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Abstract

Background: The non-high-density lipoprotein cholesterol (non-HDL-C) / high-density
lipoprotein cholesterol (HDL-C) ratio has emerged as a marker of residual vascular risk;
however, its role in patent foramen ovale (PFO)-associated cryptogenic stroke (CS) re-
mains unclear. We investigated the association between the non-HDL-C/HDL-C ratio
and CS in patients with PFO and evaluated its incremental predictive value beyond the
Risk of Paradoxical Embolism (ROPE) score. Methods: This retrospective study included
316 patients with confirmed PFO, including 56 patients with CS. Multivariable logistic
regression, restricted cubic spline analysis, ROC analysis, net reclassification improvement
(NRI), integrated discrimination improvement (IDI), decision curve analysis, and bootstrap
internal validation were performed. Results: Patients with CS had significantly higher
non-HDL-C/HDL-C ratio levels than those without CS (p < 0.001). In multivariable analy-
sis, the non-HDL-C/HDL-C ratio remained independently associated with CS (OR: 1.881,
95% CI: 1.310-2.700, p < 0.001). Restricted cubic spline analysis demonstrated a significant
nonlinear association between the non-HDL-C/HDL-C ratio and CS risk (overall p = 0.001;
nonlinear p = 0.015). Addition of the non-HDL-C/HDL-C ratio to the ROPE score im-
proved discrimination, increasing the AUC from 0.781 to 0.819 (DeLong p = 0.010), and
significantly improved risk reclassification (continuous NRI: 0.555, p = 0.002; IDI: 0.057,
p = 0.002). Internal validation demonstrated stable model performance with minimal opti-
mism. Conclusions: The non-HDL-C/HDL-C ratio was independently associated with
CS and demonstrated potential incremental predictive value beyond the ROPE score in
patients with PFO. These findings suggest that metabolic lipid burden may contribute
to thromboembolic susceptibility and may improve individualized risk stratification in
PFO-related stroke.

Keywords: patent foramen ovale; cryptogenic stroke; non-HDL-C/HDL-C ratio; ROPE
score; risk stratification

1. Introduction

Patent Foramen Ovale (PFO) is present in approximately 20-25% of the general popu-
lation and is observed more frequently among patients with cryptogenic stroke (CS) [1,2].
Although paradoxical embolism is considered the principal mechanism linking PFO to is-
chemic events, most individuals with PFO remain asymptomatic, suggesting that additional
risk modifiers contribute to thromboembolic susceptibility [3].

The Risk of Paradoxical Embolism (ROPE) score was developed to estimate the like-
lihood that a detected PFO is causally related to stroke [4]. More recently, contemporary
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reviews have emphasized that risk assessment in patients with PFO should integrate clini-
cal, anatomical, and patient-specific factors to better identify pathogenic PFO and guide
individualized management [5]. However, the ROPE score primarily incorporates age
and conventional vascular risk factors and does not account for metabolic determinants
of thrombosis. Dyslipidemia has been implicated in endothelial dysfunction, platelet
activation, and systemic prothrombotic states, mechanisms that may increase embolic
susceptibility in patients with PFO beyond its established role in atherosclerosis [6,7].

Non-high-density lipoprotein cholesterol (non-HDL-C) reflects the total burden of
atherogenic lipoproteins, while HDL cholesterol (HDL-C) exerts anti-inflammatory and
antithrombotic effects. The non-HDL-C/HDL-C ratio integrates both components and has
emerged as a strong predictor of adverse cardiovascular outcomes [8,9]. Nevertheless, its
potential role in PFO-associated CS has not been adequately investigated.

Therefore, we aimed to evaluate the association between the non-HDL-C/HDL-C
ratio and CS in patients with PFO and to determine whether this metabolic index provides
incremental discriminatory value beyond the ROPE score.

