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Abstract

Background: The atherosclerotic cardiovascular disease (ASCVD) is associated with dementia. However, the risk factors of
dementiain patients with ASCV D remain unclear, necessitating the development of accurate prediction models.

Objective: The aim of the study is to develop a machine learning model for use in patients with ASCVD to predict dementia
risk using available clinical and sociodemographic data.

Methods: This prognostic study included patients with ASCVD between 2006 and 2010, with registration of follow-up data
ending on April 2023 based on the UK Biobank. Weimplemented adata-driven strategy, identifying predictorsfrom 316 variables
and developing a machine learning model to predict the risk of incident dementia, Alzheimer disease, and vascular dementia
within 5, 10, and longer-term follow-up in patients with ASCVD.

Results: A total of 29,561 patientswith ASCV D wereincluded, and 1334 (4.51%) devel oped dementia during amedian follow-up
time of 10.3 (IQR 7.6-12.4) years. The best prediction model (UK Biobank ASCVD risk prediction model) was light gradient
boosting machine, comprising 10 predictorsincluding age, time to complete pairs matching tasks, mean timeto correctly identify
matches, mean sphered cell volume, glucose levels, forced expiratory volumein 1 second z score, C-reactive protein, forced vital
capacity, time engaging in activities, and age first had sexual intercourse. Thismodel achieved the following performance metrics
for al incident dementia: area under the receiver operating characteristic curve: mean 0.866 (SD 0.027), accuracy: mean 0.883
(SD 0.010), sensitivity: mean 0.637 (SD 0.084), specificity: mean 0.914 (SD 0.012), precision: mean 0.479 (SD 0.031), and
F,-score: mean 0.546 (SD 0.043). Meanwhile, thismodel waswell-calibrated (Kolmogorov-Smirnov test showed goodness-of -fit
P value>.99) and maintained robust performance across different temporal cohorts. Besides, the model had a beneficial potential
in clinical practice with adecision curve analysis.

Conclusions: The findings of this study suggest that predictive modeling could inform patients and clinicians about ASCVD
at risk for dementia.

(JMIR Aging 2025;8:664148) doi: 10.2196/64148
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Introduction

Cardiovascular disease (CVD) is the leading cause of
noncommunicable disease and mortality worldwide [1].
Meanwhile, the epidemiology of the atherosclerotic
cardiovascular disease (ASCV D), which encompasses coronary
heart disease and cerebrovascular disease (CeVD), has
experienced substantial and rapid growth [2]. It isreported that
in 2016, ASCVD wasresponsiblefor approximately 2.4 million
deaths, representing 25% of all deathsand 61% of CV D-related
deathsin China[3].

Dementiais another devastating disease affecting more than 50
million individuals worldwide [4]. Given the high costs and
heavy burdensit imposes on families and society, scientistsand
scholars around the world are dedicated to identifying
preventable interventions and reducing the incidence of
dementia. Recently, a growing body of evidence indicates that
lifestyle interventions early in life with a focus on reducing
cardiovascular risk factors are a promising strategy for
preventing dementia [5-9]. In particular, shared risk factors
between dementia and ASCVD have been identified [10].
According to the Lancet Commission, it is estimated that
approximately 40% of dementia cases can be prevented by
targeting modifiable, primarily cardiovascular risk factors [4].
However, these studies were restricted by their use of classical
statistical analyses (such as Cox or logistic regressions) and by
considering only widely studied prespecified CVD risks.
Therefore, the results were not sufficient in accuracy.

Machine learning (ML) isan emerging technical foundation of
artificial intelligence, which enablestheleverage of information
from large and complex datasets [11]. Severa studies have
applied ML-based models to dementia diagnosis and risk
prediction [12-15]. Nevertheless, thelong-term risk of dementia
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progression (5 or 10 years) in patients with ASCVD remains
uncertain.

In this study, we used comprehensive phenotypic and follow-up
datafrom acohort of over 500,000 UK Biobank participantsto
develop an ML-based model capable of predicting the 5- or
10-year risk of incident dementia in specific patients with
ASCVD. We anticipate that this ML-derived early warning
system will enhance clinician-patient counseling, enabletargeted
follow-up, and facilitate the development of personalized
prevention strategies. This, ultimately, can optimize the health
and care of individuals with ASCVD.

Methods

Data Source and Study Population

We analyzed data from the UK Biobank, a longitudinal
prospective study that recruited over 500,000 participants
between 2006 and 2010 [16]. The participants were enrolled
from 22 recruitment centers across the United Kingdom and
were aged between 40 and 69 years at the baseline assessment.
Multiple data were collected from the participants, including
guestionnaires, physical measurements, biological sample
assay's, genotyping, imaging data, and ongoing hospital records.
Figure 1 illustrated the enrollment process, where we included
individuals with a prior history of any established ASCVD,
such as coronary artery disease (n=28,397), CeVD (n=28,141),
peripheral artery disease, or abdominal aortic aneurysm
(n=3740) [17]. Participants were excluded at the baseline
assessment if they met the following criteria: (1) had dementia
at baseline (n=64), (2) had no follow-up records (n=69), and
(3) death (n=8532). Ultimately, weincluded 29,561 participants
with ASCV D who had at least 10 years of follow-up until April
2023.
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Figurel. Participant selection flowchart. UK Biobank participants were excluded if baseline dementiawas self-reported or follow-up datawere absent.
The remaining participants were categorized according to their first reported years of dementia, AD, or VD &fter the baseline. AAA: abdominal aortic
aneurysm; AD: Alzheimer disease; CAD: coronary artery disease; CeVD: cerebrovascular disease; PAD: periphera artery disease; VD: vascular

dementia.
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Ethical Considerations

