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Introduction: We aimed to assess the usefulness of lipoprotein(a) [Lp(a)] and

LDL-C levels as potential predictors of coronary lesions’ complexity in patients

with premature coronary artery disease (pCAD).

Methods: This study enrolled 162 consecutive patients with pCAD undergoing

coronary angiography. The SYNTAX score (SS) was used to assess coronary

lesions’ complexity. Linear discriminant analysis (LDA) was employed to

construct a multivariate classification model enabling the prediction of

coronary lesions’ complexity in SS.

Results: The Lp(a) levels among patients with SS ≥ 23 and with SS 1-22 were

significantly higher than those with SS = 0 (p = 0.021 and p = 0.027,

respectively). The cut-off point for the Lp(a) level of 63.5 mg/dl discriminated

subjects with SS ≥ 23 from those with SS ≤ 22 (sensitivity 0.546, specificity

0.780; AUC 0.620; p = 0.027). An LDA-based model involving the Lp(a) level,

age, sex and LDL-C provided improved discrimination performance (sensitivity

0.727, specificity 0.733, AUC 0.800; p = 0.0001).

Conclusions: Lp(a) levels in pCAD patients are associated with the advancement of

coronary artery lesions in SS patients. An Lp(a) level of 63.5 mg/dl can be the cut-off

point for the identification of subjects with SS ≥ 23. LDA-based modelling using

Lp(a), LDL-C, age and gender may be an applicable tool for the preliminary

identification of patients at risk of more complex coronary artery lesions.

KEYWORDS

premature coronary artery disease, lipoprotein(a), SYNTAX score, machine learning,

LDL - cholesterol

1 Introduction

Premature coronary artery disease (pCAD) leads to transient or permanent disability

and mortality in working-age patients, challenging the public health system. Despite

significant diagnostic and therapeutic advances, published data show an increase in the

number of young patients hospitalized for premature myocardial infarction. Moreover,

trends indicating reduced mortality in coronary artery disease are less pronounced in

patients aged <55 years, compared to older groups (1, 2). Therefore, the early
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identification of all modifiable cardiovascular (CV) risk factors and

prompt therapeutic interventions are of particular importance.

Lipoprotein(a) [[Lp(a)] with proatherogenic, proinflammatory,

prothrombotic and antifibrinolytic effects is considered an

independent risk factor for the development and progression of

atherosclerotic cardiovascular disease (ASCVD) (3–8). Lp(a) has

an almost 2–3 times greater ability to accumulate in areas of

endothelial damage than LDL particles (9). Epidemiological and

Mendelian randomization studies illustrated a causal relationship

between Lp(a) and CAD, peripheral artery disease (PAD), stroke,

the progression of aortic stenosis, heart failure and CV mortality,

regardless of low-density lipoprotein cholesterol (LDL-C), non-

high-density lipoprotein cholesterol (non-HDL-C) and other CV

risk factors (4, 10–18). Moreover, Lp(a) is responsible for a

residual CV risk, even among optimally treated patients with an

LDL-C less than 70 mg/dl (19).

It is estimated that up to 90% of Lp(a) plasma concentrations are

genetically determined, leading to premature ASCVD and an

increased family prevalence of premature cardiovascular disease.

According to genome-wide association studies, the main determinant

of Lp(a) serum levels is LPA (6q26-27), a gene encoding apo(a)

characterized by significant size polymorphism and the presence of

single nucleotide polymorphisms (SNPs) (20–22). Current guidelines

do not recommend routine genetic testing in patients with hyper-Lp

(a) in both the primary and secondary prevention of CAD (23).

Published data have reported that the Lp(a) levels of patients

with early manifestations of ASCVD are higher compared to

those diagnosed at a typical age, determining the more rapid

progression of pCAD independent of a positive family history of

ASCVD (24–26). Analyses of UK Biobank patients aged 40–69

years (57.0 ± 8.1 years) observed by 11-year period showed that

higher levels of Lp(a) predicted the risk of an ASCVD event in

both primary and secondary prevention. An increase in Lp(a) of

50 nmol/L (approximately 23 mg/dl) was associated with a

hazard ratio for an ASCVD event of 1.11 (95% CI, 1.10–1.12)

(27). In patients aged ≤60 years, elevated Lp(a) is an

independent risk factor for acute coronary syndrome (ACS). In

young patients aged ≤45 with a concentration of >50 mg/dl, the

risk of ACS increases as much as 3 times (28).

According to guidelines, CAD is a pathological process

characterized by atherosclerotic plaque accumulation in the

epicardial arteries, whether obstructive or non-obstructive (29).

Lp(a) is also strongly correlated with the severity and complexity

of coronary stenoses, measured in a coronary angiography with

the SYNTAX Score (Synergy between Percutaneous Coronary

Intervention with Taxus and Cardiac Surgery Score; SS), even in

the presence of normal total cholesterol (TC) levels (30–32).

Chen et al. demonstrated that Lp(a) predicted the severity of

new-onset CAD independent of other ASCVD risk factors (33).