2. Methods

This retrospective observational study included 316 consecutive patients with con-
firmed Patent Foramen Ovale evaluated between January 2018 and December 2025 at
a tertiary cardiovascular center. PFO diagnosis was established by transesophageal echocar-
diography with contrast-enhanced bubble study. Patients were classified according to
the presence of CS: 56 patients (17.7%) constituted the CS group and 260 patients (82.3%)
had no history of CS. CS was defined as an ischemic cerebrovascular event confirmed by
neuroimaging in the absence of an alternative identifiable etiology after standard diag-
nostic work-up, including cardiac rhythm monitoring and vascular imaging. In patients
with cryptogenic stroke, atrial fibrillation was excluded by standard diagnostic evaluation,
including 12-lead electrocardiography during hospitalization and 24 h Holter ECG moni-
toring. Patients with atrial fibrillation, significant carotid stenosis (>50%), known non-PFO
cardioembolic sources, active malignancy, or incomplete or missing data were excluded.
The study protocol complied with the Declaration of Helsinki and was approved by the
institutional ethics committee.

Baseline demographic and clinical variables included age, sex, hypertension, diabetes
mellitus, hyperlipidemia, smoking status, and chronic obstructive pulmonary disease.
Echocardiographic parameters comprised left ventricular ejection fraction, presence of
interatrial septal aneurysm, PFO tunnel length and diameter (mm), and Eustachian valve.
The ROPE score was calculated for all patients using the original ROPE score described by
Kent et al. [4].

Fasting blood samples were obtained at admission and included hemoglobin, platelet
count, leukocyte count, glucose, creatinine, total cholesterol, LDL-C, HDL-C, and triglyc-
erides. Non-HDL-C was calculated as total cholesterol minus HDL-C. The primary
metabolic variable was the non-HDL-C/HDL-C ratio.

Statistical Analysis

Continuous variables were tested for normality using the Kolmogorov-Smirnov test
and are presented as mean =+ standard deviation or median (interquartile range), as ap-
propriate. Group comparisons were performed using the independent samples t-test
or Mann-Whitney U test. Categorical variables were compared using the chi-square or
Fisher’s exact test.

Covariates included in the multivariable models were selected a priori based on
clinical relevance and evidence from previous studies, including the ROPE score, glucose
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level, PFO tunnel length, PFO tunnel diameter, and the non-HDL-C/HDL-C ratio. Results
are presented as odds ratios (ORs) with 95% confidence intervals (Cls).

Restricted cubic spline analysis was performed using the rms package in R to flexibly
evaluate the association between the non-HDL-C/HDL-C ratio and the probability of
cryptogenic stroke without assuming a linear relationship. The spline model was fitted
using three knots, with knot locations automatically determined by the default algorithm
implemented in the rms package according to the distribution of the predictor variable.
Nonlinearity was assessed using a Wald test for the nonlinear spline terms. In addition,
patients were categorized according to quartiles of the non-HDL-C/HDL-C ratio, and
multivariable logistic regression analyses were conducted using the lowest quartile as the
reference category.

To assess the incremental predictive value of the non-HDL-C/HDL-C ratio, two pre-
dictive models were constructed: the ROPE score alone and the ROPE score combined
with the non-HDL-C/HDL-C ratio. Discriminatory performance was evaluated using the
area under the receiver operating characteristic curve (AUC), and differences between
correlated ROC curves were compared using DeLong’s test. Continuous net reclassification
improvement (NRI) and integrated discrimination improvement (IDI) were also calculated.

Internal validation was performed using bootstrap resampling (1000 iterations). Model
calibration was assessed using calibration plots, calibration slope and intercept, Brier score,
and the Hosmer-Lemeshow goodness-of-fit test. Clinical utility of the prediction models
was further evaluated using decision curve analysis. A two-sided p value < 0.05 was
considered statistically significant. All statistical analyses were performed using SPSS
software version 30.0 (IBM Corp., Armonk, NY, USA), and R software version 4.5.1 (R
Foundation for Statistical Computing, Vienna, Austria).