Ethical approva was obtained from the North West M ulti-Centre
Research Ethics Committee (11/NW/0382, 16/NW/0274, and
21/NW/0157). Written informed consent was provided by all
participants during the collection of primary data. The UK
Biobank data used were deidentified, and all personaly
identifiable information of participants has been removed to
ensure privacy and confidentiality. Besides, the UK Biobank
offered nonfinancial compensation in the form of travel
reimbursements for attending the assessment centers and other
incidental expenses related to participation. Additionally,
participants were given feedback on their individual health data
upon request, which provided valuableinsightsinto their health
status. This study adhered to the reporting guidelines of
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Transparent Reporting of a Multivariable Prediction Model for
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Outcome

The primary end point of this study was the occurrence of all
incident dementia, including Alzheimer disease (AD), vascular
dementia (VD), frontotempora dementia, and dementia
associated with other neurodegenerative or specified diseases.
Dueto the high rate of incidence worldwide, AD and VD were
examined as the secondary outcomes. To conduct a
comprehensive survey on the incidence time, we categorized
the patientsinto 5-year, 10-year, and all incident dementia, AD,
and VD. The outcomes were ascertained and categorized based
on the International Classification of Diseases and Read codes
(Table S1 in Multimedia Appendix 1), which were obtained
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from the “first occurrence” category in the UK Biobank
including the primary care data, the hospital inpatient data, the
death register records, and subsequent UK Biobank assessment
center visits. Follow-up visits continued until the earliest of the
following events: adementiadiagnoss, death, or the most recent
available datafrom either the hospital or the general practitioner,
whichever occurred first. What is noteworthy was that the
imaging data and lumbar puncture results were not available to
doctors to achieve the detailed diagnostic data.

Data Preparation

In this study, we included al clinically correlated variables
during the participants baseline visits. The assessment
procedure involved a manual examination of each variable to
determine its relevance to comprehensively understanding a
participant’s overall status. Variables not pertinent to these key
domains or lacking in additional insights were excluded. Data
screening was processed to exclude noninformative variables
with missing values exceeding 40% among all participants. To
prevent potential overfitting from oversampling, we applied
random undersampling to the mgority class, balancing the
dataset more effectively. We also adjusted the class weightsin
our ML algorithms to give more importance to the minority
classduring model training. Overall, atota of 316 featureswere
adopted, including the participants’ demographic characteristics
(n=2), touchscreen-recorded questionnaires (n=151), physical
measures (n=66), cognitive function tests (n=22), and biol ogical
sample assays (n=59). Furthermore, to improve theinformative
value of the dataset, we used the available data to generate
several variables (n=16) that were not directly extracted from
the UK Biobank (Table S2 in Multimedia Appendix 1).
Considering the significant impact of ASCV D on mortality, we
identified and coded deaths as competing events to ensure
accurate modeling of the primary outcome.

In this study, we used different missing data handling strategies
tailored to each ML agorithm to ensure the accuracy and
robustness of the models. Specifically, for thelogistic regression
model, we used mean imputation to handle missing values. For
each variable with missing data, we calculated its mean in the
training dataset and replaced the missing data points with this
mean. This method is simple and efficient, making it suitable
for modelslikelogistic regression that require complete datasets.
For other ML methods, including light gradient boosting
machine (LightGBM), extreme gradient boosting machine,
random forest, k-nearest neighbor, and artificial neural network,
we adopted automatic imputation techniques. These automatic
imputation methods leverage the inherent mechanisms of the
algorithms or advanced imputation strategies within the
preprocessing pipeline to dynamicaly estimate and replace
missing values. To evaluate the robustness of our results, we
conducted a sensitivity analysis using multiple imputation by
chained equations (Table S4 in Multimedia Appendix 1). This
approach generates several imputed datasets by modeling each
missing value conditionally based on other variables, thereby
accounting for the uncertainty associated with the imputations.
By comparing the outcomes across different imputation
methods, we assessed the stability and reliability of our
predictive models.
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To evaluate the model’s stability and generalization across
different time periods, this study used atime validation approach
to partition dementiadatafrom the UK Biobank database. First,
the recruitment date was selected as the primary temporal
variable, and all samples were sorted in ascending order based
on this date to ensure chronological arrangement and prevent
future data from leaking into the training process. Considering
previousresearch and datavolume, the dataset was divided into
2 periods: the training and validation sets comprised samples
recruited from 2006 to 2009, while thetest set included samples
diagnosed in 2010. This division ensures that only past data
were used for model training, and the model’s predictive
performance on future data was assessed during the validation
and testing phases. To further guarantee temporal independence,
feature sel ection and standardi zation were performed exclusively
on thetraining set, with identical transformations applied to the
validation and test sets, thereby avoiding the use of information
from these sets during training. Given thetypically low number
of dementia cases, healthy sampleswith more than 5% missing
variables were excluded from the training set to balance the
class distribution and enhance model learning. Additionally,
multipleimputation methods were used to handle missing data,
ensuring data integrity. Through these steps, a time validation
framework was established, maintaining the tempora
independence and appropriate distribution of the training,
validation, and test sets, thereby improving the model’s
predictive performance across different time periods and the
credibility of the study’s findings.

Predictor Selection

The predictors for model devel opment were identified through
a 2-step process: variable importance ranking and sequential
forward selection (SFS) [19,20]. First of all, the importance of
each variable was determined using a preliminary trained
LightGBM classifier. Gradient boosting machine is a type of
boosting that builds these simple modd s step-by-step, improving
the model at each step to better fit the data. LightGBM,
developed by Microsoft, is a faster and more efficient version
of gradient boosting machine designed to handle large-scale
data effectively. The “light” in LightGBM refers to its
lightweight nature, meaning it usesless memory and runsfaster.
The top 50 variables were selected by LightGBM. Next, they
were inputted into a hierarchical clustering algorithm, which
used Spearman rank-order correlations to further identify and
eliminate redundant variables with multicollinearity. We
established acorrelation threshold of 0.75, considering variables
with pairwise correl ations above this value as highly redundant.
Within each cluster of such variables, weretained only the most
predictive variable for the model, effectively reducing
multicollinearity while preserving essential information. To
avoid overfitting and enhance the robustness of feature selection,
a nested cross-validation approach was used. Specificaly, in
the outer loop, we divided the dataset into multiple folds,
selecting 1 fold asthe test set and using the remaining folds for
feature selection and model training. Within the inner loop, the
training set was further split into inner training and validation
sets, where features were selected based on performancein the
inner validation sets. Finally, model performance was evaluated
on the outer test set to ensure fair feature selection and robust
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predictive capability. Then, an SFS approach was used, wherein
the features within the presel ected subset underwent reranking
according to a newly developed classifier. Afterward,
presel ected variableswere reranked, and multiple ML classifiers
were used to sequentially add predictors one at each time.
Finally, the classifier was selected based on achieving the best
performance of area under the receiver operating characteristic
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curve (AUC), and we selected the top 10 variables according
to theimportance of each variable calculated by the LightGBM
model. After selecting these 10 variables, adding any other
variables did not significantly improve the model. The top 25
predictors are shown in Table 1. More details of predictor
selection could be obtained in the part of the Methods section
in Multimedia Appendix 1.

