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1. Introduction Nevertheless, morbidity and mortality remain higher than in the general
population, largely driven by cardiovascular (CV) disease [1].

By the end of 2022, approximately 39 million people worldwide Epidemiological studies report a 1.5- to 2-fold higher CV risk in
were living with Human Immunodeficiency Virus (HIV). Widespread PWH, even among those with full viral suppression, reflecting a complex
adoption of combination active antiretroviral therapy (cART) has sub- interplay of poor control of CV risk factors, immune dysregulation,
stantially prolonged the lifespan of people living with HIV (PWH). inflammation, metabolic derangements, and exposure to antiretroviral
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drugs. Nevertheless, the association between integrase strand transfer
inhibitors (INSTIs) and CV events remains a matter of ongoing and
substantial debate [1,2]. European Society of Cardiology (ESC) guide-
lines recommend the use of SCORE2 [3] for risk estimation in PWH;
however, this tends to underestimate their CV risk. HIV-specific models
(e.g. D:A:D score) partially address this gap but still show limited
discrimination and calibration across cohorts [4].

Machine learning (ML) approaches, allowing for integration of
multiple variables, may improve risk prediction, particularly in pop-
ulations with low event rates. In this context, we developed and vali-
dated a ML-based CV risk prediction model for PWH, named ICONA-ML,
derived from the Italian Cohort Naive Antiretrovirals (ICONA) Foun-
dation Study [5]. Model performance in predicting the risk of long-term
major cardiovascular events was compared with ESC SCORE-2.

2. Methods

The ICONA Foundation Study is a multicentre, prospective obser-
vational cohort enrolling PWH across Italy since 2008. Epidemiological,
clinical, laboratory, and treatment-related data were systematically
collected in an electronic case report form (www.icona.org). All par-
ticipants provided written informed consent, in accordance with the
ethical standards of the committee on human experimentation and the
Helsinki Declaration (last amendment October 2013).

The derivation cohort included all participants without previous CV
events and with at least 10 years of follow-up. Baseline features included
age, sex at birth, smoking status, hypertension, diabetes mellitus, dys-
lipidaemia, blood pressure, lipid profile, baseline CD4+ cell count at
ART initiation, HIV RNA levels at ART initiation, and cumulative
exposure to cART drugs. The primary endpoint was a composite of
mutually exclusive events, including CV death, myocardial infarction,
unplanned coronary revascularization, or stroke, assessed over 10 years.

Categorical variables are reported as counts and percentages, and
continuous variables as mean + standard deviation or median and
interquartile range (IQR). Differences between continuous variables
were assessed using parametric tests (T-test) or non-parametric tests
(Mann-Whitney U test), depending on data distribution. The chi-square
test was employed to evaluate differences between categorical variables.

The ICONA-ML model was developed using a regularized logistic
regression algorithm implemented using Python 3.10 programming
language and the Scikit-learn library. L1-L2 regularization was applied
to mitigate overfitting and improve model generalizability. Associated
hyperparameters were fine-tuned through a 5-fold cross-validation
within the training set. The a priori candidate feature set (see Supple-
mentary Table 3) included traditional CV predictors (e.g. age, sex,
smoking, diabetes, BMI, systolic blood pressure/antihypertensive
treatment, lipid measures/lipid-lowering treatment, family history),
routine laboratory measures (e.g. renal function), and HIV-related fac-
tors (e.g. current/nadir CD4, HIV RNA and cumulative exposure to
major cART drug classes); all candidates were entered into the model-
ling pipeline and retained only if they provided incremental predictive
value, with non-contributory variables excluded when they did not
improve discrimination and overall performance during cross-
validation. Overall performance was evaluated using ten-fold cross-
validation across the full ICONA dataset. In each iteration, nine folds
were used for training and one for testing, with performance metrics
averaged across folds (see Central Illustration). Model performance was
compared with ESC SCORE2 applied to the same cohort. Sensitivity,
specificity, Area Under the Receiver Operating Characteristic Curve
(AUC-ROC), and Area Under the Precision-Recall Curve (AUCPRC) were
calculated for both models.

3. Results

In the derivation cohort of 10,825 participants, 193 (1.7 %) experi-
enced the primary endpoint at 10 years follow-up (Supplementary
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Central Illustration. ICONA-ML score. Top panel: SHapley Additive exPla-
nations (SHAP) Summary Plot: Feature Contributions to Cardiovascular Risk
Prediction. Bottom left panel: process of development of ICONA-ML model. The
model was trained using L1-L2 regularization to minimize overfitting and
enhance generalizability. Associated hyperparameters were fine-tuned through
a 5-fold cross-validation within the training set. The model's performance was
assessed using 10-fold cross-validation within the main ICONA dataset. In each
iteration, nine folds were used for training and one for testing, with metrics
calculated by averaging the results across all folds. Bottom right panel: Receiver
Operating Characteristic (ROC) curve Comparison: ICONA-ML Score vs Euro-
pean Society of Cardiology (ESC) Score 2. Legend. PI: Protease Inhibitors; DM:
diabetes mellitus; NNRTI: Non-nucleoside reverse transcriptase inhibitors;
INSTTI: integrase Strand Transfer Inhibitor; HDL: high density lipoprotein. ROC:
Receiver Operating Characteristic.