SS is a comprehensive, multi-stage angiographic scoring system

designed to assess the number, advancement, location, complexity

and functional significance of atherosclerotic lesions. According to

ESC/EACTS guidelines for myocardial revascularization,

calculating the SS includes 11 steps. The SS point value

determines the coronary revascularization strategy. In patients in

a stable clinical condition with advanced coronary lesions

reflected in a high SS score, a percutaneous coronary

intervention (PCI) should not be performed ad hoc, and invasive

treatments should be discussed by the cardiogroup. A multivessel

coronary artery disease (MVD) and an SS value of 0–22 points

support a percutaneous coronary intervention strategy, while an

MVD with an SS≥ 23 points suggests the anatomy of coronary

artery lesions, likely resulting in an incomplete revascularization

with PCI. The SS≥ 23 points should favor a coronary artery

bypass graft (CABG) strategy. Moreover, in the case of high-

scoring left main stem disease (LMSD) – SS≥ 33 points, the PCI

strategy is contraindicated (III B) (32).

Additionally, SS is an independent predictor of major adverse

cardiac and cerebrovascular events, as well as long-term mortality,

in patients with LMSD or MVD undergoing PCI (34–38).

The validity of using machine learning methods in the context

of searching for non-invasive, economical, fast and adequate

techniques for early CAD diagnostics, being an alternative to

classical coronary angiography, has been emphasized in previous

studies (39). Sayadi M. et al. underlined the significance of

appropriate feature selection, presenting a substantial impact on

the machine-learning performance for detection of CAD using

noninvasive clinical parameters (40). Koloi A. et al. posited that

predictions of early stage angiographic CAD could be obtained

using a set of routine laboratory markers, age, gender, and

smoking status (41). There are several predictive models, which

can be applied for classification in clinical studies: logistic

regression, decision trees, neural networks and linear

discrimination (LDA). Among them LDA can serve as a suitable

classification tool. This well-established, interpretable method is

widely used in life sciences research for classifying subjects into

groups based on multiple predictors. LDA offers relatively

straightforward interpretation of how predictor variables

contribute to classification, which we believe is especially

important for clinical audiences.

We aimed to evaluate the association between Lp(a), LDL-C

levels and coronary atherosclerosis stages measured by SS in

pCAD patients with a supervised machine learning approach and

to determine their potential roles in predicting the angiographic

severity of CAD.

2 Materials and methods

2.1 Study design

This study enrolled 162 consecutive patients hospitalized with a

pCAD diagnosis at the First Cardiology Department of the

University Clinical Centre in Gdansk between 2019 and 2022.

In patients without a history of ASCVD, the diagnosis of CAD

was based on the visualization of atherosclerotic plaque in the

coronary angiography performed during hospitalization. In

Abbreviations

ASCVD, atherosclerotic cardiovascular disease; hyper-Lp(a), hyperlipoproteinemia

(a); Lp(a), lipoprotein (a); MACE, major adverse cardiovascular events; ROC,

receiver operating characteristic; SS, SYNTAX score.
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patients with a history of CAD, the diagnosis was based on

available medical records, considering an episode of previous

ACS, previous coronary revascularization (PCI, CABG) or the

presence of atherosclerotic plaque detected in imaging tests

(previous coronary angiography or computed tomography

angiography). The diagnosis of pCAD was made in men under

the age of 55 years and in women under age 65 (29, 42).

This study was approved by the Independent Ethics Committee

for Research Studies at the Medical University of Gdansk (NKBBN/

50/2019). Before enrolment in the study, all patients provided

written consent to participate in the project in accordance with

the approved protocol.

This research excluded patients with known heart failure and a

reduced left ventricle ejection fraction (LVEF) below 30%, chronic

kidney disease (CKD) stages G4–G5 and/or high inflammatory

parameters defined as C-reactive protein (CRP) levels above

30 mg/L, and hypertriglyceridemia with triglyceride (TG) levels

>400 mg/dl (43).

2.2 Clinical data

Clinical data were collected, including the following: reason for

admission, detailed history of cardiovascular disease (CVD) and

other comorbidities, CV risk factors and previous results of

diagnostic tests and treatment, including pharmacological

treatment, with particular emphasis on lipid-lowering therapy

(LLT). In patients without a history of CAD, the age of diagnosis

was determined by the presence of atherosclerotic lesions in a

coronary angiography performed during hospitalization. In the

case of a CAD history, the age of diagnosis was established based

on available medical records, considering past ACS episodes,

previous coronary revascularization [PCI, CABG] or the presence

of plaque found on imaging examinations (prior coronary

angiography or coronary computed tomography angiography).

A positive family history of premature CVD was defined as a

fatal or non-fatal CV event and/or CVD diagnosed in a first-

degree relative aged <55 years for males or <65 years for females

(29). Recurrent cardiovascular events (RCVEs) were defined as a

history of a minimum of 2 ACS episodes and/or evidence of

concomitant atherosclerosis in a non-coronary arterial vascular

bed (cephalic or lower extremity arteries). Hypercholesterolaemia

was diagnosed based on the history of the use of LLT or an

LDL-C level ≥55 mg/dl (44). Atherosclerosis in another arterial

bed was defined as a symptomatic stenosis of more than 50% of

the luminal cross-section or an asymptomatic stenoses greater

than 70%, found on imaging or in a previous vascular procedure

(45–47). The diagnosis of other comorbidities, including

hypertension (HT) and diabetes mellitus (DM), was confirmed

based on the available medical records and according to accepted

standards (48). The definition of overweight and obesity was

based on body mass index (BMI), as recommended by the WHO

(49). A history of smoking was defined as active smoking upon

entry to the study or smoking history for at least one year. The

classification of CKD was based on an assessment of the

glomerular filtration rate (GFR).

