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A B S T R A C T

Considering the intricate interplay among coronary anatomy and hemodynamics in coronary artery disease 
(CAD), anatomy-based descriptors have been employed as surrogates of local aberrant hemodynamics and, ul
timately, as clinical markers for diagnostic and predictive purposes. However, anatomical descriptors have 
demonstrated unsatisfactory accuracy, making their further investigation cogent in CAD applications. Therefore, 
this study investigates the presence of unexplored pathological shape features of left anterior descending (LAD) 
coronary arteries associated with myocardial infarction (MI) at 5 years using statistical shape modelling. A 
statistical shape modelling framework combining principal component analysis (PCA) and linear discriminant 
analysis (LDA), where PCA outputs served as inputs to LDA, was applied to: (i) a cohort of 69 patient-specific LAD 
geometries, including both future culprit (FCL) and controls, i.e., non-culprit lesions (NCL) of MI reconstructed 
from 3D quantitative coronary angiography; (ii) the same cohort after artificially removing the main lesion from 
each LAD model, aiming to isolate the contribution of the atherosclerotic burden beyond the main lesion 
severity, quantifiable using %AS. Using LDA, the hyperplane with significant discriminant capacity (p < 0.0001) 
between NCL and FCL was identified for both cohorts. The combination of the statistical shape modelling-based 
representation accounting for the atherosclerotic burden exclusive of the main lesion severity with %AS, ac
counting explicitly for the main lesion severity, exhibited notable discrimination capacity for future MI. This 
study supports the hypothesis that the overall atherosclerotic burden may predispose to future MI and highlights 
the potential of a statistical shape modelling-based approach for integration into current imaging-driven clinical 
decision-making.

1. Introduction

Atherosclerosis in coronary arteries is a complex inflammatory 
condition that can lead to several clinical complications. Myocardial 
infarction (MI) represents the most serious adverse event and it 
commonly results from the onset and progression of atherosclerotic le
sions, eventually leading to the occlusion of a coronary vessel (Bentzon 
et al., 2014). Accordingly, the early identification of atherosclerotic le
sions prone to cause MI has assumed prominent clinical relevance.

The entity of the pressure gradient across an atherosclerotic lesion is 
currently considered a clinical indicator of the risk of future adverse 
clinical events (De Bruyne et al., 2012; Munhoz et al., 2024). The esti
mation of translesional pressure gradients to assess coronary lesion 
severity is typically quantified indirectly in terms of fractional flow 
reserve (FFR) (Gurav et al., 2024; Pijls et al., 1996), either invasively by 
positioning pressure wires inside the vessels (Pijls et al., 1996) or with 
computational techniques (Candreva et al., 2022a; Haley et al., 2021). 
Yet, evidence has been provided that translesional pressure gradients 
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per se might not be sufficient to discriminate lesions culprit for future MI 
(Koo et al., 2024; Lee et al., 2019). Among possible hallmarks, the 
biomechanical stimuli acting at the blood-endothelium interface (i.e., 
the wall shear stress, WSS, and derived quantities) have been suggested 
to play a role in coronary artery disease (CAD) onset/progression (De 
Nisco et al., 2024; Hoogendoorn et al., 2020; Samady et al., 2020; Stone 
et al., 2018), and emerged as independent predictors of future MI 
(Candreva et al., 2022b; Kumar et al., 2018; Thondapu et al., 2021; 
Tufaro et al., 2021). However, calculating WSS is not clinically 
straightforward, as it relies on computational hemodynamics simula
tions, which are computationally intensive (Candreva et al., 2022a; 
Gijsen et al., 2019) and inherently subject to idealizations (Steinman 
and Migliavacca, 2018).

In parallel, the relationship existing between vascular anatomy and 
local hemodynamics (where the former shapes fluid structures) has 
emerged over the past few decades. The observed co-localization of 
anatomy-induced flow disturbances, such as flow separation and recir
culation, with regions prone to coronary plaque growth has paved the 
way for adopting coronary anatomical attributes as surrogates of local 
aberrant hemodynamics (Asakura and Karino, 1990; Candreva et al., 
2024; Friedman et al., 1983; Morbiducci et al., 2016; Wentzel et al., 
2012). Thus, based upon the well-established principle of causality – 
linking the cause (anatomy) to the effect (flow disturbances and pressure 
losses) and ultimately to the consequence (CAD progression and MI) – 
anatomy-based decision making has become widely adopted by cardi
ologists in clinical practice.

