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Aims Prospective studies show that only a minority of plaques with higher risk features develop future major adverse cardiovas-
cular events (MACE), indicating the need for more predictive markers. Biomechanical estimates such as plaque structural 
stress (PSS) improve risk prediction but require expert analysis. In contrast, complex and asymmetric coronary geometry 
is associated with both unstable presentation and high PSS, and can be estimated quickly from imaging. We examined 
whether plaque–lumen geometric heterogeneity evaluated from intravascular ultrasound affects MACE and incorporating 
geometric parameters enhances plaque risk stratification.

Methods 
and results

We examined plaque–lumen curvature, irregularity, lumen aspect ratio (LAR), roughness, PSS, and their heterogeneity in-
dices (HIs) in 44 non-culprit lesions (NCLs) associated with MACE and 84 propensity-matched no-MACE-NCLs from the 
PROSPECT study. Plaque geometry HI were increased in MACE-NCLs vs. no-MACE-NCLs across whole plaque and peri- 
minimal luminal area (MLA) segments (HI curvature: adjusted P = 0.024; HI irregularity: adjusted P = 0.002; HI LAR: adjusted 
P = 0.002; HI roughness: adjusted P = 0.004). Peri-MLA HI roughness was an independent predictor of MACE (hazard ratio: 
3.21, P < 0.001). Inclusion of HI roughness significantly improved the identification of MACE-NCLs in thin-cap fibroather-
omas (TCFA, P < 0.001), or with MLA ≤ 4 mm2 (P < 0.001), or plaque burden (PB) ≥ 70% (P < 0.001), and further im-
proved the ability of PSS to identify MACE-NCLs in TCFA (P = 0.008), or with MLA ≤ 4 mm2 (P = 0.047), and PB ≥ 70% 
(P = 0.003) lesions.

Conclusion Plaque–lumen geometric heterogeneity is increased in MACE vs. no-MACE-NCLs, and inclusion of geometric heterogeneity 
improves the ability of imaging to predict MACE. Assessment of geometric parameters may provide a simple method of 
plaque risk stratification.
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High heterogeneity of plaque–lumen geometry is associated with MACE. (A) Schematic illustration of plaque–lumen interface geometric parameters and their lon-
gitudinal variation. (B–E) Incorporating heterogeneity index (HI) for roughness improves MACE prediction in (B) all plaques, (C) VH-TCFA, (D) MLA ≤ 4mm2, and (E) 
PB ≥ 70%. MACE, major adverse cardiovascular events; MLA, minimum luminal area; PB, plaque burden; VH-TCFA, virtual histology thin cap fibroatheroma. 
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Introduction
Pathological and coronary imaging studies have identified features of 
plaques that are more likely to lead to major adverse cardiovascular 
events (MACE), including large plaque burden (PB) at a severe stenosis, 
positive arterial remodelling, thin fibrous cap infiltrated with macro-
phages, large necrotic core, calcified nodules, and spotty calcifica-
tion.1,2 Despite these findings, the predictive accuracy of individual 
higher risk features on single modality imaging is generally low. For ex-
ample, hazard ratios (HRs) for higher risk plaque features were be-
tween 2.0 and 8.13–5 from virtual histology intravascular ultrasound 
(VH-IVUS), 2.1 and 4.76,7 from optical coherence tomography 
(OCT), and 1.98 from near-infrared spectroscopy. MACE rates are 
low with low test positive predictive values (PPV) ranging between 
13 and 41% in these studies,9 and while combinations of features im-
prove predictive accuracy, lesion numbers having more features re-
duces dramatically. These limitations of conventional plaque 
structural features, composition, and lumen stenosis have identified 
the need for additional parameters to predict risk, including those 
based on biomechanics and plaque geometry.

