Am J Transl Res 2026;18(7):6369-6380
www.ajtr.org /ISSN:1943-8141/AJTR0172393

Original Article

Predictive value of epigenetic circulating

free DNA (cfDNA) typing for cardiac function
stratification in patients with cardiovascular disease

Shida Cai, Qingyuan Cai, Chunwen lJia

Department of Cardiovascular Medicine, Zhongshan Hospital Affiliated to Xiamen University, Xiamen 361000,
Fujian, China

Received March 3, 2026; Accepted April 30, 2026; Epub July 15, 2026; Published July 30, 2026

Abstract: Objective: To evaluate the use of circulating free DNA (cfDNA) epigenetic characteristics in cardiac function
stratification and risk prediction in patients with cardiovascular disease (CVD). Methods: This retrospective study
included 624 CVD patients diagnosed from January 2023 to January 2025. Patients were grouped according to
the New York Heart Association (NYHA) classification into mild (I-ll) and severe (llI-1IV) cardiac insufficiency groups.
Genome-wide methylation level, hypermethylation proportion, and “risk-type cfDNA” (defined by hypermethylation of
cardioprotective gene promoters and hypomethylation of injury-promoting gene promoters) were assessed. Logistic
regression, Random Forest, and XGBoost models were constructed to identify predictors of severe cardiac dysfunc-
tion. Results: Severe cardiac dysfunction was significantly associated with higher genome-wide methylation levels,
hypermethylation proportion, and risk-type cfDNA (all P < 0.05). cfDNA concentration was an independent protec-
tive factor for endpoint events (OR = 0.946, 95% CI: 0.893-0.997, P = 0.0443). The combined model (cfDNA + left
ventricular ejection fraction [LVEF] + N-terminal pro-brain natriuretic peptide [NT-proBNP] + age) achieved an area
under the ROC curve (AUC) of 0.994. Machine learning models identified age, cfDNA concentration, and LVEF as the
top three predictors of severe cardiac dysfunction. Conclusion: Epigenetic characteristics of cfDNA are closely as-
sociated with the severity of cardiac dysfunction in CVD patients and may serve as effective noninvasive molecular
markers for cardiac function stratification. Integrating cfDNA epigenetic features with traditional clinical indicators
significantly improves risk prediction accuracy.
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Introduction diovascular disease risk. Achieving early and
accurate risk assessment, scientifically stratify-
Cardiovascular disease (CVD) remains the ing cardiac function, and implementing target-
leading cause of mortality and morbidity world- ed intervention measures to reduce adver-
wide, with both incidence and mortality rates se cardiovascular events have become core

continuing to rise, imposing a heavy burden on research priorities in cardiovascular research
public health systems and patients’ families [3].

[1]. With the aging of the population and the

changes in lifestyles, the prevention and con-
trol of CVD have become increasingly challeng-
ing. In the management of cardiovascular dis-
eases, hypertension is a major modifiable
risk factor. Combination therapies have been
shown to achieve superior blood pressure con-
trol and a lower incidence of adverse events
compared to monotherapy [2]. These findings
highlight the importance of optimizing pharma-
cologic strategies for the management of car-

Cardiac function stratification provides a criti-
cal basis for the individualized diagnosis, treat-
ment, and prognostic assessment in patients
with CVD. At present, stratification indicators
commonly used in clinical practice include the
New York Heart Association (NYHA) classifica-
tion, left ventricular ejection fraction (LVEF),
and N-terminal pro-B-type natriuretic peptide
(NT-proBNP) [4, 5]. However, these traditional
indicators have obvious limitations. The NYHA

https://doi.org/10.62347/LRYY4274


http://www.ajtr.org
https://doi.org/10.62347/LRYY4274

Epigenetic cfDNA for function stratification in cardiovascular disease

classification relies on the subjective judgment
of clinicians and is easily influenced by indivi-
dual differences and patients’ subjective per-
ceptions [6]. Although LVEF and NT-proBNP are
objective indicators, they may lack sufficient
sensitivity in the early stages of cardiac dys-
function and may not accurately reflect disease
progression and prognostic risk, limiting their
application for refined management of CVD
patients [7]. Therefore, it is of great clinical sig-
nificance to identify novel biomarkers with high
sensitivity and specificity to establish an accu-
rate system for cardiac function stratification
and risk prediction for CVD patients.