Among the available clinical imaging technologies, visual assess
ment of angiographic diameter stenosis or quantitative coronary angi
ography (QCA) have been largely adopted because of their availability 
and reduced costs (Collet et al., 2024). QCA enables the assessment of 
specific anatomical attributes of diseased coronary arteries as lesion 
severity, commonly quantified in terms of percentage area stenosis 
(%AS, which reflects the percentage reduction in the cross-sectional area 
of the artery compared to its reference segment (Suzuki et al., 2020)). 
The use of %AS in clinical decision-making is largely adopted, particu
larly for percutaneous coronary intervention or MI risk assessment 
(Candreva et al., 2024, 2022b; Reiber et al., 1993; Suzuki et al., 2020; 
Uren et al., 1994). However, the capability of the anatomy-based 
quantities made available by the clinical imaging to discriminate 
future MI is still unsatisfactory (Candreva et al., 2024; Fischer et al., 
2002; Stone et al., 2011), making it pivotal to further investigate coro
nary anatomical attributes affecting lesions/vessels propensity to future 
MI. In parallel, accumulating evidence is showing that adverse future 
coronary events are related not just to the main coronary artery luminal 
lesions, but rather to the overall atherosclerotic burden throughout the 
vessel, being it flow-limiting or not, and several studies have indeed 
disclosed a strong association between atherosclerotic disease burden 
and risk for adverse coronary events (Arbab-Zadeh and Fuster, 2015; 
Stone et al., 2023; Vergallo et al., 2025). In this regard, statistical shape 
models (SSMs), which are able to capture subtle anatomical variations 
across populations, may reveal differences in atherosclerotic burden and 
help identify vessels at risk of future MI. SSMs have already been used 
for unravelling associations between anatomy and functional or patho
logical mechanisms (Aldieri et al., 2024; Bruse et al., 2016; Cosentino 
et al., 2020; Cutugno et al., 2021; Liu et al., 2024; Mansi et al., 2011; 
Rodero et al., 2021; Romero et al., 2024; Sophocleous et al., 2022; 
Swanson et al., 2024; Williams et al., 2022), and have proven to be 
effective in identifying peculiar attributes of cardiovascular regions 
(Bruse et al., 2016; Mansi et al., 2011).

The overarching hypothesis of this study is that anatomical attributes 
of diseased coronary arteries, beyond those currently used in QCA-based 
clinical practice, may help discriminate the occurrence of MI at 5 years. 
To test this hypothesis, statistical shape modelling was applied to 3D left 
anterior descending coronary artery (LAD) geometries reconstructed 
from angiographic images of retrospectively analyzed patients 
(Candreva et al., 2022b), aiming to assess whether additional 

anatomical attributes may contribute to identify vessels site of future MI. 
Technically, to investigate the relative contributions of the main lesion 
and the overall LAD anatomy to the risk of future MI, two distinct SSM- 
based analyses were carried out on the same LAD cohort: (1) the first one 
considering the LAD population as reconstructed from angiographic 
images (LAD0), and (2) the second one considering the same LAD pop
ulation with the main lesion removed from each 3D vessel geometry 
(LADNL).

While LAD0 cohort reflected the overall atherosclerotic burden of the 
vessel (Arbab-Zadeh and Fuster, 2015; Vergallo et al., 2025), by 
removing the most severe lesion in each vessel to create the LADNL 
cohort, we purged the contribution of %AS to the atherosclerotic 
burden, thus retaining the widespread atherosclerotic narrowing 
throughout the vessel with the exclusion of the main lesion severity 
(quantified by %AS). The contribution of the atherosclerotic burden 
beyond the main lesion severity, inherently difficult to quantify, was 
thus isolated and considered in the LADNL cohort. Furthermore, its role 
was examined in comparison to %AS, which provides quantitative in
formation only about the single most severe lesion of the vessel, but does 
not account for its location along the vessel or the presence of other 
lesions in the same vessel.

2. Materials and methods

2.1. Study population

A total of 69 patients who underwent coronary angiography for acute 
MI between January 2008 and December 2019 were considered for this 
work. Patients were part of a larger dataset (Candreva et al., 2022b) 
collected within a previous study conducted by three different medical 
centers (OLV clinic, Aalst, Belgium; University Hospital of Lausanne 
CHUV; Fribourg Cantonal Hospital, Switzerland), and were selected 
according to the following inclusion criteria: (i) MI occurrence, (ii) a 
coronary angiography performed between 1 month and 5 years before 
the event, (iii) a mild lesion (≤50% visually identifiable diameter 
reduction) culprit for future MI (future culprit lesion, FCL) and (iv) at 
least one other non-culprit for MI lesion (non-culprit lesion, NCL) in one 
of the other two major epicardial coronary arteries (Candreva et al., 
2022b). Data obtained from the most recent angiography were 
employed for this analysis, considering only the left anterior descending 
coronary artery (LAD) for each patient. A total of 69 subject-specific 
LADs including 36 FCL and 33 NCL vessels were analyzed in this 
study. The median time between baseline angiography and MI was equal 
to 24.6 (IQR: 9.5–39.9) months (FCL: 22.4, IQR: 6.9–35.1; NCL: 29.2, 
IQR: 13.3–43.6). No statistical differences were found between FCL and 
NCL groups (p = 0.17).

