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Background: Although dyslipidemia has been implicated in the development of
cognitive impairment, the association between remnant cholesterol (RC) and
cognitive outcomes remains incompletely understood.

Methods: We conducted a cross-sectional study using data from 1,136
participants at Liuyang Jili Hospital from 2022. RC was calculated as total
cholesterol minus low-density and high-density lipoprotein cholesterol, and
cognitive function was assessed using the Mini-Mental State Examination.
Restricted cubic spline and multivariable logistic regression models were used to
evaluate associations between RC and cognitive impairment, with subgroup, and
sensitivity analyses. Machine learning models with SHapley additive explanation
(SHAP) values were applied to assess variable importance.

Results: Participants had a median age of 68 years, and 21.2% had cognitive
impairment. Higher RC levels were associated with increased risk of cognitive
impairment (per 1-mmol/L increase: adjusted odds ratio, 3.47; 95% Cl, 2.34—
5.25; P < 0.01), with no evidence of a non-linear relationship. The association
remained consistent across subgroups. In machine learning analyses, RC ranked
third in variable importance after waist circumference, and body mass index,
and SHAP dependency plots demonstrated a monotonic positive relationship
between RC and cognitive impairment risk.

Conclusion: Elevated RC levels are positively associated with an increased risk
of cognitive impairment. These findings suggest that remnant cholesterol may
be an important and modifiable risk factor for cognitive dysfunction, warranting
confirmation in prospective longitudinal studies.

KEYWORDS

cognitive impairment, cross-sectional study, machine learning, remnant cholesterol,
rural areas

1 Introduction

Cognitive impairment represents a significant global public health concern, imposing
a substantial burden on individuals and society alike (Deng et al., 2021; GBD Dementia
Forecasting Collaborators, 2022; Xu et al., 2024). Worldwide, the number of dementia-
related deaths rose from 0.56 million in 1990 to 1.62 million in 2019, and this figure is
projected to reach 4.91 million by 2050 (Li Z. et al., 2024). In China, an estimated 16.99
million individuals are affected by Alzheimer disease and other dementias, with a high
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prevalence among the older population (Huang et al, 2025;
Wu et al.,, 2024; Zhang et al., 2025). Moreover, recent evidence
indicates that the incidence, prevalence, and mortality of dementia
in China have all increased over time, imposing a substantial
economic burden on families, society, and the health care
system (Zhi et al, 2025). Despite ongoing advances, effective
treatments for dementia remain limited (Reuben et al., 2024).
Accordingly, the identification of modifiable risk factors for
cognitive impairment is of considerable clinical and public
health relevance.

A growing body of evidence suggests that lipid profiles,
(LDL), and
triglycerides (TG), are important risk factors for cognitive

including low-density lipoprotein cholesterol
impairment, with elevated levels associated with an increased
risk of cognitive decline (Ferguson et al., 2023; Juul Rasmussen
et al., 2024; Pan et al, 2024; Shang et al, 2024). Remnant
cholesterol (RC), the cholesterol content of triglyceride-rich
lipoproteins, has recently gained attention as a risk factor for
cardiovascular disease and has been strongly linked to both
stroke and coronary heart disease (Chen et al., 2024; Sturzebecher
et al., 2023; Wadstrom et al., 2023). Although elevated RC has
been associated with stroke risk, current evidence linking RC
to cognitive impairment is limited, with heterogeneous findings
across studies (Xiong et al., 2024). For instance, a study by Heo
et al. reported a positive association between higher RC levels
and increased risk of dementia (Heo et al., 2024). Conversely,
another study observed a more complex pattern, with the risk
of cognitive impairment initially decreasing, then increasing
with rising RC levels (Liu et al,, 2024). These inconsistencies
underscore the need for further investigation. The present
study aims to explore the association between RC and cognitive
impairment using data from Liuyang Jili Hospital, and to
evaluate the relative contribution of RC to cognitive impairment
prediction by applying machine learning algorithms combined
with SHAP analysis.

2 Methods
2.1 Population

The study population consisted of 1,136 individuals who
underwent medical examinations and completed the Mini-Mental
State Examination (MMSE) at the Medical Examination Center of
Liuyang Jili Hospital in 2022. The median age was 68 years, and
54.0% of participants were women.