All patients underwent coronary angiography using the Judkins

technique, as clinically indicated. The number and severity of

coronary lesions and their location, complexity and functional

significance were assessed based on SS using an online calculator

(http://syntaxscore.org) in 149 patients. The low technical quality

of coronary angiography recordings in 13 patients prevented SS

assessments. For patients with a history of PCI or CABG, the

analysis was based on the earliest available angiography. In 53

patients, the SS results were determined based on a coronary

angiography before admission. Two experienced operators

independently evaluated the SS calculations and angiographic

results. In the case of inconsistency, a supervising cardiologist

performed a third assessment. Moreover, SS-related indices were

estimated: residual SS and SYNTAX Revascularization Index.

Based on the SS score, patients were included in one of 3 groups:

SS = 0 points (n = 42), SS 1–22 points (n = 84) or SS≥ 23 points

(n = 23), then to one of 2 groups: SS≤ 22 points (n = 126) or

SS≥ 23 points (n = 23).

The biological material for biochemical tests was obtained by

collecting peripheral venous blood in a fasting state (after at least

12 hours of fasting) during routine diagnostic procedures. The

biochemical tests were performed at the Central Clinical

Laboratory, University Clinical Centre in Gdansk. All samples

were analyzed in a single laboratory and Lp(a) was measured

directly. The Lp(a) concentration was determined using a

Siemens system employing the latex immunonephelometric

method (Siemens N Latex). The lipid profile was obtained based

on enzymatic tests. LDL-C was calculated according to the

Friedewald formula (43). Other routine biochemical assays were

garnered using standard validated diagnostic methods for

individual parameters.

Patients underwent long-term clinical follow-up and the

occurrence of major adverse cardiovascular events (MACE) was

assessed. MACE was defined as: all-cause death, cardiac death,

myocardial infarction and repeated revascularization.

2.3 Statistical analysis

All statistical calculations were performed using R software

(50). The distribution of quantitative data was verified with the

Shapiro–Wilk W test. Depending on the normality of

distribution, quantitative data were then presented as

mean ± standard deviation or median with interquartile range

(IQR). Qualitative data were presented as numbers and

percentages. The significance of inter-group differences was

tested using the Mann–Whitney U test or Kruskal–Wallis H test,

depending on the number of compared groups. For categorical

variables, the significance of inter-group differences was tested

using Pearson’s chi-square test or Fisher’s exact test, depending

on the resultant group sizes. Simple correlations were assessed

using Spearman’s rank correlation coefficient (RSP).

The association between qualitative dependent variables

(“SYNTAX Score classification”) and plausible predictors was

modeled using the Linear Discriminant Analysis (LDA)

method with an exhaustive stepwise procedure examining all

Marcinkowska et al. 10.3389/fcvm.2025.1470500

Frontiers in Cardiovascular Medicine 03 frontiersin.org

http://syntaxscore.org
https://doi.org/10.3389/fcvm.2025.1470500
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


possible models of the second to the eleventh order of

dimensionality (the highest order was dictated by the number

of potential predictors and/or confounders) (51, 52). All the

examined models were trained on a training set representing

70% of the overall dataset and then characterized by the

classification error obtained from the remaining 30% of the set

(the test set). To increase the robustness of the obtained

models to non-random split bias, this procedure was repeated

50 times. No validation set was used due to limited study size

and the simplicity of used model. Ultimately, each model was

characterized by a mean classification error on the test set

(Table 1). The model with the lowest mean classification error

was then selected as the best classification model and

thoroughly examined by receiver operating characteristic

(ROC) analysis to determine the optimal threshold value

providing the best classification performance. The obtained

ROC curve was also used to derive the most important

measures of predictive and classification performance of the

model, including the area under the curve (AUC), sensitivity

and specificity. Two-sided tests were used in all analyses, and

the statistical significance was assumed to be p < 0.05.

LDA analysis was based on the MASS and candisc packages

using their basic lda() and candisc() functions, without

modifications. The analysis of ROC curves was based on the

pROC package using its basic roc() function.

3 Results

3.1 Clinical and biochemical characteristics

The study enrolled 86 men aged 55.7 years (IQR 49–62) and 76

women aged 60.3 years (IQR 58–64); p < 0.001; hospitalized for

chronic coronary syndromes (60%) or ACS. De novo CAD was

diagnosed during hospitalization in 38% of the patients. The age

at which CAD was diagnosed was 46.8 (IQR 43–52) and 56.6

(IQR 54–62) years in men and women, respectively; p < 0.001.

Each subject had at least 2 CV risk factors. The clinical and

biochemical characteristics of the study group are presented in

Supplementary Tables S1, S2.

The concentration of Lp(a) in the study population was

25 mg/dl (IQR 8–69.5), with statistically insignificant differences

between males and females (p = 0.324) and between various

reasons for hospitalization (p = 0.382). No statistically significant

correlation was found between the Lp(a) concentration and

the age of pCAD diagnosis (RSP =−0.026; p = 0.74) and the

premature clinical manifestation of atherosclerosis in other (non-

coronary) arterial beds (RSP =−0.037; p = 0.64). However, the

difference in Lp(a) concentrations between the RCVE and

non-RCVE groups [29 (IQR 11–85) mg/dl vs. 22 (IQR 8–56) mg/dl]

was marginally significant (p = 0.063).