The study protocol conforms to the ethical guidelines of the 1975 
Declaration of Helsinki and has been approved by the Institutions’ ethics 
committees. Written informed consent was obtained from each patient 
included in the study.

2.2. 3D anatomical reconstruction and characterization

The overall workflow followed in this study is presented in Fig. 1. 
Three-dimensional QCA (3D-QCA) reconstructions of the LAD arteries 
were generated from two orthogonal angiographic projections at least 
30◦ apart (CAAS Workstation WSS software, Pie Medical Imaging, 
Maastricht, the Netherlands), as extensively reported elsewhere 
(Candreva et al., 2022b; Lodi Rizzini et al., 2024). The reconstructed 
LAD 3D geometries were used for both anatomical characterization and 
SSM construction. On each 3D reconstructed LAD geometry, the lesion 
segment (LS) was identified as the portion of the vessel containing the 
minimum lumen area (MLA) section. This segment was automatically 
bounded proximally and distally by the points where the 3D-QCA area 
function line intersected with the interpolated reference line, as clarified 
in the example in Fig. 2 (Candreva et al., 2022b; Lodi Rizzini et al., 
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2024). The %AS value at the MLA, quantifying the anatomical severity 
of the lesion, was computed according to the clinical practice as: 

%AS =
Sref

MLA − SMLA

Sref
MLA

⋅100 (1) 

where Sref
MLA is the value of the surface area of the interpolated reference 

line located at the curvilinear coordinate of the MLA, and SMLA is the 
value of the MLA cross-sectional surface area of the coronary artery 
(Candreva et al., 2022b; Lodi Rizzini et al., 2024).

The centerlines of the reconstructed LAD geometries were computed 
within the Vascular Modeling Toolkit (https://www.vmtk.org) (Antiga 
et al., 2008). Centerline-based attributes of coronary vessels were 
evaluated in terms of curvature, tortuosity, and torsion. Details on the 
computation of the centerline-based anatomical attributes are reported 
in the Supplementary Material.

To evaluate the relative contribution of the lesion severity and 
anatomy alone and of the overall anatomical LAD features in predicting 
MI, a second cohort (LADNL) was generated from the original one 
(LAD0), where the main lesion was artificially removed from each 3D 
LAD model. The removal of the main lesion was performed using the tool 
morphMan (Bergersen et al., 2020), which linearly interpolates the 
cross-sectional area between the proximal and distal edges of the lesion 
segment.

2.3. Statistical shape modelling

Two different SSMs were built starting from LAD0 and LADNL co
horts. Technically, an approach combining Principal Component 

Analysis (PCA) with Fisher’s linear discriminant analysis (LDA) was 
adopted, where outputs of PCA were provided as input to LDA. This 
approach aimed to detect LAD pathological shape features linked to the 
occurrence of MI.

In this study, following a previously proposed strategy (Aldieri et al., 
2024, 2022, 2020), the SSM construction relied on the mathematical 
framework of the open-source code Deformetrica (Durrleman et al., 
2014) (https://www.deformetrica.org). Deformetrica allows the 
computation of a template T, representing the average anatomical shape 
of the population, and of the so-called moment vectors βi, vessel-specific 
vectors centered at a common control points grid that define the three- 
dimensional elastic deformation (Φi) the template should undergo to 
match each ith vessel-specific shape Ti, according to: 

Ti = Φi⋅T + εi (2) 

where εi is a residual term added to obviate features not captured by the 
deformation of the template alone. The 3D deformation function Φi 

mapping the template to each vessel-specific shape is represented 
through the Large Deformation Diffeomorphic Metric Mapping 
(LDDMM) approach (Durrleman et al., 2014). Technically, Φi can be 
parametrized with a time-varying velocity vector field for each node x of 
the template surface mesh with an initial velocity vector vi

0 defined as 
follows: 

vi
0(x) =

∑

k

KV(xk, x)⋅βi
xk

(3) 

where vi
0 is embedded into a reproducible kernel Hilbert space V with a 

Workflow001.tif

Fig. 1. Workflow adopted for the study. The LAD of 69 patients (36 FCL and 33 NCL) was considered for this study. The 3D coronary artery models were recon
structed from 3D-QCA and subsequently re-aligned and scaled during a pre-processing phase. From this, two different cohorts were obtained: (i) the original cohort, 
and (ii) a second cohort after removing the main lesion from each coronary artery model. Two distinct coronary atlases were built through Deformetrica, which, for 
each cohort, generates a template (in grey) representing the mean anatomical shape, and vessel-specific moment vectors centered at a common grid of control points 
(in red), morphing the template to each coronary shape (in blue). PCA was applied to the moment vectors of each cohort to build two distinct SSMs, thus retrieving 
the main shape modes in each case. LDA was applied on the matrices of PCA scores P to find the linear combination of PCA modes maximizing the separation between 
FCL and NCL. Finally, a leave-one-out cross-validation was carried out and a statistical analysis was performed to link anatomical features and future MI. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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gaussian kernel KV of width equal to λV , for any pair (xk, x), xk being the 
location of the control points defined based on the template itself 
(Durrleman et al., 2014). The moment vectors βi