Table 1. Top 25 predictorsfor all incident dementiawith light gradient boosting machine.

Number Variables Importance rating Ranking
1 Forced vital capacity 0.133 1
2 Summed MET? minutes per week for all activity 0.12 2
3 Age 0.09 3
4 Pairs matching time 0.05 4
5 Mean sphered cell volume 0.038 5
6 Glucose 0.037 6
7 Mean time to correctly identify matches 0.037 7
8 FEV1°z score 0.035 8
9 Agefirst had sexual intercourse 0.033 9
10 C-reactive protein 0.031 10
11 Average weekly red wine intake 0.029 11
12 Calcium 0.029 12
13 Vitamin D 0.028 13
14 Pulse rate automated reading 0.026 14
15 Father age at death 0.025 15
16 Systolic blood pressure automated reading array 0.025 16
17 FEV 1/FVCE ratio z score 0.024 17
18 Neuroticism score 0.023 18
19 Red blood cell erythrocyte distribution width 0.023 19
20 Apolipoprotein B 0.023 20
21 Total bilirubin 0.023 21
22 Cystatin C 0.022 22
23 Alanine aminotransferase 0.018 23
24 Average weekly beer plus cider intake 0.017 24
25 Result ranking 0.016 25

AMIET: metabolic equivalent.
PEEV 1: forced expiratory volumein 1 second.
CFVC: forced vital capacity.

Model Development

We implemented a range of ML techniques, including
LightGBM, extreme gradient boosting machine, random forest,
logistic regression, k-nearest neighbor, support vector machine,
and artificial neural network to classify participants into 2
classes. 0 (predicted to remain no dementia) or class 1 (to
develop all incident dementia, AD, or VD). The proposed model
was developed using patients with ASCVD without dementia
(n=28,227) and with all incident dementia (n=1334) from the

https://aging.jmir.org/2025/1/e64148

UK Biobank dataset. In total, 10 identified predictors were
incorporated into the model. We expanded our performance
evaluation metrics to include receiver  operating
characteristic-AUC, precision, recall, and F;-score, ensuring a
comprehensive assessment of the models performance on
imbalanced data. Subsequently, LightGBM, the best-performing
method, was used to develop a dementiarisk prediction model
of ASCVD, named the UK Biobank ASCVD risk prediction
model. The hyperparameter tuning was performed through
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exhaustive selection from 10,000 sets of candidate parameters,
and the optimal set was chosen based on the performance
measurement of AUC. Please refer to Table S8 in Multimedia
Appendix 1 for detailed information on the search space and
final adopted parameters. To eval uate the predictive performance
of themodel's, we constructed and compared the traditional Cox
proportional hazards model with the LightGBM model. Both
models used identical predictor variablesto ensurefairnessand
consistency inthe comparison. The Cox model assessed hazard
ratiosfor each variable through multivariate regression analysis,
whilethe LightGBM model leveraged itsrobust ability to handle
nonlinear relationships and variable interactions for risk
prediction. Subsequently, the performance of both models was
systematically compared using consistent evaluation metrics
(such as AUC) to determinetheir predictive effectivenesswithin
the study dataset. This comparison aimsto validate the potential
advantages of the LightGBM model in risk prediction and to
provide a reference for the application of the traditional Cox
model. The Cox proportional hazards model was aso used to
account for competing risks, which ensured that the risk of death
did not bias the estimation of dementia event probabilities. To
enhance the model’s stability and applicability, atime validation
approach was used for dataanalysis. Additionally, we calibrated
the raw predicted probabilities into actual dementia risks
(Figures S12-S14 in Multimedia Appendix 1). Finally, to assess
the clinical utility of the prediction model, decision curve
analysis (DCA) was conducted. First, the model’s net benefit
was calculated across various threshold probabilities and then
compared with the baseline strategies of “treat all” and “treat
none.” The DCA curves were plotted using the rmda package
in R (R Foundation for Statistical Computing) to illustrate the
model’s potential value in clinical decision-making. The ML
algorithm was implemented using LightGBM library (version
3.3.2) and scikit-learn library (version 1.0.2) in Python (version
3.9; Python Software Foundation).

We aso performed a 5-fold cross-validation to assess the
stability of feature importance, randomly dividing the dataset
into 5 equal parts. In each iteration, 4 folds were used for
training, and 1 fold for validation. The training involved 2
stages: model development and calibration. The 4 training folds
were split 3:1, with 3 folds for development and 1 fold for
calibration. Validation sets were exclusively for performance
evaluation. Results were averaged across folds with
corresponding SDs.
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Statistical Analysis

In an analysis of the variables of interest, continuous variables
were summarized using the median and IQR, while discrete
variables were summarized using frequency and percentage.
Group comparisons (no dementia vs incident dementia or AD
or VD) were conducted using chi-square tests for discrete
variables and 2-tailed Student t tests for continuous variables.
Multivariate analysis was used to calculate odds ratios based
on normalized data.