2.2 Inclusion and exclusion criteria

Participants were included in the study if they met the
following criteria: (1) age >40 years; (2) underwent a routine health
examination at the Medical Examination Center of Liuyang Jili
Hospital; (3) completed the MMSE during the same visit; and (4)
had complete lipid profile data, including total cholesterol (TC),
high-density lipoprotein cholesterol (HDL), and LDL. Exclusion
criteria were: (1) failure to complete the MMSE assessment; (2)
missing or incomplete lipid profile data; (3) Severe systemic
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illnesses (e.g., end-stage renal disease, liver failure) that may
confound the association between lipids and cognition.

2.3 Outcome

In this study, cognitive function was assessed using the
MMSE (Jia et al, 2021). Classification thresholds were based
on participants’ educational attainment. Cognitive impairment,
including both MCI and dementia, was defined as an MMSE
score of <17 for individuals with no formal education, <19 for
those with a primary school education, and <24 for those with
a junior high school education or higher (He et al, 2025). All
cognitive assessments were administered by trained neurologists,
psychiatrists, or nurses to ensure accuracy and consistency.

2.4 Exposure

RC, expressed in mmol/L, was calculated using the following
formula (Li M. et al, 2024; Yao and Yang, 2024): RC = TC -
HDL - LDL. All blood samples were collected in the morning
between 8:00 and 10:00a.m. after overnight fasting, as part of
routine health examinations.

2.5 Covariates

Covariates included age, sex, body mass index (BMI), TC,
LDL, HDL, educational level, smoking status, alcohol consumption,
diabetes, hypertension, and ischemic stroke. BMI was calculated
based on height and weight measured at the Health Checkup
Center. Information on educational level, smoking, alcohol
consumption, diabetes, hypertension, and ischemic stroke was
obtained through self-report. Laboratory measurements of TC,
LDL, and HDL were provided by the Department of Laboratory
Medicine at Liuyang Jili Hospital.

2.6 Statistics

All statistical analyses were conducted using R software,
version 4.4.1 (R Foundation for Statistical Computing). Baseline
characteristics were compared using the Kruskal-Wallis test for
continuous variables and the x? test for categorical variables.
Continuous variables are presented as median (interquartile range
[IQR]), and categorical variables as number (percentage).

Restricted cubic spline (RCS) analyses with three knots placed
at the 10th, 50th, and 90th percentiles of the RC distribution
were used to evaluate potential non-linear associations between RC
and cognitive impairment, as this knot placement is commonly
adopted to balance model flexibility and stability while minimizing
the risk of overfitting. Logistic regression models were applied to
assess the association between RC and cognitive impairment. Four
multivariable models were constructed: Model 1 was unadjusted;
Model 2 was adjusted for age, sex, waist circumference, and
body mass index (BMI); Model 3 was further adjusted for
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educational level, smoking status, alcohol consumption, HDL, and
LDL; and Model 4 additionally included hypertension, diabetes,
and ischemic stroke. Sensitivity analyses were conducted by
excluding participants with a history of ischemic stroke and by
calculating E-values to assess the robustness of the observed
associations to potential unmeasured confounding. Covariates
included in the RCS analyses were consistent with those in Model
4. Multicollinearity was evaluated using the variance inflation
factor (VIF), with VIF > 5 indicating collinearity. All variables
included in the models had VIF < 5, suggesting no evidence of
multicollinearity (Supplementary Table 1). Two-sided P values <
0.05 were considered statistically significant. Subgroup analyses
were conducted, with each model adjusted for the same covariates
as model 4, excluding the stratifying variable.

The study population (n = 1,136) was randomly divided into
a training set (70%) and a test set (30%). In the training set,
the variables included in model 4 were used to develop multiple
machine learning models, with 5-fold cross-validation. The
algorithms evaluated included Random Forest, Gradient Boosting,
Support Vector Machine (kernel-based), Logistic Regression, k-
Nearest Neighbor, Partial Least Squares, Adaptive Boosting,
Neural Network, Linear Discriminant Analysis, Lasso Regression,
CATBoost, and LightGBM. For the CatBoost model, training was
performed using default hyperparameter settings, and 5-fold cross-
validation was applied to assess model performance, and reduce
the risk of overfitting. The model with the best performance
was selected, and SHapley Additive exPlanations (SHAP) analysis
was applied to quantify the contribution of each variable to
cognitive impairment prediction. Potential synergistic effects of
other variables on the association between RC and cognitive
impairment were also examined.

3 Results

3.1 1 Baseline characteristics of the study
population

Table 1 summarizes the baseline characteristics of 1,136
participants, including 895 without cognitive impairment and
241 with cognitive impairment. No significant differences were
observed between groups in age, sex, BMI, LDL, hypertension, or
diabetes (all P > 0.05). Participants with cognitive impairment had
lower MMSE scores, a higher proportion with elementary school or
higher education, greater waist circumference, a higher prevalence
of non-smoking, and non-drinking status, higher TC, and RC
levels, lower HDL levels, and a higher prevalence of ischemic stroke
history (all P < 0.05) (Table 1).