Table 1). Participants with events were older (mean age 52 + 11 vs. 37
+12 years, p < 0.001), more frequently smokers (55 % vs. 42 %, p <
0.001), and had a higher prevalence of hypertension, diabetes mellitus,
dyslipidaemia, and family history of CVD. They also showed lower
baseline CD4+ cell counts (2924259 vs. 3544-268.7 cells/mm3, p=
0.002). Exposure to protease inhibitors (PIs) and INSTIs was more
common among participants with events (54 % and 75.6 %, vs. 40.5 %
and 64 %, respectively, both p < 0.001), although the duration of
exposure did not differ significantly (Supplementary Table 2).

In the ML analysis, age, sex at birth, smoking status at enrolment,
hypertension, dyslipidaemia (along with total cholesterol and low-
density lipoprotein), and diabetes mellitus showed the strongest asso-
ciation with the primary endpoint. By contrast, CD4+ count and cART
drugs were not among the most relevant features (see Central Illustra-
tion). Mean Absolute SHapley Additive exPlanations (SHAP) values of
relevant variables are reported in the Central Illustration.

In the derivation cohort, the ICONA-ML model achieved an AUC of
0.87 + 0.04, with high sensitivity (0.94 + 0.04) and moderate speci-
ficity (0.62 + 0.03). In comparison, SCORE2 yielded an AUC of 0.83 +
0.02, with a slightly lower sensitivity (0.92 + 0.05) and a lower speci-
ficity (0.53 £+ 0.03) than ICONA-ML. ICONA-ML also demonstrated
higher precision (0.04 + 0.00 vs. 0.03 + 0.00) and a superior AUCPRC
(0.13 £ 0.04 vs. 0.11 + 0.04) (Supplementary Table 4).

Participants were ranked by predicted 10-year cardiovascular risk
and stratified into deciles to examine risk gradients and calibration
across the full prediction spectrum. Observed 10-year event rates
increased monotonically across deciles, with the greatest separation in
the highest two deciles (observed 10-year event rate 9.6 %). For clinical
interpretability, adjacent deciles were collapsed into three strata: low
(deciles 1-4), moderate (deciles 5-8), and high (deciles 9-10), and
observed and predicted event rates were compared across strata (Sup-
plementary Figures 1-2).

4. Discussion

To the best of our knowledge, this is the first study to apply a
ML-based model to long-term cardiovascular risk prediction for primary
prevention in PWH. ICONA-ML demonstrated high discrimination and
sensitivity, with improved precision and AUCPRC compared with ESC
SCORE2, underscoring the superiority of ML-based approaches in
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handling class imbalances [6].

Although overall accuracy was comparable between ICONA-ML and
SCORE2 [3], the latter may underestimate CV risk in PWH due to the
absence of HIV-related variables. Notably, even if both traditional CV
and HIV-specific risk factors were included in our model, conventional
CV risk factors contributed most strongly to risk prediction, while CD4+
cell count and antiretroviral drug exposure had a more limited impact.
This suggests that chronic metabolic and lifestyle-related conditions
might outweigh immunological and virological parameters in long-term
cardiovascular risk estimation. Despite its strong association with CV
risk [7], the relatively limited contribution of CD4+ cell count may
reflect its ability to capture inflammatory status only within a limited
temporal window. With respect to cART, it should be acknowledged that
certain drugs may be prescribed preferentially to individuals with spe-
cific characteristics, such as renal dysfunction or resistance-associated
mutations, which could indirectly influence CV risk [2].

From a clinical standpoint, ICONA-ML high sensitivity could be
particularly useful for early identification of high-risk participants who
could benefit from intensive primary prevention strategies. Further-
more, ICONA-ML can guide clinicians in categorizing participants into
risk levels (low, moderate, high), tailoring management plans.

5. Limitations

This study has several limitations. The evolving nature of antiretro-
viral therapy and management may not be fully captured, especially
considering the retrospective nature of the study. The relatively low
number of CV events may have led to some degree of overfitting, despite
cross-validation. Some immune-history metrics (e.g. CD4/CD8 ratio,
CD4 nadir and cumulative viremia) were unavailable, not reliably
ascertainable, or not retained after cross-validated feature selection;
thus, their potential incremental contribution to prediction could not be
fully evaluated. The decile-based stratification was used to describe
calibration and clinically interpretable risk gradients; the resulting cat-
egories should not be interpreted as treatment thresholds and would
require external validation and clinical-utility assessment before being
used for decision-making. Furthermore, the study cohort consisted
predominantly of Caucasian individuals of Italian origin, potentially
limiting generalizability. Finally, emerging biomarkers and imaging
markers of subclinical atherosclerosis were not included and may
further enhance risk prediction in future iterations of the model.

6. Conclusion

ICONA-ML is a novel ML-based tool for CV risk prediction in PWH for
primary prevention. By providing high sensitivity and -clinically
actionable risk stratification, it may support earlier and more person-
alized preventive interventions. External validation in diverse pop-
ulations is warranted before widespread clinical implementation.
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