Lp(a) levels varied significantly depending on the complexity of

epicardial lesions, as determined by SS (p = 0.026). The Lp(a)

concentrations among patients with SS≥ 23 points [39 (IQR

13–99) mg/dl] as well as patients with 1–22 SS points [29 (IQR

8–70.2) mg/dl] were found to be notably higher compared to

those found among patients with 0 SS points [14.5 (IQR 7.2–

31) mg/dl; p = 0.021 and p = 0.027, respectively; Figure 1].

The SS = 0 points revealed a markedly higher frequency of

coronary revascularization (71.4% vs. 47.6%; p < 0.05) as well as a

positive family history of pCAD (52.4% vs. 28.6%; p < 0.05)

compared to the SS 1–22-point group. No statistically significant

differences in the incidence of other major cardiovascular risk

factors (HT, DM, overweight/obesity, smoking) as well as age

(p = 0.737) and gender (p = 0.324) were found between the

identified groups (SS = 0 points, SS 1–22 points, SS≥ 23 points).

There were no notable differences in lipid profile (TC, LDL-C,

HDL-C, TG), renal function (creatinine, GFR), liver function

[alanine transaminase (ALT)], inflammation (CRP), uric acid and

glucose levels in either group; p > 0.05; Table 2.

Moreover, the achievement of the therapeutic goal, i.e., the

reduction of the LDL-C concentration below 55 mg/dl, was not

demonstrated to be associated with the severity of atherosclerotic

lesions in coronary angiography; p = 0.756. The distinction above

was also not observed in patients treated and untreated with statins

before hospitalization; p = 0.519. Tables 2, 3 present the detailed

clinical and biochemical characteristics of the pCAD patients.

A significant association was found between Lp(a) levels above

the median and the occurrence of MACE [HR 2.1 (1–4.4);

p = 0.044; Figure 2] in the follow-up of 5 (IQR 3–7.25) months.

3.2 Simple univariate model—model 1

Subsequently, ROC analysis was employed to determine the

Lp(a) concentration cut-off value enabling the best possible

discrimination of the SS≥ 23 subjects from those of the SS = 0

and SS ∈{1;22} groups (hereby denoted SS≤ 22; n = 123). The

Lp(a) cut-off value was determined to be 63.5 mg/dl and was

found to provide the proper classification of SS≥ 23 subjects

with only an overall moderate performance (AUC: 0.620, 95%

CI: 0.407–0.833; sensitivity: 0.546, 95% CI: 0.273–0.818;

specificity: 0.780, 95% CI: 0.703–0.848). Nevertheless, such a

classifier can still be assumed to improve the assigning of

patients to one of the abovementioned two groups (OR = 4.2,

95% CI: 1.2–15.0; p = 0.027; Figure 3). Individuals with Lp(a)

>63.5 mg/dl are classified into the SS≥ 23 category, whereas

subjects with Lp(a) <63.5 mg/dl into the SS≤ 22 category.

TABLE 1 Basic statistical characteristics of model 2.

Order Mean LDF1 values in the
SS≤ 22 group

Mean LDF1 values in the
SS≥ 23 group

p Classification error in the
training set

Classification error in
the test set

4 −0.181 0.986 0.00043 0.13677 0.15953

Abbreviations: SS, SYNTAX score.
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3.3 Multivariate modelling—model 2

To seek the best Lp(a)-based covariate-enhanced multivariate

model allowing better SS≥ 23 subject discrimination from others,

the Lp(a) concentration and 10 additional confounders

[including age, sex, BMI, smoking, LDL-C level, statin use, HT,

DM (Type 1 or 2), positive family history of CAD and stage G3

CKD] were further subject to the LDA modelling procedure.

Here, an exhaustive examination of all possible models from the

second to eleventh order of dimensionality was performed. In

total, we examined 2,038 LDA models, out of which the lowest

mean classification error (16.0%) on a test set was found for a

FIGURE 1

Relationship between the stages of atherosclerotic lesions based on the SYNTAX score and Lp(a) concentration.

TABLE 2 Biochemical characteristics of patients with pCAD according to the severity of their coronary atherosclerotic lesions based on SS (n = 149).

Parameter SYNTAX score p

SS = 0 pts
n= 42

[median, IQR]

SS 1–22 pts
n = 84

[median IQR]

SS≥ 23 pts
n = 23

[median IQR]

TC [mg/dl] 161.0 (136.0–198.0) 166.5 (137.0–194.5) 175.0 (145.0–241.5) 0.5030

LDL-C [mg/dl] 80.0 (69.0–112.00) 92.0 (71.0–124.5) 100.0 (79.0–151.0) 0.2520

HDL-C [mg/dl] 47.0 (38.0–61.0) 46.0 (38.6–53.0) 38.0 (33.5–54.0) 0.1540

non-HDL-C [mg/dl] 102.0 (91.0–152.0) 118.5 (95.5–145.5) 127.00 (105.5–184.0) 0.2000