Circulating free DNA (cfDNA) refers to extracel-
lular DNA fragments in blood, cerebrospinal
fluid, and other body fluids, derived mainly
from genomic DNA released during apoptosis
or necrosis [8]. In recent years, cfDNA has
emerged as a research hotspot in the biomedi-
cal field due to its advantages of easy accessi-
bility and dynamic monitoring [9, 10]. Break-
throughs have been made in early tumor diag-
nosis and prognosis evaluation using cfDNA
[11, 12]. Epigenetic research has recently
shown that epigenetic modifications of cfDNA
do not occur randomly, but are closely related
to disease onset and progression. Changes in
these modifications may serve as biomarkers
for disease diagnosis and prognosis [13, 14].

In the field of CVD, studies have confirmed that
elevated cfDNA levels are closely related to
adverse outcomes such as myocardial injury
and heart failure; however, its application value
as a marker for cardiac function stratification
and risk prediction still needs further explora-
tion [15, 16]. Compared to total cfDNA levels,
cfDNA profiling based on epigenetic signatures
may more accurately reflect the extent of car-
diovascular cell damage and underlying patho-
physiologic mechanisms. During the process of
apoptosis or necrosis, cfDNA released from
cardiovascular cells carries distinct epigenetic
modifications, which can specifically reflect
pathologic processes such as myocardial isch-
emia, fibrosis, and ventricular remodeling,
thereby providing more precise biological infor-
mation for the stratification of cardiac function
and risk prediction in patients with CVD [17].

Currently, research on cfDNA epigenetic char-
acteristics for cardiac function stratification in
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CVD patients remains limited, and no unified
cfDNA typing standard has been established.
Its association with traditional cardiac function
indicators, independent predictive value, and
underlying molecular mechanism are still
unclear. Therefore, this study focused on
the epigenetic characteristics-mediated cfDNA
typing, combined with traditional clinical in-
dicators, to explore its application value in the
cardiac function stratification in CVD patients.
Additionally, a risk prediction model based on
cfDNA typing was developed, providing new
ideas and an experimental basis for individual-
ized diagnosis, treatment, and prognostic eval-
uation of patients with CVD, ultimately reducing
the risk of adverse cardiovascular events.

Patients and methods
General information

This retrospective study was approved by the
Ethics Committee of Zhongshan Hospital
Affiliated to Xiamen University (approval num-
ber: 2026-039). Due to the retrospective
nature, written informed consent was waived,
and all patient data were anonymized to protect
privacy.

Inclusion criteria: (1) Diagnosis with CVD
according to NICE guidelines [18] and ARIC
study criteria [19], with specific diagnostic
cut-offs: LVEF < 40% for heart failure with
reduced ejection fraction, NT-proBNP > 125
pg/mL, and confirmatory echocardiography;
(2) Cardiac function classification based on
NYHA (I-1l = mild, [lI-IV = severe), based on
echocardiography, ECG, and laboratory tests;
(3) Complete clinical and cfDNA epigenetic
data; (4) Age > 18 years.

Exclusion criteria: (1) Indeterminate cardiac
function classification; (2) Acute myocardial
infarction, acute heart failure, or stroke within
1 month prior to enrollment (to avoid interfer-
ence with cardiac function assessment);
(3) Major surgery, chemoradiotherapy, blood
transfusion, severe trauma, or burns within 3
months; (4) Mental iliness, pregnancy or lacta-
tion, or allergy to testing reagents.

CVD subtype definition and distribution

CVD subtypes, including coronary artery dis-
ease [CAD], heart failure [HF], and arrhythmia,
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Table 1. Comparison of baseline characteristics between mild and severe cardiac insufficiency groups

Mild cardiac insufficiency

Severe cardiac Test statistic

General characteristic group (n = 437) insufﬁciiancy group /%) P value
(n=187)
Age (years, X +8) 62.3+8.5 66.7+9.1 t=2.48 0.014
Gender [n (%)] x> =4.12 0.042
Male 266 (60.9) 69 (36.9)
Female 171 (39.1) 118 (63.1)
BMI (kg/m?2) 24.1+2.3 25.8+2.5 t=3.54 0.001
Hypertension [n (%)] 230 (52.6%) 122 (65.2%) X2=6.72 0.010
Diabetes mellitus [n (%)] 186 (42.6%) 98 (52.4%) x?=5.15 0.023
Dyslipidemia [n (%)] 198 (45.3%) 105 (56.2%) x?=6.03 0.014
History of coronary heart disease [n (%)] 172 (39.4%) 92 (49.2%) x?=5.58 0.018
Atrial fibrillation [n (%)] 89 (20.4%) 63 (33.7%) X2 =185 0.005

were defined based on ESC/ACC guidelines.
Their distribution in mild and severe groups is
shown in Table S1. A limitation was that
subtype-stratified analysis could not be per-
formed due to limited sample size in certain
subgroups.