The model’s performance was evaluated using 2 accuracy
metrics: discrimination and calibration. Discrimination was
assessed using the AUC, which ranges from 0.5 for a
noninformative model to 1 for aperfectly discriminating model.
Cdlibration measures the agreement between predicted
probabilities and observed event proportions. It was evaluated
using the Kolmogorov-Smirnov test with 10 subgroups and
visually represented in calibration plots. A P value greater than
.05 signified an adequate goodness of fit.

Furthermore, we reported accuracy, sensitivity, specificity,
precision, and the F;-score, which were determined using the
cutoff that maximized the Youden index. Additionally, we used
Shapley Additive Explanations (SHAP) plots to visualize the
individual contributions of each predictor to thetarget variable.
All data analysis and visuaizations were performed using
Python (version 3.9) with packages from the scikit-learn library
(version 1.0.2) and the SHAP library (version 0.40.0).

Results

Population Char acteristics

After quality control, atotal of 29,561 participantswith ASCVD
were included in this study. The median age of the participants
was 62.0 (IQR 58.0-66.0) years. Among the participants, 36.63%
(10,829/29,561) were women, and 94.12% (27,822/29,561)
were White. During a median follow-up time of 10.3 (IQR
7.6-12.4) years, a subset of 1334 participants developed
dementiaafter their baseline visits. Specifically, 617 participants
had incidents within 10 years, and 136 had incidents within 5
years. Besides, the prevalence of all-cause dementiawas4.51%
(1334/29,561), AD was 1.44% (425/29,561), and VD was 1.81%
(536/29,561) in this study. The critical baseline predictors are
presented by incident dementia, AD, and VD statusin Table 2,
and the percentage of missing valuesfor the predictorsis shown
in Table S3in Multimedia Appendix 1.
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Table 2. The baseline characteristics of UK Biobank participants included in the study by dementia, Alzheimer disease (AD), and vascular dementia
(VD) status.

Participants characteristics  Overall (n=29,561) No dementia All incident dementia All incident AD All incident VD

(n=28,227) (n=1334) (n=425) (n=536)

Age (years), median (IQR)  62.0 (58.0-66.0) 62.0 (57.0-66.0) 66.0 (63.0-68.0) 66.0 (64.0-68.0) 66.0 (63.0-68.0)

Sex (female), n (%) 10,829 (36.63) 10,353 (36.68) 476 (35.68) 170 (40.00) 163 (30.41)

Ethnicity (White), n (%) 27,822 (94.12) 26,565 (94.11) 1257 (94.23) 404 (95.06) 504 (94.03)

Education (years), median  10.0 (9.0-11.0) 10.0 (9.0-11.0) 10.0 (9.0-11.0) 9.0 (9.0-10.0) 9.0 (9.0-10.0)

(IQR)

Forced vital capacity (L),  3.5(2.9-4.2) 35(2.9-4.2) 3.2(2.6-3.9) 3.2(2.7-4.0) 3.1(26-3.9)

median (IQR)

Summed MET?minutesper  1662.0 (693.0-3546.0) 1671.0(698.0-3546.0) 1398.0(510.0-3288.0) 1653.0(660.0-3546.0) 1308.0(408.8-2942.6)

week for al activity (min-

utes per week), median

(IQR)

Pairsmatching time (sec-  411.0 (325.0-534.0)  408.0 (324.0-529.0)  487.5(368.0-678.8)  487.0(372.0-673.5)  496.0 (370.5-701.0)

onds), median (IQR)

Mean sphered cell volume
(fL), median (IQR)

Glucose (mmol/L), median
(IQR)

Mean time to correctly
identify matches (seconds),
median (IQR)

FEV1°z score (L), median
(IQR)

Agefirst had sexual inter-
course (years), median

(IQR)

C-reactive protein (mg/L),
median (IQR)

CADS, n (%)
CevDY, n (%)

PADE or AAAT, n (%)

82.4 (79.2-85.9)

5.0 (4.7-5.5)

563.0 (500.0-644.0)

0.6 (-0.1t0 1.3)

18.0 (16.0-21.0)

1.5(0.8-3.1)

21,735 (73.53)
21,707 (73.43)

1345 (4.55)

82.4 (79.2-85.8)

5.0 (4.7-5.5)

562.0 (500.0-641.0)

0.6 (-0.1t0 1.3)

18.0 (16.0-21.0)

1.5(0.8-3.1)

20,763 (73.56)
20,738 (73.47)

1270 (4.50)

83.1 (79.5-86.7)

5.1 (4.7-5.9)

594.0 (531.0-699.8)

82.5(79.6-86.1)

5.1 (4.7-5.6)

586.0 (527.0-684.0)

83.2(79.2-87.3)

5.2 (4.7-6.2)

602.0 (532.0-707.5)

0.7 (0.0-1.5) 0.5 (-0.0t0 1.4) 0.8 (0.2-1.6)
18.0 (17.0-21.0) 19.0 (17.0-21.0) 18.0 (16.0-21.0)
15(0.7-3.2) 15(0.7-3.3) 1.7 (0.8-3.4)
972 (72.86) 325 (76.47) 357 (66.60)

969 (72.64) 324 (76.24) 356 (66.42)

75 (5.62) 23 (5.41) 34 (6.34)

AMET: metabolic equivalent.

bFEV1: forced expiratory volume in 1 second.
CCAD: coronary artery disease.

dceVD: cerebrovascular disease.

€PAD: peripheral artery disease.

FAAA: abdominal aortic aneurysm.

