Inc.).

Statistical Analysis
Data were assessed for normality using the Shapiro–Wilk test. 
Normally distributed continuous outcomes are presented as mean 
(SD) and were compared using unpaired t test, with non-normal out-
comes presented as median (Q1–Q3) and compared using Mann–
Whitney U test. Categorical variables were analyzed using 2-sided 
χ2 or Fisher exact tests where appropriate. To assess consistency be-
tween observers in PSS calculation, the intraclass correlation coef-
ficient assessing absolute agreement was used. Correlations between 
variables are expressed as Spearman correlation coefficients (r

S
) 

for non-normally distributed data. Receiver operating characteristic 
curves were produced by plotting sensitivity versus (1−specificity), 
allowing calculation of area under the curve (AUC). Comparisons 
between AUC were performed using the method of DeLong. 
Because each plaque had multiple VH-IVUS slices, a linear mixed 
model was used to compare plaques between patients and clinical 
presentation. Power calculations from pilot data suggested that 22 
patients per group would be required to detect a difference of 1.2 for 
PSS between patients with ACS and SAP (SD, 2.0; α=0.05; β=0.8). 
All calculations were 2 tailed with P<0.05 considered statistically 
significant. Statistical analyses were performed in both SPSS 19.0.0 

(SPSS Inc., IBM Computing) and R 2.10.1 (The R Foundation for 
Statistical Computing).

Results
Baseline Patient and VH-IVUS Demographics
Fifty-three patients with left anterior descending artery cul-
prit lesions were included in this analysis, 23 presenting 
with an ACS and 30 with SAP. Patient demographics were 
similar between groups (Table 1), although total choles-
terol (5.1 [4.2–6.0] versus 3.8 [2.9–4.6] mmol/L; P=0.005) 
and low-density lipoprotein cholesterol (2.7 [2.1–3.6] ver-
sus 1.7  [1.3–2.3] mmol/L; P=0.024) were higher in patients 
with ACS. Procedural systolic coronary pressure was lower 
in patients with ACS (ACS, 125.5 [20.7] versus SAP, 142.5 
[23.0] mm Hg; P=0.004). VH-IVUS pullback measuring 
3674 mm was studied, and included 118 coronary plaques. 
GS and VH-IVUS images were analyzed for both whole 
vessel (Table 2) and culprit plaque features responsible for 
patient presentation (Table II in the Data Supplement). On 
GS-IVUS, whole vessel plaque volume was higher in patients 
with SAP than patients with ACS (SAP, 414 [312–580] ver-
sus ACS, 324 [275–475] mm3; P=0.04); however, whole ves-
sel VH-IVUS plaque component volumes and percentages 
were similar between groups.

Calculation and Reproducibility of PSS
Plaque and vessel geometry was constructed from 4429 in 
vivo VH-IVUS frames comprising 99 584 individual plaque 
components. The FEA modeling comprised 4 individual steps: 
first, VH-IVUS plaque geometry and that of individual plaque 
components were imported as 2D cross-sectional images and 
segmented manually; second, a zero-pressure condition was 
created as a basis for the computational simulation; third, a 
9-node quadrilateral mesh with ≈10 000 elements was con-
structed for the whole cross-section; fourth, dynamic simu-
lations were performed using each patient’s coronary arterial 
pressure as loading conditions for simulations (Figure 1). The 
methodology used allowed us to generate longitudinal recon-
structions of both PSS and variation in PSS during 1 cardiac 
cycle in the whole artery, in individual plaques, and in single 
VH-IVUS frames (Figure 2).

FEA is semiautomated but involves manual correction 
to determine plaque component boundaries; we therefore 
assessed both the intra- and interobserver variability of PSS 
calculations in 5% of frames analyzed. The intraclass cor-
relation coefficient for intraobserver variability, representing 
absolute agreement between PSS values within models, was 
excellent at 0.99 (95% confidence interval [CI], 0.97–0.99; 
P<0.001). Reproducibility was also excellent with an interob-
server variability of 0.98 (95% CI, 0.97–0.99; P<0.001). 
Representative PSS values from 2 observers within a coronary 
plaque are shown in Figure I in the Data Supplement.

Distribution of PSS
PSS values calculated for each VH frame showed a wide 
distribution, ranging from 2.81 to 29.03 (median, 9.04; Q1–
Q3, 7.28–11.40). 99.2% of PSS values were located in the 
plaque, with 0.8% located in the disease-free contralateral 
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vessel wall. Importantly, there were marked differences in 
PSS within individual VH frames, with values of <15% of 
peak PSS within 100 to 200 μm of maximal PSS points 
(Figure II in the Data Supplement). Indeed, marked differ-
ences between PSS values were found in frames in which 
plaque classification was identical (Figure 3). Whole plaques 
also showed marked variation in PSS over short lengths of 
 VH-IVUS pullback with a large range from 5.33 to 14.02. 
For example, PSS varied from 9.15 to 21.45 for 3 VH frames, 
equating to ≈1.5 mm of coronary plaque at a heart rate of 
60 bpm. This led to a wide variability of both median and 
interquartile range for individual plaques (Figure III in the 
Data Supplement).