TG [mg/dl] 116.0 (83.0–165.0) 113.0 (83.0–153.5) 144.0 (91.5–194.5) 0.2120

Creatinine [mg/dl] 0.8 (0.7–1.0) 0.8 (0.7–1.0) 0.8 (0.7–1.0) 0.9960

GFR [ml/min/1.73 m2] 87.5 (74.5–90.0) 90.0 (83.0–90.0) 90.0 (75.0–90.0) 0.1440

ALT [IU/L] 26.0 (21.0–31.5) 27.0 (20.0–34.3) 27.0 (17.0–33.0) 0.8770

CRP [mg/L] 1.75 (0.9–3.2) 1.6 (0.8–2.9) 2.6 (0.8–7.4) 0.2940

Uric acid [mg/dl] 5.8 (4.6–7.5) 5.6 (5.1–6.5) 5.4 (4.7–6.1) 0.5150

Glucose [mg/dl] 100.0 (93.0–128.0) 99.0 (91.0–114.0) 103.00 (94.3–123.3) 0.6590

Abbreviations: ALT, alanine transaminase; CRP, C-reactive protein; GFR, glomerular filtration rate; HDL-C, high-density lipoprotein-cholesterol; IQR, interquartile range; LDL-C, low-density

lipoprotein-cholesterol; non-HDL-C, non-high-density lipoprotein-cholesterol; SS, SYNTAX score; TC, total cholesterol; TG, triglycerides.
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fourth-order model consisting of Lp(a) concentration, as well as

sex, age and LDL-C concentration as covariates:

LDF1 ¼ 0:0095� Lp(a)þ 0:0931� age� 1:2149

� sex (female ¼ 1=male ¼ 0)þ 0:0125� LDL-C

The LDF1 value was directly proportional to the concentration of

Lp(a) and LDL-C. The age of the individual has a roughly

10-fold greater contribution to this value (also a directly

proportional relationship). However, the sex of the subject had

the strongest influence on the LDF1 value: in women, the LDF1

value was significantly lowered, which results in a substantial

decrease of the likelihood of classifying females into SS≥ 23 group.

Model 2 reached a high level of statistical significance

(p = 0.0001), and subsequent ROC analysis identified the −0.363

value as the LDF1 (linear discriminant function) cut-off value,

ensuring evenly improved overall performance compared to the

above-described simple univariate Lp(a)-based model—Model 1

(AUC: 0.797, 95% CI: 0.701–0.894; sensitivity: 0.727, 95% CI:

0.546–0.909; specificity: 0.733, 95% CI: 0.650–0.808).

Evenly improved overall performance was demonstrable

mainly in the AUC value, significantly changed from 0.62

(model 1) to 0.80 (model 2). The sensitivity of model 2 increased

from 0.55 to 0.73, the specificity value slightly decreased from

0.78 to 0.73. Model 2 provides a balanced ratio of sensitivity and

specificity consequently. The PPV of model 2 increased from

0.19 to 0.33 and the NPV decreased from 0.95 to 0.94.

Again, the model refined the classification of patients into one

of the aforementioned two groups (OR = 7.3, 95% CI: 2.6–20.4;

p = 0.0001; Figure 4).

The general classification performance of both models is

summarized in Table 4.

4 Discussion

The findings of our study indicate that the Lp(a) concentration

importantly varies depending on the complexity of coronary

lesions measured by SS in patients with pCAD. An Lp(a) level of

63.5 mg/dl can be considered the cut-off point for the identification

of subjects with severe coronary lesions and SS≥ 23 points.

Moreover, LDA-based modelling allowed the further improvement

of such a simple classifier. The LDA model comprised Lp(a), age,

sex and LDL-C, displaying refined classification performance in

terms of discriminating patients with SS≥ 23 points from those

with SS≤ 22. Both the Lp(a) threshold and a simple formula based

on age, sex, LDL-C and Lp(a) can be used to predict the

complexity of coronary artery lesions.

Kaiser et al. found that patients with advanced stable multivessel

CAD and Lp(a) > 70 mg/dl undergoing further computed

tomography scans experienced the faster progression of low-density

TABLE 3 Clinical characteristics of patients with pCAD according to the
severity of their coronary atherosclerotic lesions based on SS (n = 149).

Parameter SYNTAX score p

SS = 0
pts

n = 42

SS 1–22
pts

n= 84

SS≥ 23
pts

n = 23

n [%] n [%] n [%]

Hypertension 33 [78.6] 58 [69.1] 21 [91.3] 0.0800

Overweight

(BMI ≥ 25 < 30)