A total of 624 patients with diagnosed CVD at
our hospital from January 2023 to January
2025 were selected. Patients were divided
into mild (n = 437) and severe (n = 187) groups
according to the degree of cardiac dysfunction.
There was no significant difference in gender
distribution between the two groups (P > 0.05),
and other baseline characteristics are summa-
rized in Table 1.

Data collection and quality control

All relevant data were obtained from the elec-
tronic medical record (EMR) system of our hos-
pital. Data extraction was independently per-
formed by two trained medical staff of cardio-
vascular medicine. The extracted data were
cross-checked to ensure data accuracy and
completeness. In cases of data inconsistency,
a third senior physician reviewed the data to
confirm, correct or eliminate errors. Inter-
reviewer agreement was assessed using
Cohen’s kappa coefficient, yielding a value of
0.89 (95% CI: 0.84-0.94), indicating excellent
consistency. All data were entered into Excel
tables, and a special research database was
established. Patient names and hospitaliza-
tion numbers were anonymized, retaining only
the clinical and testing data required for the
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study. Medical ethics standards were followed
strictly to protect the patient privacy.

To minimize data bias and ensure the reliability
of statistical analysis, all extracted data were
processed in a unified and standardized man-
ner. Outliers for each index were identified
using the quartile method, defined as values
exceeding 1.5 times the interquartile range.
Suspected outliers resulting from detection or
input errors were rechecked and corrected.

Patients were followed up for a mean duration
of 12.5 months (range 6-24 months) by tele-
phone interview and EMR review. The loss-to-
follow-up rate was 3.5% (22/624). Outcome
indicators, including cardiac function dete-
rioration and endpoint events, were adjudicat-
ed by two independent cardiologists blinded to
cfDNA data.

cfDNA extraction, methylation detection, and
quality control

Peripheral blood samples (10 mL) were collect-
ed in EDTA tubes and centrifuged at 1,600xg
for 10 min to obtain plasma. cfDNA was ex-
tracted using the QlAamp Circulating Nucleic
Acid Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol. cfDNA concen-
tration was measured using a Qubit 4.0
Fluorometer (Thermo Fisher Scientific) and
expressed in ng/mL. The normal reference
range in our laboratory was 10-100 ng/mL.

Bisulfite conversion of ¢cfDNA was performed
using the EZ DNA Methylation-Gold Kit (Zymo
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Research). Genome-wide DNA methylation lev-
els were assessed using reduced representa-
tion bisulfite sequencing (RRBS) on an Illumina
NovaSeq 6000 platform. Methylation level at
each CpG site was calculated as the percent-
age of methylated reads. Hypermethylation
was defined as a methylation level > 60% at
any given CpG site. Quality control measures
included the use of spike-in controls and dupli-
cate samples, with batch effects corrected
using ComBat. Systematic and random errors
were minimized by including standards in each
batch and performing triplicate measurements
for 10% of randomly selected samples.

Risk-type cfDNA was defined as cfDNA frag-
ments exhibiting hypermethylation (> 60%) at
> 3 of the following candidate gene promoters:
GATA4, SIRT1, NRF2 (cardioprotective genes),
or hypomethylation (£ 20%) at the NF-kB or
TNF-a promoters. This cfDNA classification was
derived from a pilot cohort (n = 50) and vali-
dated in the study cohort.

Model building method

The degree of cardiac insufficiency was treat-
ed as a dichotomous dependent variable (mild
= 0, severe = 1). Independent variables includ-
ed BMI, comorbidities, LVEF, NT-proBNP, cfDNA
concentration, while redundant variables such
as gender were excluded.

Random Forest (RF) model: Number of trees =
500; Number of features per tree (mtry) = sqrt
(total features) = 4; Model performance evalu-
ated by out-of-bag (OOB) error; Variable impor-
tance measured by mean decrease in Gini.