3.2 Elevated RC is positively associated
with the risk of cognitive impairment

RCS analysis demonstrated a positive association between
higher RC levels and increased risk of cognitive impairment,
without evidence of a non-linear relationship (P for overall <0.001;
P for non-linearity = 0.053) (Figure 1A). In logistic regression
models, elevated RC was consistently associated with higher odds
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TABLE 1 Baseline characteristics of participants stratified by cognitive
impairment status.

Variables [\[e} Yes
N=895 N=241
Age (year) 68.0 (66.0, 68.0 (66.0, 69.0 (66.0, 0.086
72.0) 72.0) 74.0)
Female 613 (54.0%) 474 (53.0%) 139 (57.7%) 0.218
MMSE 25.0 (21.0, 26.0 (24.0, 19.0 (15.0, < 0.001
28.0) 28.0) 23.0)
Education < 0.001
>Elementary 341 (30.0%) 236 (26.4%) 105 (43.6%)
school
Elementary 599 (52.7%) 501 (56.0%) 98 (40.7%)
school
Illiterate 196 (17.3%) 158 (17.7%) 38 (15.8%)
Waist (cm) 80.0 (74.3, 79.0 (74.0, 83.0 (77.0, < 0.001
86.0) 84.7) 89.0)
BMI (kg/m?) 24.4(22.3, 24.4 (22.3, 24.7 (22.1, 0.599
26.3) 26.2) 26.6)
Smoke 0.037
Current 213 (18.8%) 181 (20.2%) 32 (13.3%)
Former 52 (4.58%) 38 (4.25%) 14 (5.81%)
Never 871 (76.7%) 676 (75.5%) 195 (80.9%)
Drink 0.025
Every day 40 (3.52%) 30 (3.35%) 10 (4.15%)
Never 1,026 801 (89.5%) 225 (93.4%)
(90.3%)
Sometime 70 (6.16%) 64 (7.15%) 6(2.49%)
TC (mmol/L) 5.07 (4.32, 5.01 (4.30, 520 (4.44, 0.045
5.77) 5.74) 5.85)
LDL (mmol/L) 2.96 (2.36, 2.95(2.37, 3.05(2.34, 0.794
3.54) 3.52) 3.59)
HDL (mmol/L) 1.44 (1.23, 1.45 (1.24, 1.37 (1.20, 0.006
1.66) 1.68) 1.60)
RC (mmol/L) 0.61 (0.32, 0.56 (0.29, 0.79 (0.55, < 0.001
0.87) 0.83) 1.02)
Hypertension 562 (49.5%) 432 (48.3%) 130 (53.9%) 0.136
Diabetes 171 (15.1%) 131 (14.6%) 40 (16.6%) 0.513
Ischemic stroke 21 (1.85%) 10 (1.12%) 11 (4.56%) 0.001

Data are presented as median (Q1l, Q3) or n (%). Ql, 1st Quartile; Q3, 3st Quartile;
MMSE, Mini-Mental State Examination; BMI, body mass index; TC, total cholesterol;
LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol; RC,
remnant cholesterol.

of cognitive impairment across models 1 through 4 (Figure 2A).
The E-value for the observed association between RC and cognitive
impairment was 3.24, with a lower confidence limit E-value of
2.49, suggesting that substantial unmeasured confounding would
be required to explain away the observed association. Sensitivity
analyses excluding participants with a history of ischemic stroke
yielded similar results (Figures 1B, 2B). In subgroup analyses,
higher RC levels were positively associated with cognitive
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FIGURE 1

Restricted cubic spline analysis of the association between rc and cognitive impairment. (A) Full study population. (B) Population excluding
individuals with a history of ischemic stroke. Solid red lines indicate OR and shaded areas indicate 95% CI. Histograms represent the distribution of RC
in the corresponding population.