Plaque Composition and PSS
The marked variation of PSS within a single frame or plaque 
and between plaques with the same subtype highlight the 
heterogeneity of materials that comprise the plaque. Several 
plaque features have been linked to subsequent rupture in pro-
spective studies, namely, spotty calcification, large necrotic 
core, thin fibrous cap, PB ≥70%, and MLA ≤4 mm2. Although 
idealized and ex vivo FEA simulations have suggested that 
these features may affect PSS, their effect on PSS measured 
in vivo is unknown. We therefore studied the effect of total 
calcified and necrotic core component area, arc, and circum-
ference on PSS. There were nonlinear relationships between 
PSS and area (R2=0.33; P<0.001), arc (R2=0.28; P<0.001), 

Table 2. Gray-Scale and VH-IVUS Parameters Before Stenting for the Overall Cohort, Including 
SAP and ACS Groups

Whole Vessel Parameters Overall (n=53) SAP (n=30) ACS (n=23) P Value

Pullback length, mm 67 (56–80) 68 (58–88) 67 (52–75) 0.24

Plaque volume, mm3 377 (301–509) 414 (312–580) 324 (275–475) 0.044

Fibrous tissue volume, mm3 113 (85–171) 121 (90–190) 100 (75–135) 0.076

Fibrofatty tissue volume, mm3 24 (16–43) 27 (19–45) 20 (14–33) 0.067

Necrotic core volume, mm3 47 (30–73) 49 (30–82) 44 (29–64) 0.28

Dense calcium volume, mm3 18 (11–40) 20 (11–51) 17 (9–32) 0.29

Fibrous tissue, % 31 (27–35) 32 (27–34) 31 (27–35) 0.93

Fibrofatty tissue, % 6 (5–9) 7 (5–10) 6 (5–8) 0.62

Necrotic core, % 12 (9–15) 12 (9–16) 13 (9–15) 0.50

Dense calcium, % 5 (3–8) 5 (3–9) 5 (4–7) 0.97

VHTCFA number 1 (1–2) 1 (1–2) 1 (1–3) 0.93

Data shown are median (Q1–Q3). ACS indicates acute coronary syndrome; SAP, stable angina pectoris; and VHTCFA, 
virtual histology–defined thin-cap fibroatheroma.

Table 1. Baseline and Procedural Demographics of Patient Cohort, Including Both SAP and 
ACS Groups