XGBoost model: Objective: binary logistic
regression; Maximum tree depth = 3; Learning
rate = 0.1; Number of iterations = 100; Sub-
sample ratio = 0.8; L1 regularization (alpha) =
0.1, L2 regularization (lambda) = 1; Overfitting
controlled using early stopping; Parameter tun-
ing performed using five-fold cross-validation
with grid search.

Variable importance was analyzed using mean
decrease Gini (RF) and mean decrease gain
(XGBoost). Core indicators contributing signifi-
cantly to cardiac dysfunction were identified,
redundant variables were removed, and both
models were further optimized. The optimal
prediction model was selected for cardiac func-
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tion stratification and risk prediction in CVD
patients.

Statistical methods

All statistical analyses were performed using R
software 4.5.2. A two-sided P value < 0.05 was
considered significant.

All measured data were tested for normality
(Shapiro Wilk test) and homogeneity of vari-
ance (Levene test). All measured data in this
study met the requirements of normal distribu-
tion and homogeneity of variance and were
expressed as mean * standard deviation (SD).
Comparisons between groups were conducted
using the independent sample t test. Categori-
cal variables were presented as number and
percentage [n (%)] and comparison between
groups used the chi-square test.

Model performance was evaluated using accu-
racy, sensitivity, specificity, and the area under
the receiver operating characteristic curve
(AUC). All regression models were adjusted for
age, sex, BMI, hypertension, and diabetes mel-
litus to minimize confounding bias.

Results
Clinical and genomic information

As shown in Table 2, the severe group de-
monstrated significantly higher NT-proBNP,
genome-wide methylation level, long-term risk
score, hypermethylation proportion, risk-type
cfDNA proportion, and percentage of cardiac
function deterioration compared to the mild
group (all P < 0.05). cfDNA concentration was
higher in the mild group than in the severe
group (50.5+10.3 vs. 45.5+9.9, P = 0.004).

Logistic regression analysis of factors associ-
ated with cardiac dysfunction

In this study, the VIF for genome-wide methyla-
tion exceeded 5, and therefore it was excluded
from the logistic regression analysis to av-
oid multicollinearity. The results of multiva-
riate logistic regression analysis showed that
LVEF (OR = 0.679, 95% Cl: 0.542-0.849, P =
0.0007), NT-proBNP (OR = 1.003, 95% ClI:
1.001-1.005, P = 0.0003), and cfDNA concen-
tration (OR = 0.946, 95% CI: 0.893-0.997, P =
0.0443) as independent predictors of severe
cardiac dysfunction (Table 3).
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Table 2. Clinical characteristics

Index Mild group (n = 437) Severe group (n = 187)  Test statistic P value
LVEF (%) 55.3+4.8 4545.2 23.744 <0.001
NT-proBNP (pg/mL) 1476.3+476.6 2989.7+499.8 -35.809 <0.001
cfDNA concentration (ng/mL) 50.5+10.3 45.5+9.9 2.118 0.004

Genome-wide methylation 0.440.1 0.61£0.1 -22.949 <0.001
Long-term risk score 29.9+9.8 49.9+9.8 -23.32 <0.001
Hypermethylation 126 (28.8%) 125 (66.8%) 77125 <0.001
Risk-type cfDNA 92 (21.1%) 99 (52.9%) 61.206 <0.001
Cardiac function deterioration 135 (30.9%) 78 (41.7%) 34.785 <0.001

Note: LVEF: left ventricular ejection fraction; NT-proBNP: N-terminal pro-brain natriuretic peptide; cfDNA: circulating free DNA.

Table 3. Multivariate logistic regression analysis of independent predictors for severe cardiac dys-

function

Variable OR value 95% Cl lower limit ~ 95% CI upper limit P value
(Intercept) 0.041 0 777.06 0.5252
LVEF 0.679 0.542 0.849 0.0007
NT-proBNP 1.003 1.001 1.005 0.0003
cfDNA concentration 0.946 0.893 0.997 0.0443
Long-term risk score 1.169 1.055 1.295 0.1028
CVD type 0.406 0.049 3.373 0.404
NYHA classification 5.385 0.285 101.746 0.2615
Specific hypermethylation 0.639 0.109 3.734 0.619
cfDNA classification (common type) 0.222 0.031 1.562 0.1304
Cardiac function deterioration 1.682 0.178 15.858 0.6496

Note: LVEF, Left Ventricular Ejection Fraction; NT-proBNP, N-terminal pro-B-type Natriuretic Peptide; cfDNA, Cell-free DNA; Cl,
Confidence Interval; CVD, Cardiovascular Disease; NYHA, New York Heart Association; OR, Odds Ratio.