Data-Driven Predictors Selection

Among the 316 candidate variables, we initialy selected the
top 50 variables based on the LightGBM classifier and
performed the hierarchical clustering to eiminate the
multicollinearity [21]. As shown in the bar chart of Figure 2A,
atotal of 29 variableswere sorted according to their importance
in the prediction task. The SFS strategy was used to strike a

https://aging.jmir.org/2025/1/e64148

balance between model performance (AUC on the right axis)
and the number of variables selected, as depicted in the line
chart. The line chart showed that the model’s performance
experienced a sharp increase when incorporating the first few
variables and eventually reached a plateau with the inclusion
of additional variables. Ultimately, the top 10 variables were
chosen asthefinal predictorsfor ML model development. Their
summary statistics are displayed in Table 2.
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Figure 2. Predictive variable selection and interpretation on al incident dementia. (A) Sequentia forward selection from a presel ected predictor pool.
A bar chart ranked predictor importance by their contribution to classification, while aline chart depicted cumulative AUCs with each iterative predictor
inclusion. Thetop 10 predictors, marked red, were sel ected for machine learning model construction. (B) SHA P-based visualization of salient predictors.
Horizontal bar widths correspond to predictor impact on model predictions, with wider ranges indicating greater influence. Predictor intensity was
color-coded, graduating from blue (low) to red (high), as per the color bar on theright. The x-axis orientation signified the probability of either dementia
(right) or health (left). AUC: area under the receiver operating characteristic curve; FEV1: forced expiratory volume in 1 second; FVC: forced vital
capacity; MET: metabalic equivalent; SHAP: Shapley Additive Explanations.

0.14 0.90
3 0.12 /W
H - 0.85Q
=2
£ 0.10 =
©
o @
g 0.08 0.80.2
— -
= 2
Loos 3
i 0.75 E
T
0.04 L%
£
- Illllll_,__,__,__,__,__,_ﬁ__,____,__,__,_ h
.
© & o o® C e s o _ge
¢ \(\‘a Ln\" ¥ \@“‘;‘go o°° GT aﬁc\' o C:@ 05,\. \a\“‘d:\, & \e‘g " \\Oﬂ‘é;‘_ "\a \-F'ﬁ\ T (\'@
&oﬁ"" o d@d\a\w([(a‘ \ﬂ“z gt L -\v\°‘$9\o‘° L 9\ 59\‘ o “ﬂe‘ﬁ*
¥ o L o
. A o o \':\Zbgz a‘-“oa
¥ of W &
) " @ o® o
6‘;\“ ‘0\'\5- ‘0“’@ & vc,s“
2 Py o
(B) High

Summed MET minutes per week for all activity
Age

Pairs matching time

Mean sphered cell volume

Glucose

Mean time to correctly identify matches

Selected predictor

FEV1 z score
Age first had sexual intercourse

C-reactive protein

Modél Interpretation of Selected Predictors

To interpret the influence of each selected predictor, we used
SHAP values and visualized them in Figure 2B. The predictors
were interpreted based on value magnitude (coded by gradient
colors) and tendency on the horizontal axis (indicting the
likelihood of developing dementia). Take the predictor forced
vital capacity (FVC) asan example. Patientswith ASCVD with
lower FVC values (colored blue) were more likely to develop
dementia (right side) compared to those with higher FV C values
(colored red). Similarly, for the remaining predictors, patients
with ASCV D who spend less time engaging in activities, being
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older, who take longer time to complete pair matching tasks,
and who have higher mean sphered cell volume (MSCV), forced
expiratory volume in 1 second z score, C-reactive protein, and
glucose levels tend to have an increased risk of developing
dementia. Interestingly, we found that patients who engaged in
sexual intercourse at an earlier age were more likely to develop
dementia. Moreover, a5-fold cross-validation stability analysis
of feature importance was conducted. Theresultsindicated that
most features exhibited high stability across different data
subsets. Figure 3 shows the distribution of key feature
importance across al folds.
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Figure 3. Stability analysis of feature importance across different data subsetsin the model of all incident dementia. The stability of featureimportance
in the model of all incident dementia was assessed across different data subsets, providing insights into the robustness of identified predictors. Each
line represented the variability of feature importance in aspecific subset, illustrating how consistent the predictive factors are across varying conditions.
FEV 1: forced expiratory volumein 1 second; FVC: forced vital capacity; MET: metabolic equivalent.
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M odel Performance Across Different Populationsand
Algorithms

Compared with other ML algorithms, it can be seen in Table 3
that LightGBM demonstrated superior performance across
various metrics. We used the AUC metric to evaluate the
discrimination performance of the UK Biobank ASCVD risk
prediction model. As depicted in Table 4, the model achieved
a mean AUC of 0.866 (SD 0.027) for al incident dementia
cases. Furthermore, the model demonstrated promising results
for the prediction of 10-year and 5-year incident dementia, with
mean AUCs of 0.876 (SD 0.024) and 0.903 (SD 0.076),
respectively. The model for all incident dementia exhibited a
mean accuracy of 0.883 (SD 0.01), mean sensitivity of 0.637
(SD 0.084), mean specificity of 0.914 (SD 0.012), mean
precision of 0.479 (SD 0.031), and mean F,-score of 0.546 (SD

0.043). Apart from the 5-year AD and VD predictions, the model

also displayed valuable discrimination abilitiesfor different AD
and VD population groups. Specifically, the mean AUCs for
all and 10-year incident AD were 0.836 (SD 0.043) and 0.828
(SD 0.112), respectively, while the mean AUCs for al and
10-year incident VD achieved 0.870 (SD 0.029) and 0.881 (SD
0.031), respectively. For specific metrics of all, 10-year, and
5-year dementia, AD, and VD predictions, pleaserefer to Table
4 and Figures S3-S11 and S15 in Multimedia Appendix 1. We
also compared the performance of the traditiona Cox
proportional hazards model and the LightGBM-based model in
risk prediction. The AUC of all incident dementia, AD, and VD
for the Cox model were 0.67, 0.67, and 0.71, respectively
(Figure S1 in Multimedia Appendix 1). After competing risk
analysis with death, the prediction power of the Cox model did
not show a significant difference in predicting AD and VD
(Tables S5-S7 and Figure S2 in Multimedia Appendix 1).

Table 3. Model performance metrics for different machine learning classifiers on all incident dementiaa.