Overall (n=53) SAP (n=30) ACS (n=23) P Value

Age, y 62.7 (9.8) 62.1 (9.8) 63.4 (10.1) 0.66

Male, n (%) 45 (84.9) 27 (90) 18 (78) 0.24

Total cholesterol, mmol/L 4.36 (1.63) 3.8 (2.9–4.6) 5.1 (4.2–6.0) 0.005

LDL cholesterol, mmol/L 2.21 (1.06) 1.7 (1.3–2.3) 2.7 (2.1–3.6) 0.024

HDL cholesterol, mmol/L 1.14 (0.34) 1.1 (1.0–1.3) 1.1 (0.9–1.5) 0.98

Total cholesterol:HDL ratio 4.08 (1.36) 3.6 (2.9–4.1) 4.6 (3.2–6.2) 0.095

Statin treatment for >3 mo, n (%) 17 (32.1) 9 (30) 8 (35) 0.75

Smoked in the past 3 mo, n (%) 11 (20.8) 5 (17) 6 (26) 0.32

Never smoked, n (%) 21 (39.6) 14 (47) 7 (30) 0.13

Ex-smoker >3 mo, n (%) 21 (39.6) 11 (37) 10 (43) 0.64

Hypertension, n (%) 27 (50.9) 15 (50) 12 (52) 0.84

Previous MI, n (%) 1 (1.9) 0 (0) 1 (4) 0.43

Family history of MI, n (%) 15 (28.3) 8 (27) 7 (30) 0.90

Diabetes mellitus, n (%) 3 (5.7) 1 (3) 2 (9) 0.57

Procedural details

  Heart rate, bpm 64.1 (11.6) 63.1 (11.4) 65.4 (11.9) 0.53

  Systolic coronary pressure, mm Hg 135.2 (22.4) 142.5 (23.0) 125.5 (20.7) 0.004

  Diastolic coronary pressure, mm Hg 70.8 (10.3) 72 (11.1) 69.2 (10.1) 0.32

Data shown are mean (SD) or median (Q1–Q3). ACS indicates acute coronary syndrome; HDL, high-density lipoprotein; 
LDL, low-density lipoprotein; MI, myocardial infarction; and SAP, stable angina pectoris.
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and total circumferential component length (R2=0.32; 
P<0.001) of calcification within a plaque (Figure 4A–4C). 
PSS increased with increasing calcification but then seemed 
to plateau or even reduce when calcification became more 
extensive. There were similar, albeit weaker, nonlinear rela-
tionships between PSS and necrotic core area (R2=0.18; 
P<0.001), arc (R2=0.15; P<0.001), and total circumferential 
component length (R2=0.19; P<0.001; Figure 4D–4F). Again, 
there was an increase in PSS with larger area/arc of necrotic 
core, although a plateau was observed for total circumferen-
tial component length, implying that unlike calcification, mul-
tiple lipid pools may not amplify PSS. In addition, there was a 
positive correlation between increasing luminal area and PSS 
(r

S
=0.39; P<0.0001) but no correlation with PB (r

S
=−0.03; 

P=0.11; Figure 5). Although measurement of fibrous cap 
thickness is beyond the spatial resolution of VH-IVUS, PSS 
was significantly higher in VH-IVUS–defined TCFAs (9.19 
[7.45–11.62]) compared with lower-risk plaques, including 
both thick-cap fibroatheromas (7.63 [6.40–9.66]; P=0.01) and 
pathological intimal thickening (6.47 [5.98–7.73]; P<0.001).

Clinical Presentation and PSS
The ability of VH-IVUS to identify plaques underlying differ-
ent clinical presentation is controversial. We therefore examined 
whether PSS values were different in patients presenting with 

ACS versus SAP and whether combining PSS with VH-IVUS 
improved accuracy for ACS presentation. PSS and variation in 
PSS were similar between patients with SAP and ACS on both 
whole culprit vessel and whole culprit plaque analyses (Table 3). 
However, because plaque rupture is likely to be focal, and PSS 
varies markedly within a plaque (Figures 2 and 3, Figure III in 
the Data Supplement), higher-risk plaque features may be more 
important than either whole vessel or whole plaque parameters. 
We analyzed frames having PB ≥70%, MLA ≤4 mm2, and 
ncVHTCFA because these features confer higher risk in pro-
spective VH-IVUS studies. In frames in which the MLA was ≤4 
mm2, PSS levels were significantly greater in patients with ACS 
versus SAP (8.24 [7.06–9.93] versus 7.72 [6.33–9.34]; P=0.03). 
Both PSS and PSS variation were also greater in patients with 
ACS in frames with PB ≥70% and ncVHTCFA (Table 3). When 
these features were combined in prospective studies, the hazard 
ratio for major adverse cardiovascular events was significantly 
increased.11,12 Consistent with this, PSS was amplified markedly 
in patients with ACS versus SAP when both MLA ≤4 mm2 and 
PB ≥70% (8.94 [7.23–10.70] versus 7.74 [6.13–9.01]; P=0.009) 
or MLA ≤4 mm2 and ncVHTCFA (8.73 [7.32–10.91] versus 
6.40 [5.83–7.53]; P=0.004) were combined.

Although MLA ≤4 mm2, PB ≥70%, and ncVHTCFA are 
associated with increased major adverse cardiovascular events 
in prospective studies, lesions with these features have a low 

Figure 2. Longitudinal reconstruction of a coronary artery illustrating plaque structural stress (PSS) variability throughout an atheroscle-
rotic plaque. Virtual histology intravascular ultrasound (VH-IVUS; top) and band plots (bottom) for PSS along a VH-IVUS pullback  
(middle), illustrating locations of peak PSS values (arrows) for 4 cross-sections within an atherosclerotic plaque. by guest on June 28, 2018
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absolute event rate. We therefore examined whether combining 
PSS with VH-IVUS provides incremental information to iden-
tify clinical presentation. Increasing quartiles of PSS resulted 

in increasing positive predictive values in all higher-risk areas; 
however, this effect was most prominent in ncVHTCFA, where 
PSS ≥10.22 resulted in a positive predictive value of 91.4% 

Figure 4. Relationship between plaque structural stress (PSS) and plaque components. Nonlinear regression curves (blue dotted line) 
with 95% confidence intervals (black lines) illustrating best-fit relationships between PSS and (A) total area of dense calcium (mm2), (B) 
maximal arc of dense calcium (°), (C) total circumferential length of dense calcium components (mm), (D) total area of necrotic core (mm2), 
(E) maximal arc of necrotic core (°), and (F) total circumferential length of necrotic core components (mm).