xk 
fully define vi

0, and 
consequently, the 3D transformation functions Φ

(
βi) required for the 

template to match the shape of each individual vessel in the cohort. 
Further mathematical details underlying the theoretical framework used 
in this study can be found in Aldieri et al. (2020), in Durrleman et al. 
(2014), and in the Supplementary Material.

As all LAD models were randomly oriented in space without a 
common reference system, they were re-aligned prior to using Defor
metrica, as further detailed in the Supplementary Material. Deformetr
ica was then employed to obtain the template and moment vectors 
estimation. To identify the optimal user-defined input parameters for the 
Deformetrica analysis, a sensitivity analysis was conducted. Moreover, 
after establishing Deformetrica optimal input settings, a 10-fold cross- 
validation strategy (Bruse et al., 2016) was implemented to identify 
possible single 3D geometries significantly affecting the template esti
mation. Exhaustive details on the sensitivity analysis and 10-fold cross- 
validation are reported in the Supplementary Material.

2.3.1. PCA-based statistical shape model
PCA (Jolliffe and Cadima, 2016) was used to extract the main 

anatomical variations characterizing the LAD cohort under study. Spe
cifically, the moment vectors obtained from Deformetrica, following the 
afore-mentioned sensitivity analysis and 10-fold cross validation, were 
gathered in one single shape matrix Xβ, with each row containing the x,
y, z components of the vessel-specific moment vectors. Hence, a N × 3k 
shape matrix was obtained as shown in Eq. (4), with N equal to the 
number of LADs in the cohort and k the number of control points. 

Xβ =

⎡

⎢
⎢
⎣

β1
x,1β1

y,1β1
z,1 ⋯ β1

x,k β1
y,kβ1

z,k

⋮ ⋱ ⋮
βN

x,1βN
y,1βN

z,1 ⋯ βN
x,k βN

y,kβN
z,k

⎤

⎥
⎥
⎦ (4) 

PCA was thus applied onto the shape matrix Xβ, and allowed to retrieve 
the main shape modes characterizing the analyzed LAD cohort, along 
with their associated variance, (Aldieri et al., 2020; Cootes et al., 1995; 
Jolliffe and Cadima, 2016). The corresponding PCA scores p were ob
tained by projecting the moment vectors matrix Xβ onto the derived PCA 
modes. These scores thus represent vessel-specific shape features, 
expressed within the reference system identified by the PCA modes. PCA 
was performed twice: (i) on the shape matrix coming from Deformetrica 
run on the LAD0 cohort; and (ii) on the shape matrix obtained from 
Deformetrica analysis on the LADNL cohort. Hence, two distinct PCA 
scores matrices P (P0 and PNL, respectively) were obtained, which were 
employed to perform LDA.

2.3.2. Linear discriminant analysis
LDA (Fisher, 1938) was employed to investigate the capability of the 

SSM-based shape features to discriminate between lesions culprit for 
future MI and non-culprit for future MI. While PCA relies on the maxi
mization of shape variance, LDA takes into account the label of the data 
(i.e., FCL and NCL) by projecting them onto a new space that maximizes 
class separation (Hermida et al., 2023; Martinez and Kak, 2001; Varela 
et al., 2017). Hence, here the PCA-LDA combined approach was adop
ted. More in detail, the PCA scores pi

j corresponding to the selected PCA 
modes were gathered into a N × m matrix P (Eq. (5), which was given as 
input to the LDA algorithm. 

LesionSegment.tif

Fig. 2. The lesion segment (LS) visualized on the surface of one LAD model of the cohort under study (left panel) and the anatomical definition of the lesion segment 
through 3D-QCA (right panel). The trend of the cross-sectional area along the abscissa is shown with the linearly interpolated lumen area (dotted line), with 
minimum lumen cross-sectional area, distal and proximal edges delimiting the LS indicated.
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P =

⎡

⎢
⎢
⎣

p1
1 ⋯ p1

m

⋮ ⋱ ⋮
pN

1 ⋯ pN
m

⎤

⎥
⎥
⎦ (5) 

By construction, the maximum number of nonzero eigenvectors 
solving the problem is c − 1, with the number of classes c = 2 (FCL and 
NCL) for this specific analysis (Martinez and Kak, 2001). Therefore, one 
eigenvector was obtained representing the one-dimensional (1D) LDA 
hyperplane W together with the related variance σ2

LDA (Hermida et al., 
2023; Varela et al., 2017). Each vessel shape could eventually be rep
resented with a unique score (Z-score) through projection of matrix P 
onto the LDA hyperplane. The theoretical background concerning LDA is 
presented in the Supplementary Material.