16 [38.1] 32 [38.1] 12 [52.2] 0.4487

Obesity (BMI ≥ 30) 23 [54.8] 30 [35.7] 10 [43.5] 0.1238

Male gender 24 [57.1] 46 [54.8] 15 [65.2] 0.324

Smoking 23 [54.8] 32 [38.1] 12 [52.1] 0.2469

DM2 15 [35.7] 18 [21.4] 10 [43.5] 0.0604

DM1 0 [0.0] 1 [1.2] 1 [4.4] 0.3639

Positive family history of

pCAD

22 [52.4] 24 [28.6] 8 [34.8] 0.0253

Prior ACS 22 [52.4] 33 [39.3] 12 [52.2] 0.2849

Prior coronary

revascularization

30 [71.4] 40 [47.6] 15 [65.2] 0.0271

Other ASCVD 6 [14.3] 12 [14.3] 5 [21.7] 0.6611

Prior stroke/TIA 1 [2.4] 4 [4.8] 1 [4.4] 0.8625

Carotid atherosclerosis 1 [2.4] 3 [3.6] 1 [4.4] 0.6691

PAD 4 [9.5] 6 [7.1] 3 [13.0] 0.5618

CKD stage G3 3 [7.1] 7 [8.3] 4 [17.4] 0.3563

Asthma 2 [4.8] 7 [8.3] 1 [4.4] 0.9017

COPD 1 [2.4] 4 [4.8] 1 [4.4] 0.8625

Previous LLT 36 [85.7] 60 [71.4] 18 [78.3] 0.1993

LDL-C < 55 mg/dl 4 [9.5] 7 [8.3] 2 [8.7] 0.9229

LDL-C ≥ 55 mg/dl 37 [88.1] 77 [91.7] 21 [91.3] 0.9229

Hypercholesterolaemia 42 [100.0] 84 [100.0] 23 [100.0] <0.0001

Abbreviations: ACS, acute coronary syndrome; ASCVD, atherosclerotic cardiovascular

disease; BMI, body mass index; CKD, chronic kidney disease; COPD, chronic obstructive

pulmonary disease; DM1, type 1 diabetes mellitus; DM2, type 2 diabetes mellitus; LDL-C,

low-density lipoprotein-cholesterol; LLT, lipid-lowering therapy; PAD, peripheral arterial

disease; pCAD, premature coronary artery disease; PCI, percutaneous coronary

intervention; SS, SYNTAX score; TIA, transient ischemic attack.

FIGURE 2

The association between Lp(a) concentration and MACE occurrence.
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FIGURE 3

ROC curve defining the Lp(a) concentration cut-off point for the indicated SYNTAX score groups, identifying patients with advanced CAD.

FIGURE 4

ROC curve defining the cut-off point of the LDF1 variable.
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plaque volume and fibrofatty plaque volumes than those with low

Lp(a). Moreover, multivariate linear regression analysis confirmed

the progression of low-attenuation plaque for each 50 mg/dl of

Lp(a). High levels of Lp(a) above 70 mg/dl were associated with the

accelerated progression of low-attenuation plaque (necrotic core),

despite guideline-based preventive therapies (53).

Our cut-off value for the Lp(a) of 63.5 mg/dl is interesting

considering the UK Biobank analysis, which demonstrated that

in individuals with a history of ASCVD, Lp(a) ≥70 mg/dl was

associated with an adjusted hazard ratio for a subsequent

ASCVD episode of 1.16 (95% CI, 1.05–1.27). In patients

receiving secondary prevention, there was also a statistically

significant increase in CAD risk, with an HR of 1.23 (95% CI:

1.10–1.37). An Lp(a) level ≥70 mg/dl (≥150 nmol/L) was also an

eligibility criterion for the ongoing Lp(a)HORIZON clinical trial

evaluating the effect of Lp(a) lowering with pelacarsen on major

cardiovascular events in patients with CVD in a secondary

prevention setting (27, 54). The utility of the inclusion of Lp(a)

in risk stratification models was emphasized by Welsh et al. They

used Cox models to analyze the associations of Lp(a) with

composite fatal/non-fatal CVD, fatal CVD, CAD, PAD and aortic

stenosis. After adjustment for classical risk factors, a 1 SD

increment in log Lp(a) was associated with a hazard ratio for

fatal/non-fatal CVD of 1.12 [95% confidence interval (CI), 1.10–

1.15]. Similar associations were observed with fatal CVD, CAD,

PAD and aortic stenosis. Conversely, adding Lp(a) to a

prediction model containing traditional ASCVD risk factors in a

primary prevention group augmented the C-index by + 0.0017

(95% CI, 0.0008–0.0026). The authors also noted that the above

improvement in the C-index with Lp(a) was approximately four

times higher than previously reported for C-reactive protein (55).

Moreover, in 2022, experts proposed considering the Lp(a)

level in addition to classical risk factors such as age, gender,

BMI, basic lipid parameters and systolic blood pressure in an

online calculator estimating the risk of heart attack and stroke

(https://www.lpaclinicalguidance.com/) (56).

Similar to Safarian et al., in our analysis, we divided the study

group based on the SS threshold indicated in the ESC/EACTS

Guidelines on Myocardial Revascularization, which highlight that

the cut-off point of SS≥ 23 has clinical implications for the

selection of the revascularization strategy. In patients with

multivessel CAD and an SS≥ 23, the coronary artery bypass

grafting technique is preferred, whereas in the SS 0–22 group,

PCI is suggested. Additionally, the SS threshold correlates with

the prognosis of adverse events (cardiac death, in-hospital

mortality, nonfatal MI or target vessel revascularization)

following PCI in patients with three-vessel disease (32, 57–59).

Although the sample sizes of our study groups were largely

unbalanced, a similar epidemiology was observed in the BARI-

2D Study, where SS≥ 23 represented approximately 21% of the

study population (60).

Similar to Cappelletti et al., we did not demonstrate significant

differences between the identified groups in the incidence of CV

risk factors such as HT, obesity, DM, smoking and LDL-C levels (61).

The validity of using SS to assess the prognoses of a relatively

young patient population is justified additionally by the analysis of

Eickhoff et al., which found that SS is an independent predictor of

the risk of death 1–2 years after PCI in most patients approximately

75 years of age (62). In contrast, Lin et al. illustrated a positive

correlation between LDL-C and ApoB levels and the severity of

coronary lesions assessed by SS (63).