Plaque–lumen morphology represents the inner lumen/plaque 
interface and may be an important indicator of vulnerability that 
can be defined by multiple modalities. For example, an irregular lu-
men surface on OCT or longitudinal lesion asymmetry on 

angiography is associated with acute coronary syndrome (ACS) 
presentation and increased risk of plaque instability,10,11 while 
complex coronary lesion geometry affects the functional signifi-
cance of coronary stenoses.12 Changes in lesion geometry detected 
on OCT can also be due to silent rupture and plaque healing that 
leads to rapid plaque growth.6,13 Conversely, changes in luminal 
geometric parameters have been reported following intensive lipid 
lowering.14

While an irregular luminal surface may indicate risk of plaque rupture 
or growth, the precise parameters and their mechanism of action are 
not known, and asymmetry or heterogeneity of parameters may be 
more important than the parameters themselves. For example, longitu-
dinal lesion asymmetry affects location of plaque rupture sites, clinical 
presentation,11 lesion eccentricity, and regional distribution of plaque 
structural stress (PSS).15,16 High PSS can affect plaque growth and com-
position,17 and is more heterogeneous in plaques that lead to MACE.18

However, PSS calculation requires high computational cost and long 
simulation time. A surrogate marker achievable by fast processing is ur-
gently needed. We therefore examined: (i) plaque geometric para-
meters and their heterogeneity in non-culprit lesion (NCL) MACE 
plaques compared with a propensity-score-matched control popula-
tion; (ii) if incorporating geometric parameters enhances MACE predic-
tion over intravascular imaging alone; and (iii) the relationship between 
plaque geometry and PSS.
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Methods
Study population
Plaque geometric parameters and their heterogeneity were examined by a 
post-hoc analysis of the Providing Regional Observations to Study Predictors 
of Events in the Coronary Tree (PROSPECT) study, a prospective multi- 
centre natural history study to identify plaque features that cause MACE. 
Study design, definitions, endpoints, inclusion, and exclusion criteria are de-
scribed elsewhere.3 The study was approved by the Institutional Review 
Boards (ClinicalTrials.gov: NCT00180466) and all patients provided in-
formed consent. Briefly, 697 patients with ACS underwent three-vessel 
VH-IVUS imaging after successful intervention in all flow-limiting lesions, 
and followed up for a median of 3.4 years. Primary endpoints were NCL 
MACE, defined as cardiac death, myocardial infarction (MI), or rehospitali-
zation due to progressive or unstable angina, adjudicated by a clinical events 
committee with no knowledge of other patient data. Clinical events were 
attributed to culprit lesions or NCLs based on follow-up angiography. 
One hundred and four NCLs developed subsequent MACE but only 50 le-
sions from 44 patients had baseline VH-IVUS imaging. Only one lesion per 
patient was selected. In patients with multiple NCLs, the lesion with the 

greatest PB was chosen. We therefore compared 44 patients who experi-
enced an NCL MACE against 84 propensity-matched patients who did not 
(Figure 1).

Virtual histology intravascular ultrasound 
image acquisition and analysis
VH-IVUS was performed using a 20 MHz synthetic aperture array 3.2-F 
catheter (Eagle Eye, In-Vision Gold, Volcano, Rancho Cordova, California) 
with motorized pullback at 0.5 mm/s. An independent core laboratory 
(Cardiovascular Research Foundation, New York) undertook VH-IVUS 
segmentation at every end-diastolic frame, including lumen and external 
elastic membrane area, plaque area, PB, and composition (fibrotic, fibro-
fatty, calcific and necrotic core area, and percentage). Plaques were defined 
as ≥3 consecutive frames with PB ≥ 40% and classified as virtual histology 
thin-cap fibroatheroma (VH-TCFA), virtual histology thick-cap fibroathero-
ma, virtual histology pathological intimal thickening, virtual histology fibrotic, 
or virtual histology fibrocalcific plaque as previously described.3 Minimal lu-
minal area (MLA) was defined as the IVUS frame with the smallest luminal 
area over the whole plaque. If PB at the MLA site was ≥70%, the lesion was 

Propensity score 
matching

MACE vs. no-MACE NCLs

PROSPECT VH-IVUS 
study 2811 NCL lesions in 623 pa�ents

Candidate NCLs with MACE 

(50 lesions in 44 pa�ents)

44* NCLs with 
MACE

Candidate NCLs without 
MACE 

84* NCLs 
without MACE

Geometric and 
biomechanical analysis 

(n=128)

Whole plaque

Peri-MLA

Clinical 
outcome

Figure 1 Study flow chart. Schematic representation of plaques included from the PROSPECT study with clinical outcome measures. MACE, major 
adverse cardiovascular events; MLA, minimal luminal area; NCL, non-culprit lesion; PB, plaque burden; VH-IVUS, virtual histology intravascular ultra-
sound. *1 lesion per patient, total patients, 128.
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classified as having PB ≥ 70%. Analysis was performed off-line and not used 
for procedural guidance.