LDA was performed considering the PCA scores from both the orig
inal LAD0 cohort and the LADNL cohort (i.e., P0 and PNL). Specifically, 
accounting for its ability to maximize classes separation, LDA was car
ried out three times: (i) on the standardized PCA scores matrix P0, 
considering the shape features of the LAD0 cohort; (ii) on the stan
dardized PCA scores matrix PNL, considering the shape features of the 
LADNL cohort; (iii) on the standardized PCA scores matrix PNL concat
enated with the %AS array, thus considering both the shape features of 
the LADNL and the information on the severity of the lesion.

Two distinct strategies were adopted to select the PCA scores to be 
considered for LDA. Firstly, the number of PCA scores able to explain at 
least 95% of the total variance in the population was selected for each 
case (LAD0 and LADNL) and LDA performed. Secondly, aiming to reduce 
the risk of overfitting due to an excessive number of features with 
respect to the dataset dimensionality, a reduced number n of PCA scores 
was selected to be used as input features for LDA according to the 
following empirical formulation: 

n⋅3⋅c ≤ M (6) 

where c is the number of classes (c = 2, NCL and FCL classes) and M is 
equal to the number of vessels in each class (M = 33, the dimensionality 
of the smallest class, i.e., the NCL class) (Liu and Gillies, 2016). Two 
different approaches were employed for identifying the reduced subset 
of n PCA scores from both P0 and PNL: (i) taking into account the first n 
PCA scores in terms of explained variance and (ii) using a feature se
lection process based on Kruskal-Wallis statistical test, where a rele
vance score defined as − log(p), p being Kruksal-Wallis p-value, was 
assigned to each PCA score based on its discriminative power in sepa
rating FCL and NCL groups (Prabhakar and Lee, 2020). Kruskal-Wallis 
test was applied within a leave-one-out framework, where the test was 
repeated over 69 iterations, with one vessel excluded in each iteration. 
The relevance scores obtained in each iteration were then summed for 
each PCA score. The n PCA scores with the highest cumulative relevance 
scores were selected for use in the subsequent LDA.

2.4. Statistical analysis

C-statistics was employed to assess the predictive capability for 
future MI of %AS and of the identified LDA hyperplanes. Receiving 
operator characteristics (ROC) curves were analyzed in terms of area 
under the curve (AUC) and compared using DeLong test (DeLong et al., 
1988). Specifically, the discrimination capacity of the LDA-derived 
anatomical features was evaluated using a leave-one-out cross-valida
tion (LOOCV) (Hermida et al., 2023; Liu et al., 2024; Varela et al., 2017). 
Mann-Whitney’s U test was employed to assess differences in continuous 
variables between the FCL and NCL groups. A p-value < 0.05 was 
considered statistically significant for all the statistical analyses, which 
were conducted with R statistical software, version 4.4.1 (R Foundation 
for Statistical Computing, Vienna, Austria).

3. Results

3.1. PCA

The optimal combination of Deformetrica inputs yielded a total of 64 
moment vectors β(x, y, z), with a resulting 69x192 moment vectors 
matrix Xβ for both cohorts. Outcomes from the sensitivity analysis and 
the 10-fold cross-validation are provided in the Supplementary Material.

The cumulative variance explained considering a progressively 
higher number of PCA modes is presented in Fig. 3 for both LAD0 and 
LADNL cohorts. For the original LAD0 cohort, 16 PCA modes explained at 
least 95% of total shape variability (Fig. 3, left panel), with the first 3 
modes explaining 66% of the total variance (Fig. 4, upper panel). For the 
artificial LADNL cohort, a total of 13 PCA shape modes explained at least 
95% of total shape variability (Fig. 3, right panel), with the first 3 modes 
associated with 70% of total variance (Fig. 4, middle panel). For each 
cohort, all PCA shape modes accounting for 95% of the total shape 
variance are shown in Fig. S3 of the Supplementary Material. The scores 
corresponding to the LAD0 and LADNL PCA modes were all significantly 
correlated up to the first 11 modes (p < 0.02), the first three PCA modes 
being strongly correlated (R > 0.96, p < 0.0001) (Fig. 4, lower panel).

3.2. LDA: Association between SSM-based shape features and future MI

The first 16 PCA scores for LAD0 and the first 13 PCA scores for 
LADNL, explaining 95% of the variance of the population they were 
extracted from, were employed for the first LDA performance.