Figure 3. Plaque structural stress (PSS) 
variability between plaques with identi-
cal classification. Two virtual histology 
intravascular ultrasound frames (A and C) 
from separate patients illustrating calcified 
thin-cap fibroatheromata. Corresponding 
band plots (B and D) with magnified panels 
highlighting the marked difference in PSS 
(arrows) between plaques, despite their 
identical classification.
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(Table 4), albeit with a low negative predictive value. To assess 
the ability of PSS alone and in combination to identify clinical 
presentation, receiver operating characteristic curve analysis 
was performed without refinement and then combined with 
3 higher-risk VH-IVUS parameters (ncVHTCFA, PB ≥70%, 
and MLA ≤4 mm2). PSS alone had poor discriminatory power 
to predict ACS presentation (AUC, 0.48; 95% CI, 0.46–0.50; 
P=0.44). However, power increased when PSS was combined 
with ncVHTCFA (AUC, 0.72 versus 0.56; P<0.0001) or with 
PB ≥70% (AUC, 0.62 versus 0.51; P<0.0001), but not with 
MLA ≤4 mm2 (AUC, 0.59 versus 0.58; P=0.73). Combining 
ncVHTCFA with PB ≥70% resulted in an AUC of 0.82 (95% 
CI, 0.69–0.95; P=0.006), and combining ncVHTCFA with 
MLA ≤4 mm2 gave an AUC of 0.83 (95% CI, 0.77–0.90; 
P<0.0001; Figure 6).

Discussion
Observational studies have confirmed that TCFAs repre-
sent the major plaque substrate for rupture.2 Nevertheless, 

prospective studies using VH-IVUS found that overall event 
rates at 3 years attributable to TCFAs were low,11,12 indicat-
ing that additional plaque markers are required to predict rup-
ture and improve patient risk stratification. Plaque rupture is 
a dynamic process, determined by multiple factors including 
plaque composition, plaque architecture, and hemodynamic 
forces. Because FEA calculation of PSS integrates and syn-
thesizes these coexisting variables, FEA may represent a pow-
erful tool to determine the features of coronary plaques that 
promote rupture.

There are several novel and important aspects to our find-
ings. We present a robust and reproducible FEA methodology 
to calculate PSS and demonstrate that PSS varies markedly 
over the length of a coronary plaque and within a single 2D 
section. We find complex nonlinear relationships between 
plaque composition and PSS but with larger PSS values 
observed in higher-risk plaques. In addition, PSS was elevated 
in regions that confer prospective risk in patients presenting 
with an ACS. Finally, combining PSS with VH-IVUS provides 

Figure 5. Correlation between plaque structural stress (PSS) and indices of vessel geometry. Scatter plots and correlation (r) between 
PSS and (A) luminal area or (B) plaque burden. 

Table 3. Normalized Median (Q1–Q3) Calculations of PSS and Variation of PSS for Patients With SAP and ACS

PSS Variation of PSS

SAP ACS P Value SAP ACS P Value

Whole vessel 9.04 (7.31–11.27) 8.74 (7.17–11.08) 0.98 10.10 (8.20–12.38) 9.60 (7.94–12.25) 0.86

Whole plaque 9.23 ((7.36–11.98) 8.79 (7.16–10.99) 0.37 10.25 (8.15–13.11) 9.61 (7.92–12.08) 0.33

MLA ≤4 mm2 7.72 (6.33–9.34) 8.24 (7.06–9.93) 0.03 8.59 (7.04–10.42) 8.89 (7.59–10.86) 0.09

PB ≥70% 7.93 (6.16–9.46) 9.18 (7.44–10.88) 0.02 8.59 (6.94–10.20) 9.806 (8.01–12.05) 0.01

ncVHTCFA 7.65 (6.45–8.62) 9.23 (7.33–11.44) 0.02 8.61 (7.41–9.79) 10.23 (8.16–12.62) 0.03

Calcified VHTCFA 9.64 (7.72–12.40) 8.97 (7.22–11.11) 0.45 10.70 (8.58–13.62) 9.70 (7.99–12.19) 0.28

MLA ≤4 mm2+PB ≥70% 7.74 (6.13–9.01) 8.94 (7.23–10.70) 0.01 8.52 (6.81–10.23) 9.77 (8.02–11.96) 0.01

MLA ≤4 mm2+ncVHTCFA 6.40 (5.83–7.53) 8.73 (7.32–10.91) 0.004 7.33 (6.48–8.51) 9.90 (7.99–12.06) 0.01

ACS indicates acute coronary syndrome; MLA, minimal luminal area; ncVHTCFA, noncalcified virtual histology–defined thin-cap fibroatheroma; PB, 
plaque burden; PSS, plaque structural stress; and SAP, stable angina pectoris.
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incremental information to identify clinical presentation. If 
validated prospectively, our work moves coronary FEA from 
a research tool to a potentially useful clinical modality to risk 
stratify both patients and their plaques.

