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3. Timeline: Statistical analysis to be completed in 3 months. Manuscript to be submitted in 6 
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4. Rationale: Alzheimer’s Disease (AD) and AD-Related Dementias (ADRD) are anticipated to 
afflict 115 million people globally by 2050. Vascular contributions to cognitive impairment and dementia 
(VCID), a primary type of ADRD, is a major research focus for the NIH. There is a need to discover 
novel non-invasive, non-CNS organ-related (e.g., heart) markers to predict dementia. Established 
cardiovascular risk factors for incident dementia include hypertension, diabetes, physical inactivity, and 
obesity1-4. Cardiovascular disease such as coronary heart disease, atrial fibrillation, and heart failure are 
also known risk factors for dementia5-7. 
 The 12-lead ECG is a ubiquitous, non-invasive, and inexpensive clinical tool. Alterations in the 
waves, durations, axes, and intervals on the ECG fundamentally reflect and aggregate the effects of years, 
if not decades, of exposure to cardiovascular risk factors and disease. Therefore, it is not surprising that 
many studies have shown ECG parameters to be linked to higher incidence of dementia.8 One meta-
analysis reported that ECG parameters such as abnormal P wave axis, prolonged P wave duration, and left 
ventricular hypertrophy are associated with greater cognitive decline.8 Prior studies, however, have only 
considered ECG parameters individually, and no study has considered the predictive power of considering 
ECG parameters in combination. 
 Furthermore, in recent years, many studies have demonstrated the power of applying artificial 
intelligence (AI) and deep learning (DL) approaches to the 12-lead ECG to improve prediction of 
cardiovascular outcomes.9,10AI and DL methods have the power to discern and aggregate subtle variations 
within ECGs that are imperceptible to the naked eye that reflect underlying cardiac structure and function. 
As of now, no study has leveraged AI-ECG to improve prediction of dementia. 
 Hence, in this proposed study, we aim to use the 12-lead ECGs in the ARIC study to construct an 
ECG risk score and develop an AI-ECG model to enhance prediction of dementia.  
 
 
5. Main Hypothesis/Study Aims:    
1) Construct and validate an ECG risk score to predict dementia 
2) Exploratory aim: Train and validate an AI-ECG model to predict dementia    
 
 
6. Design and analysis  - please address the following aspects: 

a) inclusion/exclusion 
b)  study design 
c) outcome and other variables of interest with specific reference to the time of their 

collection 
d) summary of data analysis  
e) Any anticipated methodologic limitations or challenges if present 
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Aim 1  
 
Inclusion 
We conduct this analysis using 2 different baselines: Visit 4 and Visit 5 
All participants with interpretable ECGs at ARIC Visit 4 
All participants with interpretable ECGs at ARIC Visit 5 
 
Exclusion 
Participants with prevalent dementia, missing covariates, those whose race is other than Black or 
White and non-White individuals in the Minneapolis and Washington County centers due to 
small numbers. 
 
Study design 
Prospective cohort with baseline at Visit 4 and follow up through 2019. 
Prospective cohort with baseline at Visit 5 and follow up through 2019. 
 
Exposures 
Candidate ECG parameters are selected from Imahori et al.8 and will be obtained from Visit 4 
and Visit 5. 
 
Resting heart rate (continuous) 
Abnormal P-wave terminal force in lead V1 (aPTFV1) (binary) 
Prolonged P wave duration (PPWD) (binary) 
Abnormal P wave axis (aPWA) (binary) 
Advanced interatrial block (aIAB) (binary) 
Left ventricular hypertrophy (LVH): sex specific Cornell voltage criteria (SV3 + RaVL > 28mm 
for men and 22mm for women) (binary) 
Corrected QT interval (QTc) (continuous)8 
 
Outcome 
Dementia will be ascertained in 3 ways: (1) Adjudicated dementia cases identified from in-
person evaluations at ARIC Neurocognitive Study (ARIC-NCS), (2) Among participants who 
were alive, but did not attend ARIC-NCS visits, the modified Telephone Interview of Cognitive 
Status (TICSm) or 6-item screener (SIS) were used to determine cognitive status or an informant 
interview was conducted; and (3) International Classification of Diseases (ICD) hospitalization 
discharge codes or death certificate codes were used to identify additional dementia cases 
 
Other variables (to be used for other dementia risk scores) 
UKDRS variables: age (years), sex (male/female), BMI (kg/m2), area deprivation index 
(quintiles), smoker status (ever, current, never), drinker status (grams per week), current 
antidepressant medication use, aspirin use, history of stroke, TIA, atrial fibrillation, or diabetes.11 
 
CAIDE variables: age (lowest tertile: 0 points, middle tertile: 3 points and highest tertile: 4 
points), sex (men: 1 point), educational years (highest tertile: 0 points, middle tertile: 2 points, 
lowest tertile: 3 points), hypertension (SBP> 140 mmHg: 2 points), body mass index (> 30 
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kg/m2: 2 points), cholesterol (> 6.5 mmol/L: 2 points), and physical activity (inactivity: 1 point 
[active: engaged in physical activity at least twice a week, lasting at least 20–30 min each 
time]).12 For Visit 4 baseline, we will obtain physical activity from Visit 3 (physical activity data 
are not available at Visit 4). 
 