The empirically determined optimal number n of PCA scores to be 
employed for the further LDA, aiming at reducing overfitting, turned out 
to be five. LOOCV on LDA performed on the first 5 PCA scores in terms of 
explained variance (accounting for 75% and 79% of the total shape 
variance in LAD0 and LADNL cohorts, respectively) yielded AUC values 
of 0.56 (95% CI 0.42–0.70, p > 0.05) for LAD0, 0.58 (95% CI 0.44–0.72, 
p > 0.05) for LADNL and 0.67 (95% CI 0.54–0.80, p < 0.05) for 
LADNL+%AS, thus demonstrating poor performances in discriminating 
between FCL and NCL vessels.

The five PCA scores identified based on Kruskal-Wallis statistical test 
and used for the additional LDA were PCA scores 6, 10, 14, 22, 33 for 
LAD0, and PCA scores 9, 19, 25, 35, 55 for LADNL. These scores were 
associated to 7.2% and 2.3% of the total shape variance in LAD0 and 
LADNL, respectively. The corresponding PCA modes are displayed in 
Fig. S4 in the Supplementary Material.

Fig. 5 shows the comparison between the ROC curves resulting from 
the LOOCV on LDA when the number of PCA scores explained 95% of 
the total variance and the five highly-ranked PCA scores were used. The 
selection of these five highly-ranked PCA scores for LDA considerably 
improved the discrimination performances. In detail, the combination of 
%AS and LADNL led to a significantly higher capacity (AUC = 0.97, 95% 
CI 0.93–1, p < 0.0001), compared to %AS alone (AUC = 0.76, 95% CI 
0.65–0.87, p < 0.001), LAD0 (AUC = 0.77, 95% CI 0.66–0.89, p <
0.0001) and LADNL (AUC = 0.86, 95% CI 0.78–0.95, p < 0.0001) in 
separating FCL and NCL. No statistically significant differences emerged 
between LAD0 and LADNL.

When the PCA score showing the highest Kruskal-Wallis-based 
relevance score in each cohort (PCA score 14 for LAD0 cohort, and 
PCA score 35 for LADNL cohort) was considered individually, the LOOCV 
yielded an AUC value of 0.62 (95% CI 0.48–0.75, p > 0.05) for LAD0 and 
an AUC value of 0.68 (95% CI 0.55–0.81, p < 0.01) for LADNL. An AUC 
value equal to 0.84 (95% CI 0.74–0.93, p < 0.0001) was obtained for 
LADNL+%AS, indicating a good discrimination capacity. Statistically 
significant differences were found between LADNL+%AS and LAD0, 
LADNL alone and %AS alone (p < 0.05 in all three cases). The corre
sponding ROC curves are shown in Fig. S6 of the Supplementary 
Material.

The LDA modes corresponding to the LAD0, LADNL and LADNL with 
the addition of %AS (LADNL+%AS) obtained considering the reduced 
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subset of highly-ranked five PCA scores are displayed and compared to 
the template in Fig. 6 (left panel). The LDA modes present anatomical 
similarities. As expected, the local narrowing due to the presence of the 
main lesion is visually identifiable only in the LAD0-related LDA mode. 
Fig. 6 (right panel) also shows the comparison of the Z-scores for the 
three identified LDA modes between FCL and NCL vessels: significant 
differences (p < 0.0001) emerged in the LAD0, in the LADNL, and in the 
LADNL+%AS cohorts.

The same analysis was conducted on the LDA modes corresponding 
to the LAD0, LADNL and LADNL with the addition of %AS (LADNL+%AS) 
considering all PCA scores explaining 95% of total shape variance and is 
shown in the Supplementary Material (Fig. S7).

The distributions of %AS, mean curvature, mean torsion, and tor
tuosity characterizing the LAD0 cohort, presented in Fig. 7, show that 
the only significant difference emerged between FCL and NCL vessels 
was in terms of %AS (p < 0.0001).

4. Discussion

Motivated by the intricate interplay between coronary anatomy and 
hemodynamics in CAD, this study explored the existence of anatomic 
attributes of LAD coronary arteries, beyond the canonical anatomical 
lesion severity indicators (Calvert et al., 2011; Stone et al., 2012), that 
may aid in discriminating future MI.

Although vascular anatomy is known to impact hemodynamic 
quantities (Bijari et al., 2012; Friedman et al., 1983; Gallo et al., 2015; 
Lee et al., 2008; Morbiducci et al., 2016), canonical centerline-based 
anatomical attributes of a coronary vessel have been demonstrated (i) 
to align only moderately with lesion functional relevance, and (ii) to be 
improvable in terms of their capacity to discriminate for future adverse 
events (Candreva et al., 2024; Kashyap et al., 2022; Zhang et al., 2024). 
In this context, recent studies highlighted the key role played by the 
luminal narrowing anatomy at the site of the lesion in CAD outcome 
(Candreva et al., 2022b, 2024) with clinical imaging and in particular 
3D-QCA being employed to extract anatomically attributes adopted to 
support clinical decision-making (Suzuki et al., 2020).