FEA biomechanical analysis has been used previously in 
human coronary atherosclerosis, but studies either used ideal-
ized modeling or were ex vivo. For example, eccentric lipid 
pools were shown to concentrate PSS toward the plaque cap, 
and regions of high stress correlated with intimal tear sites at 
autopsy.4 PSS was elevated by decreasing fibrous cap thick-
ness and reduced by increasing lesion stenosis severity.6 
Histological examination demonstrated that ruptured plaques 
have a significantly higher PSS than stable plaques, suggest-
ing that regions of high stress may promote plaque rupture.5 
Furthermore, 82% of plaque fractures occurred at regions of 
high stress in an ex vivo model of plaque rupture induced by 

balloon angioplasty.15 Despite these ex vivo studies, there 
are few published in vivo studies of PSS. One study using 
GS-IVUS assessed the longitudinal variation in PSS along 15 
coronary plaques.16 Consistent with ex vivo modeling, PSS 
increased as fibrous cap thickness decreased and was ampli-
fied by superficial calcification. However, because GS-IVUS 
was used, the effect of plaque composition or classification 
on PSS could not be accurately assessed. Furthermore, no 
data exist on the relationship between clinical events and PSS, 
whereas previous studies have typically used basic modeling 
techniques, assuming linear properties for biological tissues 
and failing to incorporate the dynamic loading of arterial 
pressure.

We show that FEA based on VH-IVUS is a reproducible 
quantitative technique to calculate PSS, which may have 
the ability to determine the rupture potential of a coronary 
plaque. PSS is associated with specific plaque features that 
can be identified in vivo by VH-IVUS, including calcification, 
necrotic core, and plaque subtype. PSS increases initially with 
early plaque calcification but then plateaus when calcifica-
tion becomes extensive. This finding corresponds with stud-
ies showing that small areas of spotty calcification on both 
IVUS17 and computerized tomography18 are associated with 
higher-risk plaques and ex vivo modeling, showing that calci-
fication can amplify PSS.7 PSS also increases as necrotic core 
size or arc expands, again consistent with ex vivo work,8 and 
that a large necrotic core is associated with ruptured plaques.2 
Although plaque fibrous cap thickness could not be measured 
directly, VH-defined thick cap fibroatheromas had lower PSS 
than VHTCFAs, suggesting that fibrous cap thickness is an 
important determinant of PSS.6 In contrast, markers of plaque 
size such as MLA and PB were either inversely (MLA) or did 
not (PB) correlate with PSS. This is consistent with previous 
studies showing a negative association between peak stress 
and stenosis severity on idealized coronary artery cross-sec-
tions6 and no association between mechanical stress and PB in 
carotid plaques.19 Importantly, these findings suggest that PSS 
may indicate the propensity for plaque rupture independent of 
other VH-IVUS higher-risk features.

Figure 6. Receiver operating characteristic (ROC) curves illustrating the discriminatory power of combined virtual histology intravascular 
ultrasound (VH-IVUS) and plaque structural stress (PSS) to identify clinical presentation. ROC curves for PSS to identify acute coro-
nary syndrome presentation based on VH-IVUS features, including (A) noncalcified VH-defined thin-cap fibroatheroma (ncVHTCFA), 
(B) ncVHTCFA and plaque burden (PB) ≥70%, and (C) ncVHTCFA and minimal luminal area (MLA) ≤4 mm2. AUC indicates area under the 
curve; and CI, confidence interval.

Table 4. Predictive Values, Sensitivities, and Specificities 
for Increasing Quartiles of PSS to Predict ACS Presentation in 
Higher-Risk Plaque Regions