3. Results
3.1. Baseline Clinical Characteristics and Echocardiographic Findings

A total of 316 patients were included in the study, comprising 260 patients without
CS and 56 patients with CS. Patients with CS were significantly older than those without
CS (51.9 £ 11.4 vs. 45.8 £ 12.6 years, p = 0.001, Table 1). Hypertension (46.4% vs. 30.4%,
p = 0.023), diabetes mellitus (21.4% vs. 10.4%, p = 0.028), hyperlipidemia (41.1% vs. 22.3%,
p = 0.004), and coronary artery disease (19.6% vs. 7.3%, p = 0.006) were more frequent in
patients with CS. In addition, interatrial septal aneurysm (42.9% vs. 27.7%, p = 0.026) and
the presence of a Eustachian valve (25.0% vs. 13.5%, p = 0.031, Table 1) were significantly
more common in the CS group. Patients with stroke also had significantly greater PFO
tunnel length (11.4 £ 4.1 vs. 9.1 & 3.8 mm, p = 0.001) and tunnel diameter (3.2 £ 1.0 vs.
2.7 £ 0.9 mm, p = 0.002, Table 1).

Table 1. Clinical Characteristics, Laboratory Parameters and Echocardiographic findings according
to cryptogenic stroke.

Cryptogenic Stroke (—) Cryptogenic Stroke (+)

Variable N = 260 N = 56 p Value
Age (years) 45.8 + 12.6 519+ 114 0.001
Male gender, n (%) 148 (56.9%) 35 (62.5%) 0.44
Hypertension, n (%) 79 (30.4%) 26 (46.4%) 0.023
Diabetes mellitus, n (%) 27 (10.4%) 12 (21.4%) 0.028
Hyperlipidemia, n (%) 58 (22.3%) 23 (41.1%) 0.004
Coronary artery disease, n (%) 19 (7.3%) 11 (19.6%) 0.006
Smoking, n (%) 88 (33.8%) 26 (46.4%) 0.09
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Table 1. Cont.
. Cryptogenic Stroke (—) Cryptogenic Stroke (+)
Variable yp gN = 260 yp gN 56 p Value

COPD, n (%) 9 (3.5%) 4 (7.1%) 0.18
Interatrial septal aneurysm, n (%) 72 (27.7%) 24 (42.9%) 0.026
Eustachian valve present, n (%) 35 (13.5%) 14 (25.0%) 0.031
Tunnel length (mm) 9.1+338 114+ 4.1 0.001
Tunnel diameter (mm) 27+09 32+10 0.002
PFO closure performed, n (%) 102 (39.2%) 34 (60.7%) 0.004
Glucose (mg/dL) 102 (92-118) 110 (96-136) 0.041

Total cholesterol (mg/dL) 192 + 39 211+ 43 0.002
LDL (mg/dL) 118 £+ 33 132 + 36 0.010

HDL (mg/dL) 46 + 11 41+10 0.003
Triglyceride (mg/dL) 146 (104-192) 172 (121-226) 0.012
ROPE score 6.4+17 58+ 1.6 0.018
Non-HDL (mg/dL) 146 £+ 37 170 £ 40 <0.001
Non-HDL-C/HDL-C ratio 2.86 (2.30-3.45) 3.56 (2.82-4.42) <0.001
Creatinine (mg/dL) 0.89 £0.18 097 £0.22 0.006

Abbreviations: COPD: Chronic Obstructive Pulmonary Disease, PFO: Patent Foramen Ovale, C: cholesterol,
LDL: Low-Density Lipoprotein, HDL: High-Density Lipoprotein, ROPE: Risk of Paradoxical Embolism.

3.2. Laboratory Findings

Patients with CS demonstrated significantly higher glucose levels [110 (96-136) vs. 102
(92-118) mg/dL, p = 0.041, Table 1], total cholesterol levels (211 & 43 vs. 192 + 39 mg/dL,
p =0.002), LDL-C levels (132 & 36 vs. 118 £ 33 mg/dL, p = 0.010), triglyceride levels [172
(121-226) vs. 146 (104-192) mg/dL, p = 0.012], and non-HDL cholesterol levels (170 & 40
vs. 146 £+ 37 mg/dL, p < 0.001). HDL-C levels were significantly lower in the CS group
(41 £10vs. 46 £ 11 mg/dL, p = 0.003). The non-HDL-C/HDL-C ratio was markedly
elevated in patients with CS [3.56 (2.82—4.42) vs. 2.86 (2.30-3.45), p < 0.001, Table 1].
Furthermore, ROPE scores differed significantly between groups (5.8 = 1.6 vs. 6.4 1.7,
p = 0.018, Table 1).