Guided by this emerged centrality of coronary anatomical attributes 
in the clinical practice, this study expanded the analysis of LAD anatomy 
to the overall vessel level, testing the hypothesis that anatomical fea
tures other than the main lesion could be capable to discriminate lesions 
culprit of future MI. The proposed anatomy-based analysis employs 

statistical shape modelling, a method chosen for its ability to capture 
comprehensive and independent anatomical features that extend 
beyond those strictly related to the anatomical lesion severity.

The key outcome of this study is that LDA, especially when per
formed on selected features commensurate with the limited number of 
observations, successfully identified anatomical attributes of LAD cor
onary arteries, apart from area stenosis, with discriminant capability for 
predicting future MI. This is supported by the finding that, contrarily to 
torsion, curvature, and tortuosity, significant differences emerged be
tween FCL and NCL vessels in both the LDA0 and LDANL cohorts through 
PCA-LDA analysis. These differences reflect in the fact that the AUC 
values resulting from the combined PCA-LDA statistical modelling 
approach turned out to be significant in discriminating lesion culprits of 
future MI in both the LDA0 and LDANL cohorts. Given that canonical 
centerline-based attributes of the vessel did not exhibit remarkable 
discrimination capacity for future MI, the findings of the study suggest 
that key factors other than %AS are hidden in the overall anatomical 
shape of the vessel, and that such factors have the potential to be used as 
hallmarks of future MI that can be easily extracted from a 3D-QCA-based 
analysis. This seems to confirm growing evidence disclosing a strong 
association between the overall atherosclerotic burden and the risk for 
adverse coronary events (Arbab-Zadeh and Fuster, 2015; Vergallo et al., 
2025). In this study, the addition of %AS to LADNL caused a significant 
increase in NCL vs. FCL discrimination capacity with respect to LAD0, 
LADNL and %AS. While LAD0 cohort inherently reflected the overall 
atherosclerotic burden of the vessel, by removing the most severe lesion 
to create the LADNL cohort we purged the contribution of %AS to the 
atherosclerotic burden, thus retaining the widespread atherosclerotic 
narrowing throughout the vessel with the exclusion of the main lesion 
severity (quantified by %AS). The contribution of the atherosclerotic 
burden beyond the main lesion severity, inherently difficult to quantify, 
is thus isolated and considered in the LADNL cohort. Furthermore, its 
role is examined in comparison to %AS, which provides quantitative 
information only about the most severe lesion in the vessel but does not 
account for its location along the vessel or the presence of other lesions 
in the same vessel. Our analysis supports the hypothesis that the overall 
atherosclerotic burden (in terms of combination of widespread athero
sclerotic plaque throughout the vessel, and the most severe lesion 
quantifiable using %AS) leads to future adverse events: taken together, 
LADNL and %AS include anatomical information related to the entire 
atherosclerotic burden.

Figure 3.tif

Fig. 3. Cumulative explained variance (%) as a function of the number of PCA modes for the LAD0 cohort (left panel) and the LADNL cohort (right panel).

B. Griffo et al.                                                                                                                                                                                                                                   Journal of Biomechanics 189 (2025) 112829 

6 



Notably, no significant differences emerged between LAD0 and 
LADNL ROC discrimination capability of future MI. This result can be 
interpreted considering that although LAD0 cohort reflects the overall 
atherosclerotic burden of the vessel and thus contains also information 
on the main lesions (which were removed from LADNL cohort), such 
main lesions occur at completely different locations along individual 
LAD vessels. This interindividual variability in the location of the main 
lesions along the LAD limits the SSM-based identified PCA shape fea
tures from robustly accounting for it. In other words, the intervariability 
in the main lesions location negatively impacts on the SSM-based 

representation of the vessel. On the contrary %AS, a well-established 
indicator of CAD severity (Candreva et al., 2024; Stone et al., 2012; 
Suzuki et al., 2020), only carries information on the most severe luminal 
obstruction, regardless of its location along the vessel. All these obser
vations distilled into the increased discriminatory capacity of the LADNL 
SSM-based representation (accounting for the atherosclerotic burden 
exclusive of the main lesion severity), when combined with %AS (ac
counting explicitly for the main lesion severity, but independent of its 
location along the vessel). Moreover, they explain the lower discrimi
nation capacity of LAD0 with respect to LADNL+%AS.