Geometric and biomechanical analysis
Vessel geometry and plaque composition were extracted from VH-IVUS 
data and imported into dedicated analysis software (proprietary code, 
MATLAB R2022b, MathWorks, Inc., Natick, MA). Geometric parameters 
were assessed for every VH-IVUS frame as described previously14 and sum-
marized below and in Figure 2 (for further details see Supplementary 
material online). Core laboratory lumen segmentation was used to calculate 
geometric parameters and performed blinded to patient clinical data. 

• Lumen curvature: reflects lumen angulation. Curvature values were 
computed for all points (∼200 data points) in the lumen.

• Lumen irregularity: defined as difference between maximum and 
minimum curvature.

• Lumen aspect ratio (LAR): reflects lumen shape and is calculated as 
ratio of maximum to minimum diameter of ellipse, i.e. lower LAR describes 
a rounder lumen, and a value of 1 indicates a perfectly circular lumen.

• Lumen roughness: reflects lumen surface evenness in respect to 
curvature, and is calculated using the formula in Figure 2D, with smaller 
values representing more round or even surface. A perfect smooth and 
round lumen shape will have roughness of 1.

Lumen Curvature = 1/r

Roughness ∑

Lumen aspect ra o =max curvature – min curvature
= Lumen irregularity

Evenness of lumen curvature
= Roughness

Maximum lumen
curvatureA

B C

D

a
a1

a2

E

r

Figure 2 Geometric parameter assessment. (A) Lumen curvature: curvature at point a was computed using the radius (r) of the circle determined by 
point a and two adjacent points (a1 and a2), i.e. lumen curvature = 1/r, (B) lumen irregularity: measure of variation of lumen curvature, (C) lumen aspect 
ratio: measure of lumen shape, (D) lumen roughness: measure of evenness of lumen curvature. R is the radius of the circle best fitting the lumen contour 
(i.e. lumen area=πR2), ri is the radius used to calculate curvature at point i, Δl is the half distance of the curve connecting i −1th, ith, and i + 1th points. (E) 
Schematic illustration of plaque–lumen interface geometric parameters and their longitudinal variation.

http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oead038#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oead038#supplementary-data
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Frames containing side branches or immediately adjacent to bifurcations 
were excluded as they violated the plane strain assumption for 2D solids. 
Vessel geometry and plaque composition were extracted to allow con-
struction of 2D solid models, and 2D dynamic finite element analysis was 
performed to calculate PSS as described previously (see Supplementary 
material online).16,17 Maximum principal stress in the peri-luminal region 
was used to indicate critical mechanical conditions within the structure.

Statistical analysis
Propensity score matching can be found in Supplementary material online. Data 
variables are presented as mean ± standard deviation (SD), or median (inter- 
quartile range). Numerical variables were compared using Mann–Whitney 
U tests and categorical variables using χ2 tests. Outliers were removed using 
the median absolute deviation method with threshold 3.5. As each plaque 
had multiple VH-IVUS frames, linear mixed-effects models were used to 
account for hierarchical data structure and clustering in individual patients 
with results presented as mean ± standard error (SE). Adjustment of P values 
for multiple comparisons was performed using the Bonferroni method. 
Model diagnostics were performed by inspecting residual and Q–Q plots to 
test model assumptions. Association between continuous variables was as-
sessed by Pearson’s correlation coefficient and linear regression. Receiver oper-
ating characteristics curve analysis was performed for lumen geometric variables 
to identify best cut-off that predicted MACE using Youden index, which was 
used to categorize geometric heterogeneity into low and high groups, allowing 
generation of time-to-event curves. Time-to-event data are presented as 
Kaplan–Meier estimates of cumulative hazard and compared using the log-rank 
method. Cox regression analysis was used to identify individual lumen geomet-
ric, and PSS predictors of MACE, and all statistically significant variables 
entered into a multivariable model to identify independent predictors; 
non-significant variables were excluded by backward logistic regression 
selection. Proportional hazards assumption was tested by checking the inter-
action between the time measure and covariates. Statistical significance was in-
dicated by two-tailed P < 0.05. Analyses were performed in SPSS (version 27, 
IBM, New York) and R (version 4.2.2, R Foundation for Statistical 
Computing, Vienna).