3.3. Multivariable Analysis

In multivariable analysis, the non-HDL-C/HDL-C ratio remained an independent
predictor of CS (OR: 1.881, 95% CI: 1.310-2.700, p < 0.001), together with ROPE score
(OR: 1.848, 95% CI: 1.490-2.295, p < 0.001), glucose level (OR: 1.016, 95% CI: 1.002-1.031,
p = 0.030), PFO tunnel length (OR: 1.096, 95% CI: 1.003-1.196, p = 0.042), and PFO tunnel
diameter (OR: 1.425, 95% CI: 1.063-1.911, p = 0.018, Table 2).

Table 2. Multivariable logistic regression analysis for prediction of cryptogenic stroke.

Variable OR 95% CI p

PFO tunnel length (mm) 1.096 1.003-1.196 0.042
PFO tunnel diameter (mm) 1.425 1.063-1.911 0.018
Glucose (mg/dL) 1.016 1.002-1.031 0.030
Non-HDL-C/HDL-C ratio 1.881 1.310-2.700 <0.001
ROPE score 1.848 1.490-2.295 <0.001

Abbreviations: PFO: Patent Foramen Ovale, ROPE: Risk of Paradoxical Embolism, C: cholesterol, HDL: High-
Density Lipoprotein.

Restricted cubic spline analysis demonstrated a significant nonlinear association be-
tween the non-HDL-C/HDL-C ratio and CS risk (overall p = 0.001; nonlinear p = 0.015,
Figure 1), with progressively increasing adjusted CS probability at higher non-HDL-
C/HDL-C ratio values. Quartile analysis further confirmed a dose-response relationship.
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Compared with the lowest quartile, patients in the second, third, and fourth quartiles had
significantly increased adjusted odds of CS, with ORs of 3.95 (95% CI: 1.13-17.13, p = 0.033),
5.95 (95% CI: 1.75-25.63, p = 0.004), and 9.41 (95% CI: 2.77-40.79, p < 0.001, Table 3), respec-
tively. A significant positive trend in CS risk was observed across increasing quartiles of
the non-HDL-C/HDL-C ratio (p for trend < 0.001).

Restricted Cubic Spline Analysis of non-HDL-C/HDL-C ratio

Overall p = 0.001

Nonlinear p = 0.015

Adjusted Probability of Stroke

0.1

T T T T T

15 2 3 4 5
non-HDL-C/HDL-C ratio

Figure 1. Restricted cubic spline analysis demonstrating the association between non-HDL-C/HDL-C
ratio and adjusted probability of stroke. The red solid line represents the adjusted predicted probabil-
ity of stroke, while the shaded blue area and dashed lines indicate the 95% confidence interval.

Table 3. Multivariable logistic regression analysis according to quartiles of the non-HDL-C/HDL-C ratio.

Quartile Adjusted OR * 95% CI p

Q1 Reference - - -
Q2vs. Q1 3.95 1.13-17.13 0.033
Q3 vs. Q1 5.95 1.75-25.63 0.004
Q4 vs. Q1 9.41 2.77-40.79 <0.001
p for trend <0.001

* Odds ratios were adjusted for ROPE score, glucose level, PFO tunnel length, and PFO tunnel diameter using
multivariable logistic regression.