A B
OR (95%Cl) P value OR (95%Cl) P value
Model1 | +—#—— 366 (255-5.32) <0.01 Model1 |  +—s—— 3.86(267-5.66) <0.01
Model2 | %  3.26(2.29-473) <0.01 Model2 | +——#—— 344 (2.40-5.04) <0.01
Model 3 —=——  3.34(226-5.04) <001 Model 3 —=——1 362 (242-553) <0.01
Model4 | +—s—— 347 (234-5.25) <0.01 Model4 | +——%—— 3.64(243-557) <0.01
0 3 6 0 3 6
FIGURE 2

Logistics analysis of the association between rc and cognitive impairment. (A) Full study population. (B) Population excluding individuals with a history
of ischemic stroke. ORs and 95% Cls are shown for each subgroup. Model 1 was unadjusted. Model 2 was adjusted for age, sex, waist circumference,
and BMI. Model 3 was further adjusted for educational level, smoking status, alcohol consumption, HDL, and LDL. Model 4 additionally included
hypertension and diabetes; in (B), history of ischemic stroke was not included as a covariate because participants with this condition were excluded.

impairment risk across all subgroups; however, some subgroups
with smaller sample sizes had wider confidence intervals, although
the associations remained statistically significant (P < 0.05)
(Figure 3).

3.3 Variable importance and interaction
effects of RC in machine learning models

The study population (1 = 1,136) was randomly divided into
a training set (70%) and a test set (30%) for machine learning
model development (Supplementary Table 2). The CatBoost model
demonstrated the best performance among the tested algorithms
(Supplementary Figures 1A, B; Supplementary Figures 2A, B).
SHAP analysis based on the CatBoost model identified waist
circumference and BMI as the variables with the highest SHAP
values, followed by RC (SHAP value, 0.407) (Figure 4). SHAP
dependency plots indicated a monotonic positive association
between RC and the risk of cognitive impairment, with the most
pronounced risk increase observed at RC levels of approximately
0.8 to 1.5 mmol/L. Interaction analyses showed that advanced
age, diabetes, hypertension, greater waist circumference, lower
HDL, higher LDL, and history of ischemic stroke amplified the
association between RC, and cognitive impairment risk, whereas
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the modifying effects of smoking status, alcohol consumption, and
educational attainment were weaker (Figures 5A-L).

4 Discussion

In this study, analysis of data from Liuyang Jili Hospital
demonstrated that higher RC levels were positively associated
with an increased risk of cognitive impairment. This association
remained significant after adjustment for multiple confounding
variables and across diverse subgroups. Machine learning analyses
using SHAP values indicated that RC was the third most
influential variable for cognitive impairment risk, following waist
circumference and body mass index. SHAP dependency analysis
further confirmed a positive, monotonic association between RC
and cognitive impairment.

Several studies have examined the association between RC and
cognitive function, with most reporting positive associations. The
largest investigation, conducted by Heo et al., analyzed data from
26 215 960 Korean individuals (median follow-up, 10.3 years)
and found that higher RC levels were significantly associated with
increased risks of all-cause dementia, Alzheimer disease (AD)
dementia, and vascular dementia. Comparing the highest with
the lowest RC quartile, fully adjusted hazard ratios (HRs) were
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FIGURE 3
Subgroup analyses of the association between rc and cognitive impairment. ORs and 95% Cls are shown for each subgroup. Models were adjusted
for the same covariates as in model 4, excluding the stratifying variable for each subgroup

Waist 0695
BMI 0.468
RC 0.407
Education 0.237
LDL 0.151
Age 0.145
HDL 0.134
Drink 0.090
Smoke 0.089
Sex 0.084
Ischemic stroke 0.061
Hypertension 0.052

Diabetes 0.036

0.0 0.2 0.4 0.6 0.8
Mean absolute SHAP value
FIGURE 4
Variable Importance Ranking for Cognitive Impairment Based on SHAP Values From the CatBoost Model. Mean absolute SHAP values are shown for
variables included in the CatBoost machine learning model. Higher SHAP values indicate greater contribution to the model's prediction of cognitive
impairment.
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FIGURE 5
SHAP dependency plots for the association between rc and cognitive impairment. (A—L) Show SHAP dependency plots of RC for cognitive
impairment across subgroups defined by age (A), sex (B), diabetes (C), hypertension (D), BMI (E), smoke (F), drink (G), educational (H), waist
circumference (1), HDL (J), LDL (K), and history of ischemic stroke (L). Each point represents an individual participant, with color gradients indicating
the corresponding subgroup variable value. Positive SHAP values indicate increased predicted risk of cognitive impairment.