Results
Patient and lesion characteristics
Baseline clinical characteristics were similar between the two groups, in-
cluding age, sex, cardiovascular risk factors, or clinical presentation (see 
Supplementary material online, Table S1). Forty-four events included: 
3 MI, 13 unstable angina, and 28 rehospitalization (25 led to revascular-
ization) due to progressive angina. VH-TCFA was the predominant 
lesion phenotype in both MACE and no-MACE groups (52.3 vs. 
47.6%; P = 0.617), and MLA, PB, and composition were also similar.

Heterogeneity of geometric parameters is 
increased in non-culprit lesions associated 
with major adverse cardiovascular events 
at peri-minimal luminal area segments
Geometric parameters and PSS and their longitudinal heterogeneity 
over each plaque were examined, with the heterogeneity index (HI) de-
fined as the standard deviation divided by the mean of each parameter. 
As MLA ≤ 4 mm2 is a higher risk feature for future MACE,3,4 both 
whole plaque (median lesion length 24.1 mm) and peri-MLA segments 
(4 mm proximal and distal to the MLA) were analysed. The computa-
tional time for peri-MLA geometric analysis was 11.5 ± 5.5 min com-
pared with PSS assessment 190 ± 153 min.

Multiple geometric parameters and PSS and their longitudinal heterogen-
eity were determined in 9060 VH-IVUS frames (n = 3115 MACE, n = 5945 
no-MACE). There were no differences in geometric parameters, PSS, or 
their HI between male and female patients (see Supplementary material 
online, Table S2). Maximum curvature, irregularity, LAR, and roughness 

were similar between MACE and no-MACE groups at both whole plaque 
and peri-MLA segments (Figure 3A–D). However, plaques showed hetero-
geneous longitudinal geometries across the whole plaque and peri-MLA seg-
ments. The HI of the geometric parameters, a measure of the variation of 
each parameter between frames, was increased in two of four parameters 
in MACE vs. no-MACE plaques across the whole plaque (HI curvaturemax: 
0.23 ± 0.01 vs. 0.22 ± 0.01, adjusted P = 0.072; HI irregularity: 0.37 ± 0.01 
vs. 0.32 ± 0.01, adjusted P = 0.008; HI LAR: 0.086 ± 0.003 vs. 0.075 ±  
0.002, adjusted P = 0.016; HI roughness: 0.046 ± 0.003 vs. 0.039 ± 0.002, 
adjusted P = 0.116), and for all parameters in the peri-MLA regions (HI 
curvaturemax: 0.21 ± 0.01 vs. 0.18 ± 0.01, adjusted P = 0.024; HI irregularity: 
0.34 ± 0.02 vs. 0.27 ± 0.01, adjusted P = 0.002; HI LAR: 0.08 ± 0.004 vs. 
0.06 ± 0.003, adjusted P = 0.002; HI roughness: 0.044 ± 0.004 vs. 0.031 ±  
0.002, adjusted P = 0.004). No significant differences were found for all para-
meters between MACE whole plaque and peri-MLA regions.