Fig. 4. The first 3 PCA modes (blue) for both the LAD0 cohort (upper panel) and for the LADNL cohort (middle panel) are represented by deforming the template 
(grey) of ±2

̅̅̅̅̅
σ2

√
along each mode, σ2 representing each specific PCA mode variance. The first 3 modes account for 66% and 70% of total shape variability for the 

LAD0 and LADNL cohorts respectively. In the lower panel the scatter plots of the PCA scores for the original cohort vs. the cohort without main lesion for the first three 
PCA modes (R > 0.96, p < 0.0001) are depicted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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This study suffers from limitations that could have hampered the 
generality of its findings. The most impactful limitation of this study lies 
in the limited number of vessels included, which might have hindered 
the consistent identification of those anatomical attributes with 
discriminant capability for future MI, thus complicating the explain
ability of the model. A further limitation may rely on the wide time 
range for patients’ enrolment, which may limit some of the study’s 
findings related to the MI clinical outcome (Candreva et al., 2022b): as 
most patients were already receiving treatment at the time of admission, 
with 76% on aspirin and 90% on statin therapy, an effect of the evolu
tion of medical therapy cannot be excluded a priori. However, since the 
SSM-based approach presented in this study relies solely on anatomical 
information, the potential bias introduced by pharmacological treat
ment does not affect its general applicability to other datasets. Addi
tionally, the set of LAD vessels used in this study was derived from a 
larger dataset presented in a previous work (Candreva et al., 2022b), 
where vessels were carefully selected based on specific inclusion and 
exclusion criteria. Notably, patients with bifurcation lesions involving a 
physiologically significant side branch (i.e., diameter > 2 mm) were 
excluded. As a result, this study and its findings are focused exclusively 
on the anatomy of the main segment. However, the proposed SSM-based 
strategy can be adopted also to populations where lesions at side 
branches are of clinical interest.

The anatomical interpretation of the identified single LDA modes is 
not straightforward and more difficult than the interpretation of ca
nonical anatomical attributes: the graphical representation of the LDA 
modes suggests in fact an association among geometric attributes in the 
3D space which is more intricate than the one emerging from the 
analysis of canonical quantities like curvature or tortuosity, thus high
lighting the ability of this approach to detect anatomical features which 
would otherwise be hard to disclose. Specifically, our analysis showed 
that the best results in terms of discrimination capacity were obtained 
when a reduced subset of PCA scores specifically selected based on their 
ability to discriminate between FCL and NCL classes were considered. 
These latter correspond to PCA modes that explain only a small portion 
of the total shape variance, and the canonical anatomical interpret
ability of PCA modes diminishes as one moves beyond the first few 
components which account for the majority of shape variance in the 
population. This outcome suggests that these lesser-variance modes may 
capture class-specific anatomical features that are not present in the 
dominant modes, which likely reflect variations common to both classes.

Considering the presented findings, this study paves the way to 
necessary future investigations that, by including larger datasets, would 

allow for testing the robustness of the method on unseen vessel geom
etries and for identifying new and clinically attainable anatomic attri
butes with discriminant capacity for future MI.

In conclusion, the findings of this study suggest the existence of 
anatomical attributes of LAD coronary arteries, beyond the established 
anatomical lesion severity markers, that significantly discriminate ves
sels undergoing future MI. Compared to the canonical quantities adop
ted in the clinical practice to classify the CAD level of a coronary vessel, 
the anatomical attributes identified through the combined PCA-LDA 
statistical shape modelling approach performed better in terms of 
discrimination capacity for future MI also after virtual removal of the 
main lesion of the vessel, suggesting that not only the main local nar
rowing of the vessel, but also other LAD anatomical attributes, play a 
role in CAD outcomes. Furthermore, the discrimination capacity be
tween FCL and NCL was enforced when %AS was added to LDA. Overall, 
the findings of this study suggest that SSM-based strategies may be 
helpful to capture the overall atherosclerotic burden of the vessel and 
eventually to improve the canonical clinical imaging-based decision 
making performed by interventional cardiologists.
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Fig. 5. ROC curves and corresponding AUC values obtained for %AS alone, for the LDA modes associated to the original cohort (LAD0), to the cohort where for each 
vessel the most severe lesion has been removed (LADNL), and to the cohort obtained combining %AS and LADNL (LADNL+%AS). ROC curves are shown considering (i) 
the PCA scores accounting for 95% of the total shape variance (left panel), and (ii) the 5 highly-ranked (i.e. the five with the highest discriminatory capability) PCA 
scores identified based on Kruskal-Wallis test (right panel). The ROC-based analysis refers to LOOCV results.
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Fig. 6. Left panel: LDA modes corresponding to the original cohort (LAD0), to the cohort without main stenosis (LADNL), and to LADNL with the addition of %AS 
(LDANL+%AS) are represented by deforming the template (grey) along each mode of ±3

̅̅̅̅̅
σ2

√
, with σ2 representing the LDA mode variance. Right panel: box plots 

depicting the distributions of the Z-scores corresponding to each LDA hyperplane differentiating the original population in NCL and FCL. The results related to LDA 
hyperplanes built considering PCA scores selected through Kruskal-Wallis statistical test are displayed.
geo_plots.tif

Fig. 7. Box plots depicting the distributions of %AS, mean curvature, mean torsion and tortuosity computed on LAD0 cohort for FCL and NCL vessels.
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