1.11 (95% CI, 1.09-1.13) for all-cause dementia, 1.11 (95% CI,
1.09-1.13) for AD dementia, and 1.15 (95% CI, 1.09-1.21) for
vascular dementia (Heo et al., 2024). Most other studies, including
the present analysis, have been cross-sectional. Ai et al. analyzed
1,007 individuals in Wuhan, China, and reported that RC was
significantly associated with amnestic mild cognitive impairment
(Ai et al., 2024). Two additional studies based on data from the U.
S. National Health and Nutrition Examination Survey (NHANES)
further explored this association. Xie et al. found that each 1
mmol/L increase in RC was associated with lower odds of achieving
a high total Consortium to Establish a Registry for Alzheimer’s
Disease (CERAD) score, with an adjusted OR of 0.74 (95% CI,
0.58-0.94) (Xie et al., 2022). In contrast, Liu et al., using the
same NHANES dataset, observed a more complex pattern. The
risk of cognitive impairment initially decreased, then increased,
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and finally increased again with rising RC levels; however, the
proportion of cognitive impairment was ultimately higher among
individuals with elevated RC (Liu et al., 2024). Findings from the
present study align with most prior investigations, demonstrating
a positive association between RC and cognitive impairment
without the complex non-linear relationship reported by Liu et al.
Unlike previous NHANES-based studies conducted in the U.S.
population, the present study was based on a rural Chinese cohort,
characterized by different socioeconomic conditions and health
profiles, which extends the existing evidence to a non-Western
population. SHAP dependency plots in our analysis showed
consistently higher SHAP values for elevated RC levels compared
with lower levels. In addition, our machine learning-based variable
importance ranking identified RC as the third most influential
factor for cognitive impairment risk, after waist circumference
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and body mass index—a finding not previously reported. Because
the large cohort analysis by Heo et al. was retrospective and the
present and other studies were cross-sectional, reverse causality
cannot be excluded. Prospective longitudinal studies are needed
to clarify the temporal and causal relationship between RC and
cognitive outcomes.

ORs for
impairment in participants aged >65 years, men, and those

Subgroup analyses showed higher cognitive
with diabetes or hypertension. Although the P values for
interaction were <0.05, the findings highlight the need to consider
the potential impact of RC on cognition among individuals with
multiple cardiovascular risk factors. In SHAP dependency plots,
comparable RC levels were associated with higher SHAP values
in the presence of these risk factors. A similar phenomenon
was reported in the large cohort study by Heo et al., suggesting
possible synergistic effects between RC and cardiovascular
risk factors; however, further research is needed to confirm
this interaction.

The biological mechanisms underlying the association between
RC and cognitive function are not yet fully understood, but may
be related to atherosclerosis. Numerous studies have shown that
elevated RC promotes the development of atherosclerosis, which
can reduce cerebral blood perfusion and increase the risk of stroke
(Han et al., 2024; Li et al., 2022; Pinto et al., 2023). These factors
are known contributors to vascular dementia, as supported by
findings from Heo et al. (Heo et al, 2024; Mok et al., 2024).
Additionally, several studies utilized cognitive test scales that assess
executive function, which is often impaired in the early stages of
vascular dementia. This indirectly suggests a potential link between
elevated RC and vascular cognitive impairment (Liu et al., 2024;
Yao and Yang, 2024). However, Heo et al. also found that higher RC
levels were associated with an increased risk of AD, indicating that
other, non-vascular mechanisms may also be involved—warranting
further investigation.

This study has several limitations. First, its retrospective cross-
sectional design precludes causal inference; only associations can
be reported. Second, although adjustments were made for multiple
confounding variables, the possibility of residual confounding
cannot be excluded. Third, lipid levels were measured only once,
which may not reflect long-term exposure, as lipid profiles can
fluctuate over time; repeated measurements would provide more
reliable estimates. Finally, cognitive function was assessed using the
MMSE, a multidimensional screening tool; however, a single scale
may capture only certain aspects of cognitive function and may not
fully reflect the complexity of cognitive impairment, particularly in
domains such as executive function.

5 Conclusion

RC was positively associated with the risk of cognitive
impairment, and this association persisted across multiple
subgroups. These findings underscore the potential importance
of RC as a risk factor for cognitive impairment. Given that RC
is routinely available and easily calculated from standard lipid
profiles, it may have practical value for clinical risk assessment.
However, prospective longitudinal studies are warranted to confirm
these associations and clarify causality.

Frontiersin Human Neuroscience

10.3389/fnhum.2026.1771503

Data availability statement

The datasets presented in this article are not readily available
because the data used in this study were obtained from the
Liuyang Jili Hospital Medical Examination Center, and their use
was contingent upon obtaining ethical approval from the hospital.
Without this approval, the data could not be used, and therefore
cannot be made publicly available. The authors do not have
permission to share data. Requests to access the datasets should be
directed to Yong He, 277475748@qq.com.