 
Statistical analysis 
At each baseline, we will split the sample into a derivation or training sample (80%) and 
validation sample (20%).  The first stage variable selection will use only the derivation sample. 
We will construct the most parsimonious multivariable Cox regression model for prediction of 
dementia using a backward selection method (keeping variables with p<0.10 in the model). We 
will also consider a least absolute shrinkage and selection operator (LASSO) Cox regression to 
identify a parsimonious model with dementia as the outcome.11 As an alternative, we will also 
conduct the analysis using random survival forest model (RSF model). The RSF model, an 
ensemble tree-based method for the analysis of right-censored data, will be used to predict and 
efficiently select variables.13,14 We will include the top ranked variables in the prediction model. 
A locally weighted scatter smoothing curve and bar plot in a nonparametric regression will be 
used to assess nonlinear associations with survival probability.15  
 Duration of follow-up will be calculated as time between baseline and either date of 
dementia, death, or censoring date. We will construct models for different prediction time 
horizons (e.g., 15 years, 20 years for Visit 4 baseline; 1 year, 3 years, 5 years for Visit 5 
baseline). 
 The performance of the ECG risk score will be compared with the UK dementia risk score 
(UKDRS) and Cardiovascular Risk Factors, Ageing, and Dementia score (CAIDE). We will also 
compare our model with a model consisting of chronological age only, to examine the added 
predictive value of the ECG risk score. The model discrimination will be evaluated using the 
area under the curve (AUC). DeLong’s test will be used for comparison of the AUCs of the ECG 
risk score with the other risk models. We will use risk calibration to assess the agreement 
between the observed proportion of dementia cases and predicted probabilities of developing 
dementia as calculated from the risk score. 
 
Aim 2 (Exploratory Aim) 
 
Inclusion 
All participants with interpretable ECGs at ARIC Visit 4 
All participants with interpretable ECGs at ARIC Visit 5 
 
Exclusion 
Participants with prevalent dementia, missing covariates, those whose race is other than Black or 
White and non-White individuals in the Minneapolis and Washington County centers due to 
small numbers. 
 
Study design 
Prospective cohort with baseline at Visit 4 and follow up through 2019. 
Prospective cohort with baseline at Visit 5 and follow up through 2019. 
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Exposures 
12-lead ECG digital images 
 
Outcome 
 
Dementia will be ascertained in 3 ways: (1) Adjudicated dementia cases identified from in-
person evaluations at ARIC Neurocognitive Study (ARIC-NCS), (2) Among participants who 
were alive, but did not attend ARIC-NCS visits, the modified Telephone Interview of Cognitive 
Status (TICSm) or 6-item screener (SIS) were used to determine cognitive status or an informant 
interview was conducted; and (3) International Classification of Diseases (ICD) hospitalization 
discharge codes or death certificate codes were used to identify additional dementia cases. 
Dementia outcome will be treated as a binary variable rather than a survival outcome. 
 
Overview of the AI Model 
At each baseline, we will split the sample into a training (80%) and internal validation sample 
(20%). We will implement a convolutional neural network (CNN) using Python. The 12-lead 
ECG is recorded using eight physical leads and four augmented leads (i.e., 12 leads by 10-second 
duration sampled at 250 Hz for Visit 4 ECGs and 500 Hz for Visit 5 ECGs). The long axis 
represents the temporal axis and most of the convolutions will be used on it to allow the model to 
extract morphological and temporal features, while the short axis represents the lead or spatial 
axis and will be only used on layer to fuse the data from all the leads. We will implement a 
residual neural network using Keras and Python. The network will consist of 4 residual blocks, 
following the architecture in Ribeiro et al.16 
 
 The performance of the ECG risk score will be compared with the UK dementia risk score 
(UKDRS) and Cardiovascular Risk Factors, Ageing, and Dementia score (CAIDE). Measures of 
diagnostic performance will include the ROC AUC, accuracy (i.e., a weighted average of 
sensitivity and specificity indicating the percentage of patients whose labels were predicted 
correctly), sensitivity, specificity, and the F1 score (i.e., the harmonic mean of the sensitivity and 
positive predictive value). 
 
 
 

f) Will the author need Limited data to complete the proposed manuscript? ☐ Yes, 
Limited data is needed (Provide a brief (2-3 sentences) justification for requesting 
PHI data)      .  ☒ No, De-identified data will be sufficient. 

*Please note, Limited dataset access is strict and rarely provided. Limited data includes 
identifiable information such as dates (birthdays, visit dates, etc.).  CMS, Genomic, Geocoded, 
Proteomics/Somalogic, and other -omic data all fall under the limited data category. De-
identified data does not include dates.  All dates are date adjusted to "Days since Visit 1".  
 
 
 
7.a. Will the data be used for non-ARIC analysis or by a for-profit organization in this 
manuscript? (Non-ARIC analysis means that the authors are not regarded as ARIC 
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9. The lead author or the "sponsoring" ARIC author of this manuscript proposal has 

reviewed the list of existing ARIC Study manuscript proposals and has found no 
overlap between this proposal and previously approved manuscript proposals either 
published or still in active status.  ARIC Investigators have access to the publications lists 
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10. What are the most related manuscript proposals in ARIC (authors are encouraged to 
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12a. Manuscript preparation is expected to be completed in one to three years.  If a 
manuscript is not submitted for ARIC review at the end of the 3-years from the date of the 
approval, the manuscript proposal will expire. 
 
12b. The NIH instituted a Public Access Policy in April, 2008 which ensures that the public 
has access to the published results of NIH funded research.  It is your responsibility to upload 
manuscripts to PubMed Central whenever the journal does not and be in compliance with this 
policy.  Four files about the public access policy from http://publicaccess.nih.gov/ are posted in 
https://aric.cscc.unc.edu/aric9/publications/policies_forms_and_guidelines [ARIC 
WebsitePublicationsPublication Policies, Forms, and Guidelines]. 
http://publicaccess.nih.gov/submit_process_journals.htm shows you which journals 
automatically upload articles to PubMed central. 
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