3.4. Incremental Predictive Value

Receiver operating characteristic analysis showed that the non-HDL-C/HDL-C ratio
had a higher AUC than HDL-C (0.680 vs. 0.604, p = 0.039) and non-HDL-C (0.680 vs. 0.618,
p = 0.035), whereas HDL-C and non-HDL-C had comparable discriminatory performance
(p = 0.809; Figure 2).
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Figure 2. Receiver operating characteristic (ROC) curve comparison of HDL-C, non-HDL-C, and
non-HDL-C/HDL-C ratio for prediction of stroke.

To evaluate the incremental predictive value beyond the ROPE score, a combined
model incorporating both the ROPE score and the non-HDL-C/HDL-C ratio was con-
structed. The combined model demonstrated a modest but statistically significant improve-
ment in discrimination, with the AUC increasing from 0.781 (95% CI: 0.722-0.844) to 0.819
(95% CI: 0.761-0.877) (AAUC = 0.038; DeLong z = 2.573, p = 0.010; Figure 3). Addition of the
non-HDL-C/HDL-C ratio also significantly improved risk reclassification, with a continu-
ous NRI of 0.555 (95% CI: 0.235-0.859, p = 0.002) and an IDI of 0.057 (95% CI: 0.016-0.118,
p = 0.002). Decision curve analysis further demonstrated greater net clinical benefit across
a broad range of clinically relevant threshold probabilities (Figure 4).

ROC Curve Comparison

1.0 4
0.8 4
0.6
2
=
‘»
(=
*
0.4
—— ROPE score
AUC =0.781 (95% CI 0.722-0.840)
0.2 4 ——  ROPE + non-HDL-C/HDL-C ratio
AUC =0.819 (95% CI 0.761-0.877)
Difference p = 0.0101
0.0 4
T T T
0.0 0.5 1.0
1 - Specificity

Figure 3. ROC curve comparison between the ROPE score alone and the combined model including
ROPE score plus non-HDL-C/HDL-C ratio for prediction of stroke. The shaded areas indicate the
95% confidence intervals of the variables.

Internal validation using 1000 bootstrap resamples confirmed the stability of the com-
bined model, yielding a mean bootstrap AUC of 0.821 (95% CI: 0.762-0.876). Calibration
analysis demonstrated excellent agreement between predicted and observed CS proba-
bilities, with a calibration slope of 1.00, calibration intercept close to zero, Brier score of
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0.114, and no evidence of poor fit according to the Hosmer-Lemeshow test (p = 0.706,
Figure 5). Bootstrap validation further demonstrated minimal model optimism, with
an optimism-corrected AUC of 0.817 compared with an apparent AUC of 0.819, while
calibration-in-the-large was approximately zero and the shrinkage factor was 1.00, indicat-
ing minimal evidence of overfitting.

Panel A. ROC curve Panel B. Bootstrap AUC Panel C. Calibration

ol tosmer Lomashon p-0708 4

ensitity

s
Observed prababilty

T T T
00 02 04 0s 08 10 075 080 085 050 00 02 04 05 0z 10

1-Speciiciy A Predicted probabilty

Figure 4. Internal validation and calibration analysis of the combined prediction model. Panel
(A) demonstrates the ROC curve of the combined model with an apparent AUC of 0.819 (95% CI
0.761-0.877). Panel (B) shows bootstrap validation results, demonstrating stable model performance
with a mean bootstrap AUC of 0.821 and 95% CI of 0.762-0.876. Panel (C) presents the calibration
plot, demonstrating good agreement between predicted and observed stroke probabilities (Hosmer—
Lemeshow p = 0.706).

Decision Curve Analysis

= ROPE score
—— ROPE + non-HDL-C/HDL-C ratio
0.15 4 S ===~ Treatall

\ ===~ Treat none

e
(=

Net Benefit

0.05 1

0.00 1

Threshold Probability

Figure 5. Decision curve analysis comparing the clinical utility of the ROPE score alone and the
combined model including ROPE score plus non-HDL-C/HDL-C ratio. Across a wide range of
threshold probabilities, the combined model provided greater net clinical benefit than the ROPE score
alone, as well as the “treat all” and “treat none” strategies.
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4. Discussion

In this study, we demonstrated that the non-HDL-C/HDL-C ratio was independently
associated with cryptogenic stroke in patients with patent foramen ovale. Moreover,
incorporation of the non-HDL-C/HDL-C ratio into the ROPE score significantly improved
discriminatory performance and risk stratification. These findings suggest that metabolic
lipid burden may contribute additional prognostic information beyond conventional clinical
and anatomical predictors, as summarized in the Central Illustration.