Ethics statement

The studies involving humans were approved by the
Ethics Committee of Liuyang Jili Hospital. The studies were
conducted in accordance with the local legislation and institutional
requirements. Written informed consent for participation was
not required from the participants or the participants’ legal
guardians/next of kin in accordance with the national legislation
and institutional requirements.

Author contributions

WB: Conceptualization, Data curation, Formal analysis,
Methodology, Writing - original draft. YH: Conceptualization,
Data curation, Formal analysis, Writing - original draft. XX:
Conceptualization, Data curation, Formal analysis, Funding
acquisition, Supervision, Validation, Writing — review & editing.
TZ: Conceptualization, Formal analysis, Investigation, Project
Validation,

administration, review

& editing.

Supervision, Writing -

Funding

The author(s) declared that financial support was received
for this work and/or its publication. This research received
financial support from Youth Fund of Hunan Provincial Natural
Science Foundation (2025]J60696) and the Postdoctoral Fellowship
Program of CPSF (GZC20233185). The funder had no role in the
design, data collection, data analysis, and reporting of this study.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

frontiersin.org


https://doi.org/10.3389/fnhum.2026.1771503
mailto:277475748@qq.com
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org

Bai et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnhum.
2026.1771503/full#supplementary-material

References

Ai, Y., Zhou, C, Wang, M., Yang, C, Zhou, S., Dong, X, et al. (2024).
Higher remnant cholesterol is associated with an increased risk of amnestic
mild cognitive impairment: a community-based cross-sectional study. Front. Aging
Neurosci. 16:1332767. doi: 10.3389/fnagi.2024.1332767

Chen, J., Wu, Q., Liu, H,, Hu, W., Zhu, J., Ji, Z., et al. (2024). Predictive
value of remnant cholesterol inflammatory index for stroke risk: evidence from
the China health and retirement longitudinal study. J. Adv. Res. 76, 543-552.
doi: 10.1016/j.jare.2024.12.015

Deng, Y., Zhao, S., Cheng, G., Yang, J., Li, B., Xu, K,, et al. (2021). The prevalence of
mild cognitive impairment among Chinese people: a meta-analysis. Neuroepidemiology
55, 79-91. doi: 10.1159/000512597

Ferguson, E. L., Zimmerman, S. C,, Jiang, C., Choi, M., Swinnerton, K., Choudhary,
V., etal. (2023). Low- and high-density lipoprotein cholesterol and dementia risk over
17 years of follow-up among members of a large health care plan. Neurology 101,
€2172-€2184. doi: 10.1212/WNL.0000000000207876

GBD Dementia Forecasting Collaborators (2022). Estimation of the global
prevalence of dementia in 2019 and forecasted prevalence in 2050: an analysis
for the global burden of disease study 2019. Lancet Public Health 7, e105-e125.
doi: 10.1016/52468-2667(21)00249-8

Han, M., Huang, K., Shen, C., Hu, H,, Liu, F,, Li, ], et al. (2024). Discordant high
remnant cholesterol with ldl-c increases the risk of stroke: a Chinese prospective cohort
study. Stroke 55, 2066-2074. doi: 10.1161/STROKEAHA.124.046811

He, Y., Zhu, T, Bei, E,, Xiang, G., Xi, D., Meng, H., et al. (2025). Hyperuricemia
reduces the risk of mci but not dementia: a cross-sectional study in liuyang. Front.
Neurol. 16:1555587. doi: 10.3389/fneur.2025.1555587

Heo, J. H, Jung, H. N,, Roh, E., Han, K, Kang, J. G, Lee, S. J, et al
(2024). Association of remnant cholesterol with risk of dementia: a nationwide
population-based cohort study in South Korea. Lancet Health Longev. 5, e524-e533.
doi: 10.1016/S2666-7568(24)00112-0

Huang, X, Li, C,, Tao, G., Zhong, Y., Li, J., Chen, T., et al. (2025). Sociodemographic,
health behavioral, and disease history risk factors for dementia in older adults: a
population-based cross-sectional study in Guangzhou, China. Front. Public Health
13:1640089. doi: 10.3389/fpubh.2025.1640089

Jia, X., Wang, Z., Huang, F., Su, C, Du W, Jiang, H., Wang, H., et al. (2021).
A comparison of the mini-mental state examination (MMSE) with the montreal
cognitive assessment (MoCA) for mild cognitive impairment screening in Chinese
middle-aged and older population: a cross-sectional study. BMC Psychiatry 21:485.
doi: 10.1186/s12888-021-03495-6