High peri-minimal luminal area roughness 
heterogeneity is an independent predictor 
of future major adverse cardiovascular 
events
PROSPECT identified that VH-TCFAs, MLA ≤ 4 mm2, and PB ≥ 70% at 
the MLA site were associated with future NCL MACE. However, their 
predictive value was limited as ∼50% of lesions without these features 
also resulted in MACE (45.5% NCL MACE plaques with MLA > 4 mm2, 
54.5% with PB < 70% at MLA, and 49.0% with non-VH-TCFA). We 
therefore examined whether geometric parameter heterogeneity can 
predict MACE. We focused this analysis on peri-MLA segments since 
both HI PSS18 and HI of the geometric parameters (Figure 3) were 
more consistently associated with MACE at peri-MLA segments than 
the whole lesion, and a focused analysis over a shorter distance at 
peri-MLA regions allows faster and easier assessment.

MACE rates were higher for plaques with high HI curvature (thresh-
old = 0.172, P = 0.006), irregularity (threshold = 0.274, P < 0.001), LAR 
(threshold = 0.074, P < 0.001), and roughness (threshold = 0.035, P <  
0.001, Figure 4). Heterogeneity indices for all geometric parameters 
were associated with NCL MACE on univariate analysis (Table 1). All 
geometric parameters were entered into the multivariate regression 
model, high HI roughness [HR: 3.21, 95% confidence interval (CI) 
1.70–6.05, P < 0.001], and high HI of PSSmax (HR: 2.67, 95% CI 1.40– 
5.10, P = 0.003) were independent predictors of MACE. HI roughness 
provided superior specificity compared with VH-IVUS features (HI 
roughness = 77.4%, VH-TCFA = 52.4%, MLA ≤ 4 mm2 = 57.1%, 
PB ≥ 70% = 57.1%), while offering higher sensitivity (HI roughness =  
61.4%, TCFA = 52.3%, MLA ≤ 4 mm2 = 52.3%, PB ≥ 70% = 45.5%).

Maximum curvature, lumen aspect ratio, 
and roughness correlate with plaque 
structural stress
PSS and heterogeneity of PSS are associated with MACE,18 possibly due to 
marked differences in PSS causing unequal displacement of heterogeneous 
tissues. We therefore examined correlations between geometric para-
meters and PSS and their heterogeneity on whole plaques. Maximum curva-
ture, LAR, and roughness (but not irregularity) were positively correlated 
with PSSmax (see Supplementary material online, Table S3), while correla-
tions between HI curvature, irregularity, LAR, roughness, and HI of 
PSSmax were mostly much stronger, and all significant. Together these 
data show that although HI roughness and HI PSS are positively correlated, 
they are independent predictors of MACE in multivariate analysis. We 
therefore analysed changes in roughness and PSS on a detailed 
frame-by-frame basis in peri-MLA segments. Plaques exhibited marked 
changes in roughness over a few frames, and this was particularly seen in 
MACE vs. no-MACE lesions (Figure 5). Importantly, while roughness and 

http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oead038#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oead038#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oead038#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oead038#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oead038#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oead038#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oead038#supplementary-data
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PSS curves often followed the same patterns across the lesion, they were 
markedly discordant over some frames, again particularly in MACE vs. 
no-MACE lesions. This suggests that geometric parameters exert their ef-
fects on plaques only in part through PSS.

Incorporating peri-minimal luminal area 
heterogeneity roughness improves 
prediction of major adverse cardiovascular 
events
These geometric parameters measure unevenness of the plaque–lumen 
interface and circumferential curvature and are thus largely 