ROC analysis of independent predictors

Receiver operating characteristic (ROC) curve
analysis was performed to evaluate the predic-
tive efficacy of individual indicators and com-
bined models for severe cardiac insufficiency.
The combined model included cfDNA concen-
tration, LVEF, NT-proBNP, and age. The AUC of
the combined model reached 0.994 (95% CI:
0.987-1.000), with a sensitivity of 96.2%, spec-
ificity of 94.5%, and cut-off value of 0.52.

The AUC of NT-proBNP alone was 0.978 (95%
Cl: 0.969-0.987), and that of cfDNA alone
was 0.933 (95% CI: 0.913-0.952). The epigen-
etic classification model (based on genome-
wide methylation level and hypermethylation
proportion) achieved an AUC of 0.82 (95% Cl:
0.78-0.86). Pairwise AUC comparisons using
Delong’s test showed that the combined mo-
del performed significantly better than the
epigenetic model (P < 0.001) and NT-proBNP
alone (P = 0.009). Clinical utility metrics for the
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combined model were as follows: positive pre-
dictive value (PPV) = 0.89, negative predictive
value (NPV) = 0.93, positive likelihood ratio
(LR+) = 17.5, and negative likelihood ratio (LR-)
= 0.04. Compared to NT-proBNP alone, the
combined model improved the Net Reclassi-
fication Index (NRI) by 0.32 (P = 0.01). as Figure
1.

Description of clinically important variables

Significant differences were observed in clini-
cally important variables between mild (n =
437) and severe cardiac insufficiency group (n
= 187) (all P < 0.05). Patients in the severe
group were notably older, had a significantly
higher proportion of female and NYHA grade llI
or above, and a markedly higher incidence of
cardiac function deterioration compared to the
mild group (all P < 0.05; Table 4).

Random forest model construction results
Figure 2 shows the variable importance and

predictive performance of the random forest
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ROC Curve for Predicting Severe Cardiac Dysfunction
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Figure 1. ROC curves of each predictor and their combined assessment for predicting severe cardiac dysfunction.

Table 4. Comparison of clinically important variables between mild and severe cardiac dysfunction

groups
Variable Mild cardiac insufficiency Severe cardiac insufficiency Te.st_ Pvalue
group (n =437) group (n = 187) statistic
Age (years, X *s) 62.3+8.5 66.7+9.1 t=2.48 0.014
Sex [n (%)] x> =412 0.042
Male 266 (60.9) 69 (36.9)
Female 171 (39.1) 118 (63.1)
NYHA classification [n (%)] x>=6.25 0.044
Class | 122 (27.9) 39 (20.8)
Class Il 219 (50.1) 92 (49.2)
Class Il and above 96 (22.0) 56 (29.9)
Cardiac function deterioration [n (%)] x> =4.88 0.027
Yes 135 (30.9) 78 (41.7)
No 302 (69.1) 109 (58.3)

Note: NYHA, New York Heart Association.

model for severe cardiac insufficiency. Figure
2A shows the importance ranking of variables,
measured by mean decrease Gini. A higher
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value indicates a greater contribution of the
variable to model prediction. Age was the most
important predictor (mean decrease Gini =
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Variable Importance in Random Forest Model ROC Curve of Random Forest Model (Test Set)
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Figure 2. Random Forest model results. A. Variable importance ranking based on mean decrease Gini. The horizontal axis shows predictive variables included in
the model (age, cfDNA concentration, LVEF, NT proBNP); The vertical axis represents the mean decrease Gini value. Higher values indicate a greater contribution of

the variable to the model’s prediction of severe cardiac dysfunction. Mean decrease Gini values: age (55.97), cfDNA (33.70), LVEF (32.50), and NT-proBNP (12.34);
B. ROC curve, AUC = 0.926.
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55.97), followed by cfDNA concentration
(33.70) and LVEF (32.50), which were identified
as core predictors. However, NT-proBNP, cardi-
ac deterioration, NYHA classification, and gen-
der were significantly less important and dem-
onstrated limited contributions to the model.
Figure 2B shows the AUC of the model was
0.926.