Accuracy, mean Sensitivity, mean Specificity, mean Precision, mean Fi-score, mean Ay Cb, mean

(SD) (D) (SD) (SD) (SD) (D)
LightGBMC 0.883 (0.010) 0.637 (0.084) 0.914 (0.012) 0.479 (0.031) 0.546 (0.043) 0.866 (0.027)
XGBoogtd 0.814 (0.01) 0.709 (0.045) 0.826 (0.01) 0.323(0.018) 0.444 (0.024) 0.853 (0.02)
Random forest 0.829 (0.01) 0.703 (0.047) 0.844 (0.012) 0.345 (0.02) 0.463 (0.024) 0.859 (0.02)
KNNE 0.829 (0.014) 0.561 (0.059) 0.86 (0.012) 0.32(0.033) 0.407 (0.041) 0.765 (0.024)
Logistic regression 0.783 (0.014) 0.627 (0.071) 0.802 (0.016) 0.27 (0.022) 0.378 (0.031) 0.795 (0.035)
ANN' 0.836 (0.1) 0.638 (0.145) 0.859 (0.125) 0.377 (0.174) 0.46 (0.102) 0.833 (0.025)

8The cutoff for binarization was established by maximizing the Youden index (Y I=sensitivity+specificity—1).

BAUC: area under the receiver operating characteristic curve.
LightGBM: light gradient boosting machine.

dx GBoost: extreme gradient boosting machine.

€K NN: k-nearest neighbor.

FANN: artificial neural network.
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Table 4. Model performance metrics for the prediction on different types of dementia?.

Accuracy, mean Sensitivity, mean Specificity, mean Precision, mean Fi-score, mean  AucP, mean

(SD) (SD) (SD) (SD) (SD) (SD)
All incident dementia ~ 0.883 (0.01) 0.637 (0.084) 0.914 (0.012) 0.479 (0.031) 0546 (0.043)  0.866 (0.027)
Al incident ADC 0.847 (0.029) 0.656 (0.125) 0.855 (0.035) 0.148 (0.01) 0241(0.012)  0.836(0.043)
Al incident VDO 0.859 (0.039) 0.683 (0.045) 0.868 (0.043) 0.206 (0.045) 0.315(0.053)  0.870(0.029)
10-Year incident demen-  0.877 (0.033) 0.709 (0.059) 0.886 (0.037) 0.255 (0.057) 0.374(0.063)  0.876(0.024)
tia
10-Year incident AD  0.668 (0.061) 0.814 (0.214) 0.666 (0.065) 0.036 (0.006) 0.07 (0.012) 0.828 (0.112)
10-Year incident VD 0.839 (0.051) 0.757 (0.1) 0.841 (0.055) 0.098 (0.02) 0.173(0.029)  0.881(0.031)
5-Year incident demen-  0.939 (0.031) 0.694 (0.155) 0.942 (0.033) 0.125 (0.045) 0.211(0.069)  0.903 (0.076)
tia
5-Year incident AD  0.979 (0.006) 0.4(05) 0.98 (0.006) 0.039 (0.049) 0.061(0.047)  0.775(0.243)
5-Yearincident VD 0.952 (0.012) 0.471 (0.288) 0.957 (0.012) 0.106 (0.063) 0172(0.102)  0.803(0.11)

8Cutoffs were established by maximizing the Youden index (Y |=sensitivity+specificity—1).
BAUC: areaunder the receiver operating characteristic curve.

CAD: Alzheimer disease.

dvD: vascular dementia.

DCA demonstrated that our prediction model exhibited ahigher  calibration of the model. A P value greater than .05 indicates
net benefit within the threshold probability range of 0.04t00.97  sufficient goodness of fit. Satisfactory calibrations for the
across different time periods, significantly outperforming both  development of all population groups, including 5-year or
the “treat all” and “treat none” baseline strategies (Figure 4).  10-year or al incident dementia, AD, and VD, were observed
The Kolmogorov-Smirnov test was conducted to assess the (Table 5 and Figures S12-S14 in Multimedia Appendix 1).
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Figure 4. Clinical applicability of dementia risk prediction with a decision curve analysis. (A-C) The decision curve analysis of the UK Biobank
atherosclerotic cardiovascular disease risk prediction model on all incident and 10-year incident and 5-year incident times.
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Table 5. Calibration data of the UK Biobank atherosclerotic cardiovascular disease risk prediction model?,

Decile groups (10%  AJ| incident dementia®

All incident ADP®

All incident VDPd

quantile each)
Observed probabil-  Preserved probabil-  Observed probabil-  Preserved probabil-  Observed probabil-  Preserved probabil-
ity (%o) ity (%o) ity (%o) ity (%o) ity (%o) ity (%o)
1 4.71 3.53 283 210 1.79 1.45
2 9.40 11.72 217 5.46 0.98 4.60
3 24.78 21.98 15.58 8.93 8.03 8.37
4 35.91 33.55 12.88 12.13 10.98 12.72
5 41.65 45.96 14.84 15.23 17.91 17.39
6 53.92 59.90 18.47 18.97 22.79 22.36
7 77.65 77.23 19.95 23.72 30.75 28.81
8 96.51 101.12 28.01 30.43 35.79 37.58
9 132.95 141.49 42.09 4331 47.42 52.26
10 627.36 606.99 213.22 209.58 293.58 283.14

8Calibration data of the UK Biobank atherosclerotic cardiovascular disease risk prediction model on different types of dementia at all incident times.
The 5-fold cross-validation strategy was performed to calculate the results. A P value less than .05 indicated the statistical significance of the results.

bGoodness-of-fit P value >.99.
CAD: Alzheimer disease.
dv/D: vascular dementia.

A Temporal Validation of the Constructed M odel

To assess the stability and generalizability of our dementia
prediction model, we used a time validation approach using
datafrom the UK Biobank. The model wastrained and validated
on samples recruited between 2006 and 2009 and tested on the
2010 cohort. In the training and validation set, the model
achieved a mean AUC of 0.866 (SD 0.027) in predicting all

incident dementia, indicating strong discriminatory ability.
When applied to the test set from 2010, the model maintained
robust performance with an AUC of 0.819, suggesting good
generalization to future data. Other performance metricsin the
test set: accuracy was 0.851, sensitivity was 0.691, specificity
was 0.866, precision was 0.315, and the F;-score was 0.433

(Table 6).