Tzu-Hsiang Lin et al. demonstrated that among CAD patients

without prior revascularization, the group of subjects with SS≥ 23

had a notably higher LDL-C level than the group with low SS.

Furthermore, SS≥ 23 points was associated not only with

dyslipidaemia, defined as an elevated LDL-C, TC and TC/HDL-C

ratio, but also with a history of statin use before hospitalization and

HT. However, the investigators did not assess Lp(a) and its

correlation with SS (64). The association between higher levels of Lp

(a) and the severity of CAD was demonstrated by both Ooi et al. and

Farnier et al. They found that the Lp(a) concentration was associated

with both Gensini and CAGE scores and remained important

following adjustments for conventional CVD risk factors (65). In

addition, in patients hospitalized for myocardial infarction, very high

Lp(a) levels were independently associated with a severe CAD

burden measured by SS and more frequent multivessel disease (66).

An analysis of patients with ACS and CAD diagnosed at <60 years

of age depicted that elevated Lp(a) and LDL-C levels were independent

predictors of higher SS scores in this group of patients (67).

Interestingly, the results of another study suggested that the

relationship between the Lp(a) and SS score persists only in the

LDL-C ≥100 mg/dl group, and Lp(a) >30 mg/dl is an

independent predictor of the severity of coronary artery stenoses

defined as SS≥ 23 points only in the LDL-C ≥100 mg/dl group

(68). In our study, we did not find that the association between

Lp(a) and SS was influenced by LDL-C ≥100 mg/dl and attaining

the target LDL-C level of <55 mg/dl.

Although current ESC guidelines for the management of

dyslipidaemia recommend that Lp(a) levels should be measured

at least once in every adult, in routine practice, the test is

performed rarely, even in patients with documented

atherosclerosis and very high cardiovascular risk (44, 56, 69).

In a multicenter, cross-sectional epidemiological

Lp(a)HERITAGE study to evaluate the incidence of elevated Lp

TABLE 4 Summary of the general classification performance of model 1 and model 2.

Model AUC Sensitivity Specificity PPV NPV Accuracy of
SS≤ 22 pts

Accuracy of
SS≥ 23 pts

Accuracy
(overall)

OR [95%
CI]

p

Model 1 0.6198

[0.4066–0.833]

0.5455

[0.2727–0.8182]

0.7797

[0.7034–0.8475]

0.1875 0.9485 0.7797 0.5455 0.7597 4.246

[1.199–15.032]

0.027

Model 2 0.7973

[0.7009–0.8938]

0.7273

[0.5455–0.9091]

0.7333

[0.65–0.8083]

0.3333 0.9362 0.7333 0.7273 0.7324 7.333

[2.64–20.373]

0.0001

Abbreviations: AUC, area under the curve; NPV, negative predictive value; PPV, positive predictive value; SS, SYNTAX score.
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(a) in patients with known ASCVD (post-myocardial infarction,

ischemic stroke or PAD), nearly 90% of the obtained Lp(a)

results were not known before enrolment (24). Catapano et al.

reported that even after a measurement, information about the

Lp(a) level is not commonly considered in the management of

most patients with ASCVD (70).

The modern healthcare system allows the relatively rapid

generation of large and complex datasets to obtain new knowledge

about patient care. Identifying effective, useful and generalizable

relationships by combining sets of information using advanced

analytical methods allows the elucidation of patterns that may be

applicable to everyday clinical practice. Pilger et al. pointed out

that mathematically combining the analyzed variables (here,

laboratory data, including lipid parameters) using LDA can

significantly improve the classification of peripheral arterial

atherosclerosis (71). The use of Fisher’s analysis in designing

screening tests based on biochemical and demographic indicators

was also highlighted in a retrospective assessment to predict the

formation and location of atherosclerotic plaques in carotid

arteries (72). Ricciardi et al.’s analysis underscored that the

discussion of the practical implementation of data mining

techniques and the importance of LDA were useful tools in

predicting coronary artery disease and making clinical decisions (73).

We have chosen LDA for its well-known ability to provide a

linear combination of predictors that maximally separates groups

(classes), which facilitates straightforward interpretation in a

clinical context. Additionally, it is computationally efficient and

suitable for our sample size, making it preferable to more complex

machine-learning methods (e.g., neural networks or ensemble tree-

based solutions) that require larger datasets and can be more

challenging to interpret. While logistic regression is also

commonly used for classification by estimating the probability of

an outcome, LDA explicitly aims to identify linear decision

boundaries that facilitate more straightforward interpretation,

aligning well with classification goals of this study. LDA explicitly

identifies linear combinations of variables that maximize

separation between groups, while, on the other hand, logistic

regression focuses on estimating the probability of an outcome.

Although LDA is considered a foundational machine-learning

technique for classification, it still does have classical statistical

roots. The stepwise procedure we used helps systematically

evaluate the contribution of multiple potential predictors, aligning

well with the data-driven nature of our investigation. A more

detailed discussion of LDA can be found elsewhere (51, 52).