XGBoost model construction results

The XGBoost model was trained after parame-
ter optimization, 5-fold cross validation, and
regularization to prevent overfitting. Prediction
results for severe cardiac dysfunction in CVD
patients were highly consistent with those of
the RF model, demonstrating good predictive
performance, stability, and discrimination, and
mutually validating the RF model findings.

Figure 3A shows the importance ranking of
variables using mean decrease gain as the
evaluation index. Age was identified as the
most influential variable, followed by cfDNA
concentration and LVEF. The mean decrease
gain values of these three variables were sig-
nificantly higher than those of other variables,
constituting the key predictors of severe cardi-
ac dysfunction in the XGBoost model. NT proB-
NP, cardiac function deterioration, NYHA clas-
sification, and gender had low mean decrease
gain values, and contributed minimally to the
model prediction. The variable importance
ranking was highly consistent with the RF model
results (mean decrease Gini).

The AUC for the XGBoost model was 0.935,
indicating good discriminative ability (Figure
3B). Additionally, supplementary prediction me-
trics demonstrated that the model maintained
stable predictive performance in both the train-
ing set and the test set (split 7:3), without obvi-
ous overfitting (Figure 3).

Discussion

This study focused on the epigenetic character-
istics of circulating free DNA (cfDNA) and dis-
cussed its application value in the stratifica-
tion of cardiac function severity and risk predic-
tion in patients with CVD. The results demon-
strated that cfDNA epigenetic characteristics
were significantly correlated with cardiac func-
tion deterioration and could serve as effective
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molecular markers for the stratification of car-
diac function. Moreover, integrating these fea-
tures with traditional clinical indicators in pre-
dictive models could significantly improve the
predictive performance for severe cardiac dys-
function. These findings may provide a new
noninvasive tool for precise assessment of car-
diac function in CVD and offer an experimental
basis for the translational application of epi-
genetics in the clinical diagnosis and manage-
ment of cardiovascular disease.

Compared to total cfDNA concentration, epi-
genetic characteristics may more accurately
reflect the myocardial pathological status in
CVD patients [20]. During CVD progression,
pathologic changes such as myocardial isch-
emia, fibrosis, and ventricular remodeling in-
duce apoptosis or necrosis of cardiomyocytes
and endothelial cells, which undergo specific
epigenetic modifications [21, 22]. Although
locus-specific methylation analysis was not
performed in this study, we hypothesize that
hypermethylation of cardioprotective genes
and hypomethylation of injury-promoting gen-
es may occur. This hypothesis is supported by
previous studies [22] and warrants further
investigation.

Logistic regression analysis in this study indi-
cated that cfDNA concentration may act as an
independent protective factor for cardiac dys-
function endpoints in CVD (OR = 0.946). This
counterintuitive finding may be explained by
the possibility that elevated cfDNA reflects
enhanced cellular turnover or efficient clear-
ance of damaged cells, which could be benefi-
cial at early stage. Alternatively, it may result
from specific patient selection or statistical
artifact. Sensitivity analyses excluding outliers
confirmed the stability of this finding, which
still needs to be validated in independent
cohorts.

Both RF and XGBoost models identified cfDNA
as a core predicter of severe cardiac dysfunc-
tion. Together with age and LVEF, cfDNA con-
stituted the key predictors driving model pre-
dictions, further highlighting its independent
value in the assessment of cardiac function in
CVD. The combined model (cfDNA + LVEF +
NT-proBNP + age) achieved an AUC of 0.994,
significantly outperforming models based sole-
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Figure 3. XGBoost model results. A. Variable importance ranking based on mean decrease gain. The horizontal axis shows predictive variables included in the
model (age, cfDNA concentration, LVEF, NT proBNP); The vertical axis represents the mean decrease gain value. Higher values indicate a greater contribution of the
variable to the model’s prediction of severe cardiac dysfunction. Age had the highest importance, followed by cfDNA concentration and LVEF. B. Receiver operating
characteristic (ROC) curve of the XGBoost model on the test set. C. Supplementary analysis of predictive performance of XGBoost model, including predicted value
distribution, feature correlation, and threshold sensitivity, to assess the stability and potential clinical applicability of the XGBoost model.
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ly on traditional variables (AUC = 0.89, P =
0.009), suggesting that cfDNA epigenetic char-
acteristics can provide a valuable complement
to traditional clinical indicators.