Table 6. Model performance metrics for the prediction on the test data divided by time period?®.

Accuracy Sensitivity Specificity Precision Fq-score AUCP
All incident dementia 0.851 0.691 0.866 0.315 0.433 0.819
All incident ADC 0.921 0.500 0.933 0.182 0.267 0.718
All incident VD® 0.916 0.619 0.926 0.218 0.322 0.838
10-Year incident demen-  0.925 0.576 0.943 0.350 0.435 0.824
tia
10-Year incident AD 0.916 0.517 0.922 0.093 0.157 0.804
10-Year incident VD 0.946 0.590 0.953 0.207 0.307 0.834
5-Year incident dementia  0.984 0.480 0.991 0.4 0.436 0.882
5-Year incident AD 0.181 1 0.181 0.001 0.002 0.605
5-Year incident VD 0.002 1 0 0.002 0.004 0.595

8Cutoffs were established by maximizing the Youden index (Y |=sensitivity+specificity—1).

BAUC: areaunder the receiver operating characteristic curve.
CAD: Alzheimer disease.
dv/D: vascular dementia.
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Discussion

Principal Findingsand ComparisonsWith Prior Work

In this study, we developed a predictive model using the
LightGBM algorithm and leveraging big data from the UK
Biobank to assesstherisk of dementiain patientswith ASCVD.
To the best of our knowledge, this is the first model that uses
big data to predict the risk of dementia specifically in patients
with ASCVD. Our model incorporates 10 clinical predictive
factors, selected based on their importance, to accurately
estimate the risk of dementia. Notably, our model demonstrates
particularly strong performancein predicting all-cause dementia
and VD, with AUC values exceeding 0.85. Furthermore, the
model effectively calibrates the predicted probabilities and
aligns well with the observed event ratios, indicating its
reliability and accuracy in estimating the risk of dementia in
patients with ASCVD.

The ASCVD has long been recognized as one of the most
significant risk factors for dementia, especially VD [22].
Although previous studies have primarily concentrated on the
influence of atherosclerotic CeVDs on dementia, emerging
research suggeststhat systemic atherosclerotic diseases beyond
CeVDs aso significantly contribute to the development of
dementia [23]. To the best of our knowledge, no prior studies
have used big data to predict the risk of dementia in patients
with ASCVD. Unlike model s based on variables obtained from
intricate neuroimaging and neuropsychological tests, the
predictorsin thismodel are more accessible and can be applied
in various clinical settings and medical institutions.

Recent studies have indicated the importance of vascular risk
factorsin the devel opment of dementia, which should be taken
into consideration by clinical practitioners. During the
establishment of a dementia risk model in the population with
ASCVD, we identified several key and distinctive risk factors
that differ from other longitudinal studies. Age was identified
as one of the most significant influencing factorsin this study.
Other factors include low exercise time, high fasting blood
glucose, and reaction time including pair matching time and
mean timeto correctly identify matches. Theserisk factorshave
been shown to have a close relationship with the overall health
of the vascular system and are critical in the development of
ASCVD events [24,25]. Besides, high plasma levels of
C-reactive protein at baseline were associated with a high risk
of al incident dementia in this study, which is corresponded
with theresult of thelatest research [26]. Furthermore, wefound
that MSCV should be considered as anew and significant factor
in assessing the risk of dementia in patients with ASCVD.
MSCV is primarily a parameter in hematology used to assess
changes in the volume of spherocytes. Currently, there is no
evidence to suggest a direct relationship between MSCV and
dementia. However, overall blood health can indirectly affect
cognitive function, especially in the presence of chronic anemia
or other systemic diseases [27]. If an abnorma MSCV is
observed in clinical practice or research, it is important to
consider the patient’s overall health status comprehensively,
including but not limited to neurological function, to fully
evaluate the patient’s dementia risk. Recent studies have aso
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gradually found that lung function may play arolein the onset
of dementia by influencing brain structure [28]. Our model
indicated FV C and forced expiratory volumein 1 second z score
as protective factors in decreasing dementia risk. Finally, age
first had sexual intercourse, also known asage at first intercourse
(AFS), wasfirst identified as one of the significant risk factors
for dementiain populationswith ASCVD, which isinteresting
and worth attention. Compared to other biological traits,
reproductive behaviors, especially sexual factors, have long
been neglected when it comes to the study of CVDs and
neurological disorders. Recent studies show that the earlier the
age of first sexual intercourse, the higher the likelihood of
developing hypertension and CVDs [29,30]. The specific
processes driving thisrelationship are not yet fully understood,
but they may include a mix of environmental and genetic
influences. For instance, early sexual activities are often
accompanied by adverse environmental factors, including lower
educational attainment, increased smoking and alcohol
consumption, and the use of illicit drugs [31], which are all
closely associated with CVDs. Recent studies have identified
a causal relationship between AFS and CVDs at the genetic
level [30,32]. Although AFS has no direct impact on dementia,
it might beinduced from our study that AFSisindirectly related
to dementiathrough intriguing CV Dsespecially in patientswith
ASCVD.

In our study, we performed a stability analysis of feature
importance using 5-fold cross-validation to ensure the robustness
of the identified predictors. The analysis revealed that several
key features consistently ranked highly across al folds,
indicating their strong and reliabl e association with the outcome.
Specifically, FVC, summed metabolic equivalent minutes per
week, age, and pair matching time maintained relatively high
importance scores in every subset, underscoring their role as
robust predictors. Although these 4 variables exhibited
significant variation compared to other variables, the impact of
this variation is minimal relative to their importance.