Positive  
Predictive  
Value, %

Negative  
Predictive  
Value, % Sensitivity, % Specificity, %

ncVHTCFA 65.2 62.7 18.1 93.5

  +PSS ≥7.76 73.9 62.1 13.0 97.0

  +PSS ≥8.86 84.4 61.7 9.7 98.8

  +PSS ≥10.22 91.4 61.2 7.2 99.5

PB ≥70% 41.9 59.9 22.3 80.0

  +PSS ≥7.76 47.0 60.6 16.2 87.6

  +PSS ≥8.86 50.5 60.7 12.5 91.7

  +PSS ≥10.22 51.4 60.3 7.9 94.9

MLA ≤4 mm2 50.8 68.4 48.0 68.4

  +PSS ≥7.76 55.5 63.4 28.3 84.6

  +PSS ≥8.86 58.8 62.4 19.7 90.6

  +PSS ≥10.22 57.1 60.9 11.0 94.4

ACS indicates acute coronary syndrome; MLA, minimal luminal area; 
ncVHTCFA, noncalcified virtual histology–defined thin-cap fibroatheroma; PB, 
plaque burden; and PSS, plaque structural stress.
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We find that FEA also provides important insights into the 
biology of coronary plaques. There were wide variations of 
PSS within both individual VH-IVUS frames and longitudi-
nally over short segments of the same plaque; variations in 
PSS related to different plaque components, their size, and 
orientation within lesions. Although atherosclerosis is a dif-
fuse disease, plaque rupture is likely a focal event, occurring 
in specific areas of plaque weakness.20 PSS was unequally 
distributed across vessels and plaques, indicating that regions 
of plaque vulnerability may exist over an exceptionally short 
distance. Current coronary imaging studies frequently use 
hierarchical plaque classification algorithms, requiring the 
presence of specific plaque compositional features over a 
series of frames for categorization.11,12 Our data suggest that 
summarized or averaged variables over multiple frames that 
attempt to describe plaques may dilute their true overall risk 
of rupture. FEA VH-IVUS may therefore represent a unique, 
refined, and targeted approach for describing the heterogene-
ity within individual lesions and ultimately for estimating risk 
of plaque rupture.

In addition, we observed that areas of high PSS were fre-
quently seen deep within the plaque structure and not always 
located around the shoulder or luminal border. Although the 
significance of this finding is unclear, these deeper sites of 
high stress may act as foci for intraplaque rupture and hem-
orrhage. Indeed, ex vivo biomechanical studies in carotid 
plaques have previously found high stress concentrations 
located around areas of neovascularization,21 which might 
result in subsequent intraplaque hemorrhage.22 This dynamic 
and often subclinical process may promote plaque growth, 
increasing PB and reducing vessel luminal area. Indeed, mea-
sures of increasing burden and reduced lumen assessed as PB 
≥70% and MLA ≤4 mm2, respectively, are associated with 
future cardiovascular events. However, it should be noted that 
an association between events and PB ≥70% or MLA ≤4 mm2 
might reflect whether a clot of any given size will occlude 
flow, leading to ACS.

The ability of VH-IVUS alone to identify presentation with 
ACS is controversial, with studies reporting conflicting data 
on whether VH-derived plaque composition differs between 
patient groups.22,23 We find that PSS and variation in PSS were 
higher in patients with ACS but only at VH-IVUS–determined 
higher-risk sites (MLA ≤4 mm2, PB ≥70%, and ncVHTCFA) 
and not in whole vessels or whole culprit plaques; combina-
tions of these higher-risk features amplified PSS further. The 
incremental information gained by FEA VH-IVUS to iden-
tify clinical presentation is demonstrated in 2 ways. First, 
increasing quartiles of PSS in  higher-risk regions significantly 
increased the positive predictive ability of VH-IVUS to iden-
tify patients presenting with ACS (from 65.2% up to 91.4% in 
ncVHTCFA). Second, receiver operating characteristic curves 
highlight that PSS combined with prospective higher-risk VH 
markers of vulnerability can be used effectively to identify 
clinical presentation. Although our data do not yet demon-
strate clinical usefulness, FEA VH-IVUS seems to offer addi-
tional information over anatomic imaging alone.

There are some limitations to our study. For example, 
although VH-IVUS was acquired before stenting, the effects 
of plaque rupture and subsequent thrombosis and healing 

before imaging on PSS are unknown, and a prospective 
validation of PSS combined with other higher-risk features 
to predict major adverse cardiovascular events in a larger 
patient cohort is required. All FEA simulations were 2D, and 
the effect of blood flow was not modeled; however, because 
PSS within plaques is 103 to 105 times greater than wall shear 
stress because of blood flow, it is reasonable to assume that 
shear plays a limited role in overall plaque stress.24 The abil-
ity of FEA VH-IVUS to estimate plaque stress depends in 
part on the resolution of VH-IVUS and any inherent limi-
tations in classifying plaques and identifying plaque com-
ponents. However, to date, VH-IVUS is the only imaging 
modality that can accurately identify both plaque size and 
composition in sufficient resolution for FEA modeling and 
has prospective data that correlate VH-defined plaque fea-
tures to clinical events. Finally, there are other pathological 
mechanisms that may give rise to ACS including plaque ero-
sions and calcific nodules; the role of PSS in these processes 
is yet to be determined.