Although PFO is present in approximately one-quarter of the general population, only
a subset of individuals experience paradoxical embolic events, indicating that additional
modifiers influence thromboembolic susceptibility [1,10]. The ROPE score was developed to
distinguish pathogenic from incidental PFOs and remains one of the most widely used tools
for estimating the probability that a detected PFO is causally related to stroke [4,11]. A re-
cent comprehensive review by Kent and Wang emphasized that contemporary assessment
of PFO-associated stroke should combine clinical probability, anatomical characteristics,
and individualized risk assessment, rather than relying on a single parameter [5]. How-
ever, the ROPE score primarily incorporates demographic and conventional vascular risk
variables and does not account for systemic metabolic or inflammatory factors that may
contribute to thrombogenesis.

In recent years, increasing attention has focused on the role of non-traditional lipid
parameters in cardiovascular and cerebrovascular disease. Non-HDL-C reflects the cumu-
lative burden of all atherogenic lipoproteins, including LDL particles, very-low-density
lipoproteins (VLDL), intermediate-density lipoproteins, remnant lipoproteins, and lipopro-
tein(a), all of which may contribute to endothelial dysfunction, vascular inflammation, and
thrombosis [6,7,12]. In contrast, HDL-C exerts anti-inflammatory, antioxidative, endothelial-
protective, and antithrombotic effects [13-16]. Therefore, the non-HDL-C/HDL-C ratio
integrates both atherogenic burden and protective lipid capacity into a single parameter
and may more comprehensively reflect vascular vulnerability than isolated lipid indices.

Our findings are consistent with accumulating evidence suggesting that non-
traditional lipid indices provide superior prognostic information compared with con-
ventional lipid measurements alone [6]. Previous studies demonstrated that elevated
non-HDL-C and non-HDL-C/HDL-C ratio levels are associated with recurrent stroke,
adverse vascular outcomes, and residual cardiovascular risk despite adequate LDL-C
control [6,7]. In particular, Liu et al. reported that elevated non-HDL-C/HDL-C ratio
significantly increased recurrent stroke risk among elderly patients [8], whereas Kim et al.
demonstrated that non-traditional lipid indices predicted unfavorable vascular outcomes
even in statin-treated patients with controlled LDL-C levels [9]. Our study extends these
observations to the specific population of PFO-associated CS and suggests that systemic
metabolic lipid burden may interact with paradoxical embolic mechanisms.

Several biological mechanisms may explain the observed association between the non-
HDL-C/HDL-C ratio and CS. Dyslipidemia promotes endothelial dysfunction, oxidative
stress, platelet activation, thrombin generation, and inflammatory signaling pathways, all of
which facilitate thrombus formation [13—17]. Elevated non-HDL-C levels reflect increased
concentrations of highly atherogenic remnant particles that possess pro-inflammatory and
pro-thrombotic properties [12,17]. Conversely, reduced HDL-C levels impair reverse choles-
terol transport and diminish the anti-inflammatory and antithrombotic functions of HDL
particles [14,15]. In the presence of a right-to-left shunt such as PFO, this prothrombotic
milieu may increase the likelihood that venous microthrombi bypass pulmonary filtration
and result in cerebral embolization [1]. The observed association may reflect a systemic
prothrombotic and endothelial-vulnerable phenotype in which atherogenic lipoprotein
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burden facilitates thrombus propagation and embolic susceptibility in the presence of
a right-to-left shunt.