We acknowledge that the Cox proportional hazards model, as
amature and interpretable method, holds a significant position
in survival analysis. However, our study results show that the
LightGBM-based ML model significantly outperformsthe Cox
model in predictive performance metrics such as AUC,
demonstrating its advantagesin handling nonlinear rel ationships
and complex interactions between variables. LightGBM
effectively captures patterns in high-dimensional data, thereby
enhancing the accuracy of risk prediction. Although ML models
face certain challengesin terms of computational resourcesand
interpretability, their substantial improvement in predictive
performance illustrates their added value in practical
applications. Future research could explore combining traditional
Cox modelswith ML methodsto balance predictive performance
and model interpretability, thereby meeting diverse clinical
application needs. Besides, our study indicated that mortality
had a minimal impact on the primary outcomes, and the overall
conclusions of the study remained largely unchanged. This
suggested that the prediction power of our model remained
robust even after accounting for competing risks.

The time validation results demonstrate that our dementia
prediction model maintainsrobust performance across different
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temporal cohorts. Specifically, in the population of all incident
dementia, the AUC remained consistently high, with a dlight
decrease from 0.866 in the training set to 0.819 in the test set.
Similarly, other performance metrics such as accuracy,
precision, recall, and F;-score showed only minor declines over
time. This stability suggeststhat the model effectively captures
underlying patterns associated with dementia risk that are
persistent across the studied time periods. The consistency of
performance metrics across the training and test sets indicates
that the model’s predictive capabilities are not significantly
affected by temporal shiftsin the data. The stable performance
of themodel over different time periods enhancesitslong-term
applicability in clinical and public health settings. A model that
maintains its predictive accuracy over time is invaluable for
ongoing and future dementia screening programs, enabling early
identification of at-risk individuals with confidence in its
sustained reliability. However, it isalso essential to acknowledge
the significant performance decline observed in the test set when
predicting the risk of 5-year AD and VD, which may be
attributed to thelow prevalencein patientswith ASCVD during
a relative short period. To ensure continued efficacy, periodic
retraining and validation of the model with new data may be
necessary. This approach would allow the model to adapt to
any emerging trends or shiftsin risk factors that may influence
dementia incidence over time.

Inclinical practice, the LightGBM model can be applied during
the initial diagnosis or follow-up stages to early identify
individuals with high dementia risk among patients with
ASCVD, thus promoting timely intervention and treatment. For
instance, using this predictive model during a patient’s initial
visit can assist physiciansin swiftly identifying patients at high
risk and arranging further diagnostic tests or interventions.
Moreover, integrating the model’s predictions into electronic
health record systems can generate alerts and recommend further
evaluations, thereby enhancing diagnostic accuracy and
personalized treatment plans. To effectively communicate the
predicted risk, doctors should use easily understandable
language to explain the model results and their implicationsto
the patient while also providing clear next steps and support
resources to alleviate patient anxiety. Consider a hypothetical
example: a55-year-old mal e patient with hypertension and high
cholesterol who recently experienced aheart attack. After using
the LightGBM model for assessment, theresultsindicate ahigh
dementia risk. Based on this, the doctor decides to schedule
detailed cognitive function tests and recommends a
comprehensive plan that includes cognitive training, a healthy
diet, and regular exercise. Through these interventions, the
patient can better manage his cardiovascular health whiletaking
steps to reduce the likelihood of devel oping dementia.

However, the application of such predictive models raises
potential ethical issues. First, there may be prediction bias due
to training data, leading to unequal care, so continuous
monitoring and validation are needed to ensure fairness. Second,
doctors need to carefully communicate the model’s predictions
to avoid causing unnecessary anxiety for patients. Additionally,
patient data use should require clear consent and ensure privacy
protection. Finally, caution against overreliance on model
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predictions is necessary, with doctors maintaining primary
responsibility for care decisions.

Limitations

Several limitations should be considered when interpreting the
results. First, our study focused on a specific population of
patients with ASCVD. Dueto therelatively small sample size,
we observed a lower AUC value when predicting the 5-year
incidencerates of dementia, especially for AD and VD incidence
over a 5-year period. This issue can be addressed by further
expanding the sample size. Additionally, this study primarily
used samples of European descent, which may restrict the
generalizability of our findings to other populations. Genetic,
environmental, and lifestyle differences across diverse ethnic
groups could influence the model’s performance and predictive
accuracy. The limited diversity of the sample may affect the
model’s applicability to non-European populations. To ensure
broader relevance and robustness, future research should include
diverse ethnic backgrounds to validate and potentialy refine
the model for varied demographic groups. While the time
validation results are promising, the model currently relies on
static features collected at baseline. Integrating longitudinal
data and time-varying covariates could potentially improve
predictive performance and adaptability over extended periods.
Despite incorporating death as a primary competing risk, there
might still be other unrecognized or unadjusted competing
factors, such as other chronic diseases or lifestyle changes, that
could influence the results to some extent. The application of
competing risk models relied on the correct specification of
models and assumptions; any biasesin model setup might affect
the accuracy of the analysis. Therefore, future research should
further explore additional potential competing risk factors and
use more sophisticated statistical methods to comprehensively
assess the prediction power. Regarding the ML agorithms
chosen for our study, the use of LightGBM may lead to data
overfitting becauseit generates deep decision trees. To mitigate
overfitting, a maximum depth limit should be imposed during
the use of LightGBM. Furthermore, it is important to
acknowledgethat LightGBM isabias-based algorithm and can
be sensitive to noise in data processing, which may potentially
affect the final data analysis results. Additionally, it should be
noted that the predictive variables identified in this study were
derived from data-driven analytical models, which may induce
some bias compared to actual clinical diagnostic and treatment
experiences. While advanced predictive models and results have
been obtained, their applicability to clinical practice remains
uncertain. Therefore, future research should focus on validating
the analysis results using other independent cohortswith larger
sample sizes and extending the study methodology to
populations from different countries, regions, and ethnicities.
Theintegration of clinical practice experiences will contribute
to the devel opment of more universally applicable and practical
models.

Conclusions

This study has identified several practical and novel predictors
for dementia screening in patients with ASCVD. It is worthy
of testing and evaluating the applicability of these factors in
clinical practice. Future studies should focus on investigating
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whether intervening in these factors can help prevent the and outcomes of patients with ASCVD and reduce the burden
incidence of dementiain patients with ASCVD. By exploring of dementiain this population.
these possibilities, we can potentially improve the management
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