In summary, we present a novel technique to calcu-
late PSS in coronary plaques based on VH-IVUS imaging. 
Biomechanical modeling with FEA VH-IVUS is a repro-
ducible method of assimilating in vivo plaque composition, 
architectural, and hemodynamic data and holds promise for 
increasing the ability of VH-IVUS to predict plaque rupture.
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CLINICAL PERSPECTIVE
The identification of atherosclerotic plaques that are at risk of rupture remains a major diagnostic challenge. Although certain 
anatomic plaque features can identify higher-risk plaques, prospective imaging studies have consistently demonstrated low 
subsequent event rates. Because rupture is thought to occur when plaque structural stress (PSS) exceeds material strength, 
biomechanical modeling may provide additional information regarding the potential for an individual plaque to rupture. We 
demonstrate that PSS calculated in vivo from virtual histology intravascular ultrasound imaging is a reliable and reproduc-
ible technique to examine coronary plaques in vivo. We found marked variation in PSS both throughout the length and within 
cross-sections of coronary plaques. Increasing necrotic core size and plaque microcalcification were both associated with 
higher PSS levels, as were plaques classified as having thin fibrous caps. PSS was increased at higher-risk plaque regions in 
patients who present with an acute coronary syndrome, while combining PSS with virtual histology intravascular ultrasound 
improved the discriminatory power of imaging to identify clinical presentation. If validated prospectively, this technique 
represents a novel and potentially valuable technology to examine coronary plaques and may ultimately improve our clinical 
ability to predict future adverse cardiovascular events.

 by guest on June 28, 2018
http://circim

aging.ahajournals.org/
D

ow
nloaded from

 

http://circimaging.ahajournals.org/


Yuan Huang, Stephen P. Hoole, Nick E.J. West, Jonathan H. Gillard and Martin R. Bennett
Zhongzhao Teng, Adam J. Brown, Patrick A. Calvert, Richard A. Parker, Daniel R. Obaid,

Atheromatous Coronary Arteries) Study
and Higher in Acute Coronary Syndrome: The BEACON I (Biomechanical Evaluation of 
Coronary Plaque Structural Stress Is Associated With Plaque Composition and Subtype

Print ISSN: 1941-9651. Online ISSN: 1942-0080 
Copyright © 2014 American Heart Association, Inc. All rights reserved.

Dallas, TX 75231
is published by the American Heart Association, 7272 Greenville Avenue,Circulation: Cardiovascular Imaging 

doi: 10.1161/CIRCIMAGING.113.001526
2014;7:461-470; originally published online February 20, 2014;Circ Cardiovasc Imaging. 

 http://circimaging.ahajournals.org/content/7/3/461
World Wide Web at: 

The online version of this article, along with updated information and services, is located on the

 http://circimaging.ahajournals.org/content/suppl/2014/02/20/CIRCIMAGING.113.001526.DC1
 http://circimaging.ahajournals.org/content/suppl/2014/02/21/CIRCIMAGING.113.001526.DC2

Data Supplement (unedited) at:

  
 http://circimaging.ahajournals.org//subscriptions/

is online at: Circulation: Cardiovascular Imaging  Information about subscribing to Subscriptions:
  

 http://www.lww.com/reprints
 Information about reprints can be found online at: Reprints:

  
document. Permissions and Rights Question and Answer information about this process is available in the

requested is located, click Request Permissions in the middle column of the Web page under Services. Further
Center, not the Editorial Office. Once the online version of the published article for which permission is being 

 can be obtained via RightsLink, a service of the Copyright ClearanceCirculation: Cardiovascular Imagingin
 Requests for permissions to reproduce figures, tables, or portions of articles originally publishedPermissions:

 by guest on June 28, 2018
http://circim

aging.ahajournals.org/
D

ow
nloaded from

 

http://circimaging.ahajournals.org/content/7/3/461
http://circimaging.ahajournals.org/content/suppl/2014/02/21/CIRCIMAGING.113.001526.DC2
http://circimaging.ahajournals.org/content/suppl/2014/02/20/CIRCIMAGING.113.001526.DC1
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://circimaging.ahajournals.org//subscriptions/
http://circimaging.ahajournals.org/


Teng:	  Mechanical	  stress	  and	  ACS	  

 

Supplementary Material 

 

Supplement to:  Teng Z, Brown AJ, Calvert PA et al. Coronary plaque structural stress is 

associated with plaque composition and subtype and higher in acute coronary 

syndrome: the BEACON I (Biomechanical Evaluation of Atheromatous COroNary 

Arteries) Study  

 

 

 

 

 

 

 

 