independent of conventional imaging parameters used to define higher 
risk plaques; we therefore examined whether these geometric para-
meters increase prediction of NCL MACE in VH-IVUS-defined higher 
risk lesions. We focused on HI roughness since it showed high specifi-
city while maintaining high sensitivity. Incorporating peri-MLA rough-
ness heterogeneity (optimal cut-off = 0.035) improved prediction of 
NCL MACE (Figure 6A–D) for plaques with MLA ≤ 4 mm2 (P <  
0.001), PB ≥ 70% (P < 0.001), and VH-TCFAs (P < 0.001), but not for 
VH-TCFA with PB ≥ 70% (P = 0.081). High HI PSS increased the pre-
dictive ability of PSS on NCL MACE in plaques with PB ≥ 70%, 
MLA ≤ 4 mm2, and VH-TCFA.18 Including HI roughness further in-
creased NCL MACE prediction in high PSS plaques both alone and 
with other features (Figure 6E–H), including all plaques (P < 0.001), 
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diovascular events plaques. Data are means (standard error) for (A–D) and means (standard deviation) for (E–H), *P < 0.05; **P < 0.01. HI, heterogen-
eity index; LAR, lumen aspect ratio; other abbreviations as in Figure 1.
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Figure 4 Time-to-event curves according to peri-minimal luminal area heterogeneity and respective receiver operating characteristic curves. 
Cumulative major adverse cardiovascular events probability according to high or low heterogeneity index of (A) curvature, (B) irregularity, (C) lumen 
aspect ratio, and (D) roughness. AUC, area under curve; ROC, receiver operating characteristic; other abbreviations as in Figures 1 and 3.
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Table 1 Univariate and multivariate plaque-based analyses of associations between peri-minimal luminal area 
geometric heterogeneity indices and major adverse cardiovascular events

Peri-MLA segments Univariate model Multivariate model

HR (95% CI) P HR (95% CI) P

HI curvaturemax 2.38 (1.26–4.50) 0.007 — —

HI irregularity 2.89 (1.53–5.46) 0.001 — —
HI LAR 3.01 (1.65–5.50) <0.001 — —

HI roughness 4.12 (2.23–7.61) <0.001 3.21 (1.70–6.05) <0.001
HI PSSmax 3.57 (1.91–6.66) <0.001 2.67 (1.40–5.10) 0.003

Bold values indicate statistical significance (P < 0.05). 
CI, confidence interval; HI, heterogeneity index; HR, hazard ratio; LAR, lumen aspect ratio; MACE, major adverse cardiovascular events; MLA, minimal luminal area.



8                                                                                                                                                                                                    S.Z. Gu et al.

VH-TCFAs (P = 0.008), MLA ≤ 4 mm2 (P = 0.047), and PB ≥ 70% (P =  
0.003). Including HI roughness increased the PPV compared with im-
aging alone from 36.6 to 58.7% for all plaques, 36.5 to 61.9% for 
VH-TCFAs, 39 to 73.3% for MLA ≤ 4 mm2, 35.7 to 63.2% for PB ≥  
70%, and these were comparable to using combined PSS and HI PSS 
(all plaques = 60.6%, VH-TCFA = 63.6%, MLA≤4 mm2 = 66.7%, PB ≥  
70% = 56.3%).18

Features contributing to luminal 
roughness and heterogeneity
PROSPECT used grey-scale and VH-IVUS to identify plaques at 
higher risk of MACE. However, neither modality has sufficient 

resolution to identify some features that underlie geometric het-
erogeneity. We therefore undertook an exploratory analysis 
using co-registered baseline VH-IVUS and OCT images from 53 
plaques from the Integrated Biomarkers Imaging Study-419 (see 
Supplementary material online, Figure S1). High HI roughness 
(threshold as above) was identified from 1319 VH-IVUS frames, 
and regions of interest, particularly peri-MLA segments, then 
identified on co-registered 2517 OCT frames from the same pa-
tient. High HI roughness was particularly associated with specific 
features on OCT, including multi-layered appearances (80 vs. 
37.2%, P = 0.031, Supplementary material online, Table S4 and 
Supplementary material online, Figure S2) and calcification pro-
truding into the lumen.

Figure 5 Longitudinal variation in plaque–lumen geometry. Graphs of roughness and plaque structural stress across 18–20 peri-minimal luminal area 
frames of major adverse cardiovascular events plaque (left) or no-major adverse cardiovascular events plaque (right) showing higher heterogeneity 
index roughness in major adverse cardiovascular events plaque. Arrows highlight the discordant areas in roughness and plaque structural stress. 
Panels below show selected virtual histology intravascular ultrasound frames, lumen segmentation (highlighted in thicker line) and plaque structural 
stress band plots. PSS, plaque structural stress; other abbreviations as in Figure 1.