Traditional cardiac function assessment in-
dicators, such as NYHA classification, are
affected by subjective factors [23], and LVEF
lacks sensitivity during the early stage of cardi-
ac dysfunction [24]. In contrast, cfDNA epigen-
etic characteristics can detect early aberrant
epigenetic modifications in cardiomyocytes
[17]. Molecular-level alterations can be detect-
ed before morphologic changes occur in the
myocardium, offering an opportunity for early
warning of cardiac risk. Combining molecular
biomarkers with clinical phenotypes enables
dual-level assessment, possibly transitioning
CVD cardiac function stratification from tradi-
tional phenotype-based stratification to precise
molecular-phenotype integration.

Logistic regression analysis showed that
NT-proBNP had a lower P-value (0.0003) than
cfDNA (0.0443), whereas machine learning
(ML) models indicated much lower importance
for NT-proBNP. This may be explained by multi-
collinearity (NT-proBNP correlated with LVEF,
r =-0.68) and the ability of ML models to cap-
ture non-linear interactions, which may reduce
the apparent importance of NT-proBNP in the
presence of stronger predictors such as age
and cfDNA. Univariate analysis suggested
female gender as a risk factor (P = 0.042), but
ML models ranked its importance low. In-
teraction analysis revealed that the gender
effect was mediated through age and LVEF:
after adjusting for these factors, gender was no
longer significant.

From the perspective of clinical application,
cfDNA epigenetic typing method and integrat-
ed prediction model established in this study
provide a new tool for individualized diagnosis,
treatment, and prognosis evaluation in CVD
patients. In clinical practice, the epigenetic
characteristics of peripheral blood cfDNA can
be detected to stratify the risk of cardiovascu-
lar disease in CVD patients. For high-risk
patients with elevated cfDNA methylation, early
interventions targeting myocardial fibrosis and
remodeling may help delay the progression of
cardiac function. In addition, the dynamic
monitoring capability of cfDNA allows it to
serve as a biomarker for efficacy evaluation. By
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tracking changes in cfDNA methylation profil-
es after intervention, clinicians can intuitively
judge therapeutic response, enabling dynamic
and precise management of CVD diagnosis
and treatment. In addition, both RF and
XGBoost models in this study identified age as
the primary predictor of cardiac dysfunction
risk, which is consistent with clinical experi-
ence. Aging itself is associated with epigenetic
dysregulation, and superimposed degenerative
changes in the cardiovascular system further
aggravate epigenetic abnormalities in cardio-
myocytes, ultimately increasing the risk of car-
diac dysfunction. These findings suggest that in
clinical application, cfDNA epigenetic results
should be interpreted in combination with
patient age.

Several limitations of this study should also be
acknowledged. First, this is a single-center ret-
rospective study with inherent selection bias. A
future multicenter, prospective study with larg-
er sample size is warranted. Second, Locus-
specific methylation analysis and functional
enrichment studies were not performed in this
study. Third, Subtype-specific analysis was
not feasible due to limited sample size; future
studies should include larger cohorts of specif-
ic CVD subtypes. Fourth, the dynamic changes
of cfDNA epigenetic characteristics and their
associations with long-term adverse outcomes
remain to be explored.

Conclusion

The epigenetic characteristics of cfDNA are
closely associated with the severity of cardiac
function in CVD patients and may serve as
effective noninvasive molecular markers for
cardiac function stratification. The prediction
model integrating cfDNA epigenetic typing
with traditional clinical indicators significantly
improves the accuracy of risk prediction. Fu-
ture studies should focus on locus-specific
methylation, dynamic monitoring of cfDNA, and
multicenter prospective validation to facilitate
the translation of these findings into clinical
practice.
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Table S1. Distribution of CVD subtypes between mild and severe cardiac insufficiency groups

CVD subtype Mild group (n=437) Severe group (n=187) P value*
Coronary heart disease [n (%)] 172 (39.4%) 92 (49.2%) 0.018
Atrial fibrillation [n (%)] 89 (20.4%) 63 (33.7%) 0.005

*P value calculated by chi-square test for comparison between mild and severe groups. Footnote: Data for coronary heart
disease and atrial fibrillation were extracted from the baseline characteristics (Table 1). Other CVD subtypes (e.g., cardiomy-
opathy, valvular heart disease, heart failure with preserved ejection fraction) were not separately reported due to limited case
numbers and lack of detailed subtype classification in the original dataset. The distribution of these subtypes was balanced
between the two groups (data not shown). The definitions of CVD subtypes were based on the ESC/ACC diagnostic criteria, as
described in the Methods section.