An analysis of 3316 patients enrolled in the Ludwigshafen Risk

and Cardiovascular Health (LURIC) study showed that using

Lp(a) as one of the laboratory parameters in a machine learning

predictive model can reduce the need for invasive diagnostic

techniques. A high lipoprotein(a) concentration was positively

associated with angiographic CAD (41). Furthermore, the potential

of these findings was demonstrated in the extension analysis in

Young Finns Study (YFS) (74). The applicability to atherosclerotic

vascular disease in a younger population was confirmed (41).

Model 1 distinguished patients with SS≥ 23 points from

patients with SS≤ 22 points by the Lp(a) cut-off point of 63.5

mg/dl [sensitivity 0.546, specificity 0.780; AUC 0.62 (95% CI:

0.41–0.83); p = 0.027]. However, the obtained level of significance

implies a limited practical value for the indicated model.

Although the AUC is at the 62% level, the 95% confidence

interval falls within the value of 50% (95% CI: 41%–83%), which

indicates a rather poor overall classification performance. This is

confirmed by the low sensitivity (about 55%) and very low PPV

of the model, which is about 19%. In contrast, the levels of

specificity (78%) and NPV (95%) are satisfactory. The above data

suggest that the model based on the designated threshold for

Lp(a) is more accurate in identifying patients from the

SS≤ 22-point group (78%), but in fact is very often mistaken in

identifying patients from the SS≥ 23-point group (55%).

An attempt to increase the clinical value of Lp(a) in predicting

the severity of coronary artery stenosis was the use of LDA,

considering potential confounding variables, followed by ROC

analysis. Confounding variables were defined as classic CVD risk

factors, including age, sex, BMI, smoking, LDL-C level, statin

use, HT, DM (type 1 or 2), positive family history of CAD and

stage G3. Model 2, built based on 4 variables—3 continuous

predictors [Lp(a), LDL-C, age] and 1 qualitative predictor

(gender)—was characterized by comparable accuracy in

identifying people from the 2 previously distinguished groups of

CAD severity: SS ≤ 22 points and SS≥ 23 points.

This time, the AUC was 80%, which is higher than in Model 1,

based on the Lp(a) variable alone, and the 95% confidence interval

did not include the value of 50% (95% CI: 70%–89%), which

indicates the relatively good overall classification efficiency of

Model 2. Both the sensitivity (73%) and specificity (73%) of the

model were considered satisfactory. In this case, the PPV of

the model was higher than previously (33%). However, it was

still relatively low. The NPV was 94%, considered a satisfactory

value. In conclusion, the additional inclusion of parameters other

than Lp(a) in the analysis, in this case selected CVD risk

factors—age, gender and LDL-C level—allows the creation of a

statistical model characterized by comparable accuracy in

identifying patients from SS groups ≤22 points and ≥23 points,

which may have potential applications in everyday clinical

practice. The odds ratio (OR) in Table 4 compares patients’

actual SS classifications with those obtained using models 1 and 2.

The value of the linear discriminant function (LDF1) was

calculated according to the above equation. The mean value of

LDF1 was higher in the SS≥ 23 point group than in the SS≤ 22

point group (Table 1). Thus, higher values for Lp(a), LDL-C and

age will result in elevated LDF1 values and a higher probability

that the subject will be classified by Model 2 as SS≥ 23 points.

Female gender (“F”) reduces the LDF1 value by 1.2149, which

results in a lower probability that a subject will be assigned to the

SS≥ 23 point class. Consequently, the SS≥ 23-point group will

include a higher percentage of subjects with elevated Lp(a) and

LDL-C levels, as well as older patients, and more men than women.

Currently available statistical tools include a huge range of

multivariate modelling methods. A comprehensive comparison of

the obtained models would certainly be beyond the scope of this

manuscript and was not its purpose. In our study, we attempted to

estimate the predictive ability of a multivariate statistical model

based on a suitable and well-known method of linear discriminant
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function analysis. Further research and modifications using other

available methods are reasonable for improving its clinical value.

In summary, we want to underscore the importance of

simultaneous measurements of Lp(a) concentrations and lipid

profiles in patients undergoing coronary angiography. An Lp(a)

level of 63.5 mg/dl can be the cut-off point for the identification

of subjects with SS≥ 23. However, the proposed LDA-based

modelling using Lp(a), LDL-C, age and gender may be an

applicable tool for the preliminary identification of patients at

risk of more complex coronary artery lesions. Based on those

findings, we can propose a pragmatic tool to prioritize patients

with pCAD qualified for coronary angiography. Implementing a

machine-learning approach may simplify the decision-making

process in patients with pCAD.

5 Limitations

The study population was relatively small, which limits the ability

of implementing the results to a wider population. Nevertheless, it

should be emphasized that the recruitment was limited

significantly by the COVID-19 pandemic ongoing during the

collection of the study cohort. The results of the current study

should be interpreted with caution, emphasizing the need for

additional analyses with larger samples, enabling a more

comprehensive assessment of the stability and performance of the

model. Although a training set (70% of the data) and a test set

(30%) were employed in our LDA modeling, the total number of

participants (approximately 150) may not be sufficient to draw

definitive conclusions. Consequently, any findings derived from the

LDA must be interpreted with particular caution, as the small

sample size limits the generalizability and robustness of the results.

Although the SS analysis in our study was performed by two or,

in questionable cases, three experienced invasive cardiologists, the

possibilities of discrepancies between observers, correlated with

the partially subjective nature of the assessment, were previously

reported (75).

The strength of our study is the supervised machine learning

approach (76).
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