http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oead038#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oead038#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oead038#supplementary-data
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Discussion
We analysed a range of geometric parameters describing the plaque– 
lumen interface in a post-hoc sub-group analysis of 44 MACE and 84 
propensity-matched no-MACE-NCL plaques from PROSPECT. We 
find: (i) plaque geometric parameters are more heterogeneous in 
MACE vs. no-MACE-NCLs, across both the whole plaque and 
peri-MLA segments; (ii) high peri-MLA HI roughness is an independent 
predictor of future MACE; (iii) incorporating HI roughness improves 
risk stratification of higher risk plaques detected by VH-IVUS, and fur-
ther improves risk prediction by PSS; (iv) geometric parameters show 
high heterogeneity associated with specific plaque features, including 

multi-layered plaque and calcification protruding into the lumen. Our 
data suggest that incorporating geometric parameters may improve 
ability of coronary imaging to detect higher risk plaques that lead to 
MACE.

Risk stratification of coronary plaques aims to identify features asso-
ciated with plaque progression and destabilization, and prospective nat-
ural history studies have identified higher risk features (e.g. PB, MLA, 
TCFAs) or composition (e.g. lipid arc/pool). However, low overall 
event rates suggest that factors additional to plaque size, stenosis, 
and composition determine plaque instability and growth, and a holistic 
approach assessing both systemic and ‘local’ risk, including biomarkers, 
plaque features, and biomechanical parameters, is recommended.20,21

F

A

C

B

D

G

E

H

Figure 6 Time-to-event curves according to plaque plaque structural stress and roughness heterogeneity groups. Cumulative major adverse cardio-
vascular events probability according to high or low peri-minimal luminal area roughness heterogeneity for (A) plaques with minimal luminal area ≤  
4 mm2, (B) plaque burden ≥ 70%, (C ) virtual histology thin-cap fibroatheroma, (D) virtual histology thin-cap fibroatheroma + plaque burden ≥ 70%, 
(E) high plaque structural stress, (F ) virtual histology thin-cap fibroatheroma + high plaque structural stress, (G) minimal luminal area ≤ 4 mm2 +  
high plaque structural stress, (H ) plaque burden ≥ 70% + high plaque structural stress. VH-TCFA, virtual histology thin-cap fibroatheroma; other ab-
breviations as in Figures 1 and 5.
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PSS measurements integrate effects of plaque anatomy and compos-
ition with physical forces, and including PSS improves MACE predic-
tion,18,22 especially in higher risk regions. However, PSS calculation 
needs expert analysis with high computational requirements, and pla-
ques are complex structures with many different components, shapes, 
and sizes, resulting in marked heterogeneity of plaque structure, geom-
etry, and PSS along their length.18 In contrast, PSS correlates with lumen 
curvature, irregularity, and roughness, which measure both large and 
small lumen/plaque irregularities, and can be determined on a standard 
computer. Simulation times for geometric parameters were much 
shorter than for PSS (11.5 vs. 190 min), making fast, automated, real- 
time assessment achievable. Therefore, this would make geometric 
parameters attractive surrogate markers of PSS.

One aim of plaque imaging is to target local or systemic therapy ac-
cording to prognosis. While the benefits of higher risk plaque-driven 
management are unproven, such an approach is the subject of a number 
of recent clinical trials. For example, PROSPECT-ABSORB examined 
pre-emptive stenting of non-flow-limiting vulnerable plaques, and 
showed an increase in MLA at follow-up was associated with favourable 
clinical outcomes.23 However, the benefits of prophylactic stenting of 
higher risk NCLs depend upon their risk of MACE, which is determined 
currently by coronary imaging. We show that heterogeneity of multiple 
geometric parameters is associated with MACE, and high HI roughness 
could increase the cumulative probability of MACE in plaques with dif-
ferent higher risk features (MLA ≤ 4 mm2, PB ≥ 70%, VH-TCFA), with 
curves diverging mostly within 1 year of follow-up. While tortuosity of 
vessel segments is associated with ACS,24 we show that heterogeneity 
of geometric features occurs over very short distances (4 mm proximal 
and distal to MLA). In addition, many MACE in PROSPECT were attrib-
utable to hospitalization due to progressive and unstable angina, which 
could be caused by plaque growth from sub-clinical silent ruptures and 
healing, which also change plaque geometry and structure.