Importantly, our results support a multifactorial model of PFO-related stroke in
which both anatomical and systemic factors jointly contribute to embolic risk [4,18,19].
In our cohort, PFO tunnel length and tunnel diameter remained independent predictors
of CS together with the non-HDL-C/HDL-C ratio and ROPE score. Furthermore, re-
stricted cubic spline analysis demonstrated a significant nonlinear association between the
non-HDL-C/HDL-C ratio and stroke probability, while quartile analysis revealed a clear
dose-response relationship, with nearly tenfold higher adjusted odds of CS in the high-
est quartile compared with the lowest quartile. These findings suggest that increasing
metabolic lipid burden progressively amplifies thromboembolic susceptibility in patients
with PFO. Although patients with cryptogenic stroke exhibited a greater burden of conven-
tional cardiovascular risk factors, the association between the non-HDL-C /HDL-C ratio and
stroke remained significant after adjustment for clinically relevant covariates. Nevertheless,
residual confounding inherent to observational studies cannot be completely excluded.
Therefore, the observed association may reflect both systemic metabolic vulnerability and
the overall cardiovascular risk profile of patients with cryptogenic stroke.

Beyond demonstrating an independent association, addition of the non-HDL-C/HDL-
C ratio to the ROPE score resulted in modest but statistically significant improvements
in discrimination and risk reclassification, while decision curve analysis demonstrated
superior net clinical benefit across clinically relevant threshold probabilities. Together, these
findings suggest that integrating metabolic lipid indices with established clinical scores
may improve identification of high-risk patients with PFO [3,11,20,21].

The clinical implications of our findings are potentially important. Current risk strati-
fication strategies in PFO primarily focus on anatomical features and conventional vascular
risk factors [3,4,22]. However, our results suggest that systemic metabolic susceptibility
may also play a relevant role in determining embolic risk. Identification of patients with
elevated non-HDL-C/HDL-C ratio may have the potential to refine individualized risk
assessment if confirmed in prospective studies. However, the present findings should
be considered hypothesis-generating, and prospective multicenter studies with external
validation are required before the non-HDL-C/HDL-C ratio can be considered for routine
clinical risk stratification in patients with PFO.

A major strength of the present study is its comprehensive analytical approach. In
addition to multivariable logistic regression, we evaluated the dose-response relationship
using restricted cubic spline analysis and assessed the incremental predictive value of
the non-HDL-C/HDL-C ratio using ROC analysis, NRI, IDI, and decision curve analysis.
Furthermore, internal validation using bootstrap resampling demonstrated stable model
performance, while calibration analyses showed excellent agreement between predicted
and observed probabilities, with favorable calibration slope, intercept, Brier score, and
Hosmer-Lemeshow statistics. These findings support the robustness and reliability of the
proposed prediction model.

Several limitations should be acknowledged. First, this was a retrospective single-
center study and therefore subject to inherent selection bias. Second, lipid measurements
were obtained at a single time point and may not fully reflect long-term metabolic expo-
sure. Third, despite comprehensive adjustment, residual confounding cannot be excluded.
Fourth, because of the observational design, causality between elevated non-HDL-C/HDL-
C ratio and CS cannot be definitively established. Fifth, the relatively limited number
of events may have increased the risk of model overfitting despite internal validation
procedures. Sixth, Sixth, although standard rhythm evaluation, including 12-lead electro-
cardiography and 24 h Holter ECG monitoring, was performed in patients with cryptogenic
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stroke, prolonged rhythm monitoring was not routinely available. Therefore, occult parox-
ysmal atrial fibrillation cannot be completely excluded. Finally, the findings of the present
study should be regarded as hypothesis-generating until confirmed in prospective multi-
center studies with external validation.

5. Conclusions

In patients with patent foramen ovale, the non-HDL-C/HDL-C ratio was indepen-
dently associated with cryptogenic stroke and demonstrated potential incremental pre-
dictive value beyond the ROPE score. These findings should be considered hypothesis-
generating and suggest that metabolic lipid burden may contribute to thromboembolic
susceptibility in PFO-related stroke. Prospective multicenter studies with external valida-
tion are required before the non-HDL-C/HDL-C ratio can be considered for routine clinical
risk stratification in patients with PFO.
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