 



Teng:	  Mechanical	  stress	  and	  ACS	  

 

 

Lesion Image Description 

Plaque 

 

Plaque burden >40% vessel cross-sectional 

area for 3 consecutive frames 

Fibroatheroma  

(VHFA) 

 

Plaque burden ≥40%, with confluent 

necrotic core >10% plaque cross-sectional 

area, all for 3 consecutive frames 

Non-calcified thin-cap 

fibroatheroma 

(ncVHTCFA) 
 

Fibroatheroma, with ≤10% dense calcium 

and confluent necrotic core in contact with 

the lumen for 3 consecutive frames 

Calcified thin-cap 

fibroatheroma 

(CaVHTCFA) 
 

Fibroatheroma, with >10% dense calcium 

and confluent necrotic core in contact with 

the lumen for 3 consecutive frames 

Non-calcified thick-cap 

fibroatheroma 

(ncVHThCFA) 
 

Fibroatheroma, with ≤10% dense calcium 

not fulfilling ncVHTCFA definition 

Calcified thick-cap 

fibroatheroma 

(CaVHThCFA) 
 

Fibroatheroma, with >10% dense calcium 

not fulfilling ncVHTCFA definition 
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Fibrocalcific plaque 

(VHFCa) 

 

Plaque with dense calcium >10% cross-

sectional area for 3 consecutive frames 

Pathological intimal 

thickening 

(VHPIT) 
 

Plaque not meeting either VHFA or VHFCa 

definitions 

 

Supplemental Table 1  

Virtual histology intravascular ultrasound (VH-IVUS) plaque classification
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Supplemental Table 2 

Gray-scale and VH-IVUS parameters of culprit plaques prior to stenting for both stable 

angina pectoris (SAP) and ACS patients. Data shown are mean (SD) or median [IQR]. 

Culprit plaque parameters 
SAP 

(n=37) 
ACS 

(n=24) 
 

p value 

 
Plaque characteristics 

Plaque burden ≥70%, n (%) 

 

 

29 (78) 

 

 

19 (79) 

 

 

0.94 

MLA≤4mm2, n (%) 27 (73) 19 (79) 0.58 

Remodeling index 1.04 (0.23) 1.06 (0.27) 0.77 

Segment length (mm) 30 [20-45] 24 [15-43] 0.33 

Plaque volume (mm3) 233 [116-418] 187 [85-320] 0.13 

 
Plaque composition 

Fibrous tissue (mm3) 

 

 

91 [36-132] 

 

 

54 [26-98] 

 

 

0.084 

Fibrofatty tissue (mm3) 18 [7-36] 12 [4-19] 0.053 

Necrotic core (mm3) 31 [10-60] 27 [10-51] 0.43 

Dense calcium (mm3) 15 [2-31] 11 [3-20] 0.72 

Fibrous tissue (%) 59 [50-63] 52 [45-63] 0.24 

Fibrofatty tissue (%) 13 [9-21] 10 [7-12] 0.041 

Necrotic core (%) 19 [14-26] 25 [18-28] 0.042 

Dense calcium (%) 8 [4-13] 11 [6-17] 0.14 

 
Plaque classification 

VHPIT, n (%) 

 

 

0 (0) 

 

 

1 (4) 

 

 

0.39 

VHFCa, n (%) 2 (5) 1 (4) 1.00 

VHThCFA, n (%) 5 (14) 1 (4) 0.23 

Total VHTCFA, n (%) 29 (78) 20 (83) 0.64 

Non-calcified VHTCFA, n (%) 3 (8) 5 (24) 0.15 

Calcified VHTCFA, n (%) 26 (70) 15 (63) 0.53 
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MLA, mimimal luminal area; PB, plaque burden; VHPIT, virtual histology (VH) pathological 

intimal thickening; VHFCa, VH fibrocalcific plaque; VHThCFA, VH thick-cap 

fibroatheroma; VHTCFA, VH thin-cap fibroatheroma. 
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Supplemental Figure 1. Reproducibility of calculations for PSS  

Representative example of multiple absolute PSS values calculated by two observers (A and 

B) over the length of a coronary plaque. 
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Supplemental Figure 2. Illustrative example of the local variation in PSS  

Virtual histology intravascular ultrasound (VH-IVUS) image (left), band plot of PSS (middle) and zoom image (right) identifying location of 

maximum PSS.  Note the close proximity of two lower points of stress, representing 14.6% (#) and 22.1% (*) of the maximum PSS value.
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Supplemental Figure 3. Variability in PSS over individual coronary plaques 

Scatter plots representing the variability in both plaque median PSS (A) and the interquartile range for plaque PSS (B) in the cohort. 