Juul Rasmussen, L, Luo, J., and Frikke-Schmidt, R. (2024). Lipids, lipoproteins, and
apolipoproteins: associations with cognition and dementia. Atherosclerosis 398:118614.
doi: 10.1016/j.atherosclerosis.2024.118614

Li, M., Liu, Q., Shi, M., Fu, M., and He, G. (2024). Association between
remnant cholesterol and the risk of 4 site-specific cancers: evidence from a
cross-sectional and mendelian randomization study. Lipids Health Dis. 23:256.
doi: 10.1186/s12944-024-02241-7

Li, W., Huang, Z., Fang, W., Wang, X., Cai, Z., Chen, G,, et al. (2022). Remnant
cholesterol variability and incident ischemic stroke in the general population. Stroke
53,1934-1941. doi: 10.1161/STROKEAHA.121.037756

Li, Z., Yang, N., He, L, Wang, J., Yang, Y., Ping, F., et al. (2024). Global
burden of dementia death from 1990 to 2019, with projections to 2050: an analysis

Frontiersin Human Neuroscience

10.3389/fnhum.2026.1771503

SUPPLEMENTARY FIGURE S1

Receiver operating characteristic curves of machine learning models for
predicting cognitive impairment. (A) Training set. (B) Test set. Models
include random forest, gradient boosting, support vector machine (SVM,
kernel-based), logistic regression, k-nearest neighbor, partial least squares
(PLS), adaptive boosting, neural network, linear discriminant analysis, lasso
regression, CatBoost, and LightGBM. Area under the curve (AUC) values are
indicated in the legend.

SUPPLEMENTARY FIGURE S2

Decision curve analysis of machine learning models for predicting cognitive
impairment. (A) Training set. (B) Test set. The y-axis represents net benefit,
and the x-axis represents threshold probability. Models include random
forest, gradient boosting, support vector machine (SVM, kernel-based),
logistic regression, k-nearest neighbor, partial least squares (PLS), adaptive
boosting, neural network, linear discriminant analysis, lasso regression,
CatBoost, and LightGBM. “Treat all” and “treat none” strategies are shown as
reference lines.

of 2019 global burden of disease study. J. Prev. Alzheimers Dis. 11, 1013-1021.
doi: 10.14283/jpad.2024.21

Liu, K., Fu, H,, Chen, Y., Li, B., Huang, H., and Liao, X. (2024). Relationship between
residual cholesterol and cognitive performance: a study based on NHANES. Front.
Nutr. 11:1458970. doi: 10.3389/fnut.2024.1458970

Mok, V. C. T,, Cai, Y., and Markus, H. S. (2024). Vascular cognitive impairment
and dementia: mechanisms, treatment, and future directions. Int. J. Stroke 19, 838-856.
doi: 10.1177/17474930241279888

Pan, Y., Liang, J., Zhang, W., Gao, D., Li, C,, Xie, W., et al. (2024). Association
between age at diagnosis of hyperlipidemia and subsequent risk of dementia. J. Am.
Med. Dir. Assoc. 25:104960. doi: 10.1016/j.jamda.2024.01.029

Pinto, X., Fanlo, M., Esteve, V., and Millan, J. (2023). Remnant cholesterol,
vascular risk, and prevention of atherosclerosis. Clin. Invest. Arterios. 35, 206-217.
doi: 10.1016/j.artere.2023.07.005

Reuben, D. B., Kremen, S., and Maust, D. T. (2024). Dementia prevention
and treatment: a narrative review. JAMA Intern. Med. 184, 563-572.
doi: 10.1001/jamainternmed.2023.8522

Shang, G., Shao, Q., Lv, K., Xu, W., Ji, J., Fan, S., et al. (2024). Hypercholesterolemia
and the increased risk of vascular dementia: a cholesterol perspective. Curr. Atheroscler.
Rep. 26, 435-449. doi: 10.1007/s11883-024-01217-3

Sturzebecher, P. E., Katzmann, J. L., and Laufs, U. (2023). What is ‘remnant
cholesterol’? Eur. Heart J. 44, 1446-1448. doi: 10.1093/eurheartj/ehac783

Wadstrom, B. N., Pedersen, K. M., Wulff, A. B., and Nordestgaard, B. G.
(2023). Elevated remnant cholesterol and atherosclerotic cardiovascular disease in
diabetes: a population-based prospective cohort study. Diabetologia 66, 2238-2249.
doi: 10.1007/s00125-023-06016-0