We investigated whether the relationship between geometric hetero-
geneity and MACE was due to their effect on heterogeneity of PSS. High 
PSS determined by biomechanical modelling is associated with ACS pres-
entation vs. stable patients,25 and with plaque ruptures identified by 
OCT which were mostly silent.15 The plaque–lumen geometric para-
meters and their heterogeneity affect PSS, which plays a pivotal role in 
both plaque growth and subsequent plaque disruption.17 Plaque–lumen 
geometric measures and their longitudinal heterogeneity were positively 
correlated with PSS and its longitudinal heterogeneity, and curves of 
both roughness and PSS were often similar. However, PSS is also deter-
mined by plaque composition and haemodynamic factors, and roughness 
and PSS curves showed areas of discordance. Both HI roughness and HI 
PSS were also independently associated with MACE on multivariate ana-
lysis, and HI roughness improved risk stratification of high PSS plaques, 
both alone and with high-risk imaging features. These observations sug-
gest that geometric parameters exert their effects only in part through 
PSS, and increased geometric heterogeneity coupled with high PSS could 
potentially promote plaque growth and destabilization.

The causes of heterogeneous geometry of the plaque–lumen inter-
face are unclear, since VH-IVUS cannot detect subtle changes in the 
peri-luminal plaque which cause an uneven surface. We therefore ex-
plored the peri-luminal features that determine geometric heterogen-
eity using co-registered VH-IVUS and OCT images. Peri-MLA regions 
with high geometric heterogeneity were associated with a multi-layered 
appearance, similar to histological appearances consistent with re-
peated rounds of non-occlusive thrombus from plaque rupture/erosion 
and repair.6,13 Thus, high longitudinal geometric heterogeneity could be 
both a cause and consequence of plaque disruption and rapid plaque 
growth. Similarly, calcified nodules account for up to 7% of acute MIs 
or sudden cardiac death,1 and may partly exert this effect through 
high longitudinal geometric heterogeneity.

Our study has a number of clinical implications: (i) geometric assess-
ment (for example HI roughness with an HR: 3.21 in the current study), 

offers quick, easy, and practical identification of higher risk plaques that 
improves the predictive ability of intravascular imaging; (ii) high geomet-
ric heterogeneity may also identify more moderate lesions that have or 
will undergo rapid plaque growth. Future studies should examine these 
predictions and particularly whether geometric heterogeneity identi-
fied by other imaging modalities are also associated with MACE.

Study limitations
Our study has several limitations. First, geometric assessment was per-
formed retrospectively, and prospective studies are required to con-
firm the added value of plaque geometry and its heterogeneity in 
plaque risk assessment. However, propensity score matching ensured 
a well-matched control group for comparison. Second, VH-IVUS has 
well-documented limitations to identify and measure plaque compo-
nents, including fibrous cap thickness that correlates negatively with 
PSS. However, the geometric parameters that segregate MACE vs. 
no-MACE (lumen curvature, irregularity, and roughness) are all within 
VH-IVUS resolution. Third, since geometric heterogeneity is based on 
lumen surface segmentation which may vary between imaging modal-
ities, more research is needed to examine its value in other modalities 
such as grey-scale IVUS, OCT, and non-invasive techniques. Lastly, the 
relationship between wall shear stress (WSS) and plaque geometry was 
not investigated. Spatial heterogeneity of WSS profiles has been ob-
served in patients,26 but it is complex to compute, and further studies 
should examine the relationships between heterogeneity of plaque 
geometry and WSS with MACE.

Conclusion
We find that plaques leading to MACE have more heterogeneous lon-
gitudinal geometry of the plaque–lumen interface, both across the 
whole plaque and peri-MLA segments. Including geometric heterogen-
eity may improve the ability of intravascular imaging to predict MACE, 
suggesting that plaque geometric assessment may be important for cor-
onary plaque risk stratification.
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