Wu, X, Tang, Y., He, Y., Wang, Q., Wang, Y., and Qin, X. (2024). Prevalence
of cognitive impairment and its related factors among Chinese older adults:
an analysis based on the 2018 CHARLS data. Front. Public Health 12:1500172.
doi: 10.3389/fpubh.2024.1500172

Xie, Y., Zhao, L., Gao, L., Xu, R, Gao, Y., Dou, K., et al. (2022). Association between
remnant cholesterol and verbal learning and memory function in the elderly in the US.
Lipids Health Dis. 21:120. doi: 10.1186/s12944-022-01729-4

Xiong, C., Gao, F., Zhang, J., Ruan, Y., Gao, T, Cai, J., et al. (2024). Investigating the
impact of remnant cholesterol on new-onset stroke across diverse inflammation levels:
insights from the China health and retirement longitudinal study (CHARLS). Int. J.
Cardiol. 405:131946. doi: 10.1016/j.ijjcard.2024.131946

Xu, T., Bu, G,, Yuan, L., Zhou, L., Yang, Q., Zhu, Y., et al. (2024). The prevalence
and risk factors study of cognitive impairment: analysis of the elderly population
of han nationality in Hunan province, China. CNS Neurosci. Ther. 30:¢14478.
doi: 10.1111/cns.14478

Yao, L., and Yang, P. (2024). Relationship between remnant cholesterol and risk of
kidney stones in U.S. adults: a 2007-2016 NHANES analysis. Ann. Med. 56:2319749.
doi: 10.1080/07853890.2024.2319749

Zhang, C., Yang, X., Wan, D., Ma, Q,, Yin, P., GBD, C.N.D.C,, et al. (2025). Burden of
neurological disorders in China and its provinces, 1990-2021: findings from the global
burden of disease study 2021. Med 6:100692. doi: 10.1016/j.med;j.2025.100692

Zhi, N., Ren, R, Qj, J., Liu, X,, Yun, Z,, Lin, S., et al. (2025).The China alzheimer
report 2025. Gen. Psychiat. 38:¢102020. doi: 10.1136/gpsych-2024-102020

frontiersin.org


https://doi.org/10.3389/fnhum.2026.1771503
https://www.frontiersin.org/articles/10.3389/fnhum.2026.1771503/full#supplementary-material
https://doi.org/10.3389/fnagi.2024.1332767
https://doi.org/10.1016/j.jare.2024.12.015
https://doi.org/10.1159/000512597
https://doi.org/10.1212/WNL.0000000000207876
https://doi.org/10.1016/S2468-2667(21)00249-8
https://doi.org/10.1161/STROKEAHA.124.046811
https://doi.org/10.3389/fneur.2025.1555587
https://doi.org/10.1016/S2666-7568(24)00112-0
https://doi.org/10.3389/fpubh.2025.1640089
https://doi.org/10.1186/s12888-021-03495-6
https://doi.org/10.1016/j.atherosclerosis.2024.118614
https://doi.org/10.1186/s12944-024-02241-7
https://doi.org/10.1161/STROKEAHA.121.037756
https://doi.org/10.14283/jpad.2024.21
https://doi.org/10.3389/fnut.2024.1458970
https://doi.org/10.1177/17474930241279888
https://doi.org/10.1016/j.jamda.2024.01.029
https://doi.org/10.1016/j.artere.2023.07.005
https://doi.org/10.1001/jamainternmed.2023.8522
https://doi.org/10.1007/s11883-024-01217-3
https://doi.org/10.1093/eurheartj/ehac783
https://doi.org/10.1007/s00125-023-06016-0
https://doi.org/10.3389/fpubh.2024.1500172
https://doi.org/10.1186/s12944-022-01729-4
https://doi.org/10.1016/j.ijcard.2024.131946
https://doi.org/10.1111/cns.14478
https://doi.org/10.1080/07853890.2024.2319749
https://doi.org/10.1016/j.medj.2025.100692
https://doi.org/10.1136/gpsych-2024-102020
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org

	Association of remnant cholesterol with cognitive impairment: a cross-sectional study
	1 Introduction
	2 Methods
	2.1 Population
	2.2 Inclusion and exclusion criteria
	2.3 Outcome
	2.4 Exposure
	2.5 Covariates
	2.6 Statistics

	3 Results
	3.1 1 Baseline characteristics of the study population
	3.2 Elevated RC is positively associated with the risk of cognitive impairment
	3.3 Variable importance and interaction effects of RC in machine learning models

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


