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ABSTRACT

Risk Profile of Cardiac Arrhythmic Events Associated with
Cognitive Enhancers in Dementia Patients

Dementia is a progressive neurodegenerative condition marked by cognitive decline and
functional impairment, posing a substantial public health burden with over 50 million cases globally.
Cognitive enhancers—including cholinesterase inhibitors (ChEIs: donepezil, rivastigmine,
galantamine) and the NMDA receptor antagonist memantine—are widely used to manage symptoms.
However, ChEIs have been implicated in cardiac arrhythmias such as bradycardia, QT prolongation,
and atrial fibrillation (AFib), likely due to their enhancement of cholinergic transmission and vagal
tone. These risks are particularly concerning for elderly patients with dementia, who are more
susceptible to conduction abnormalities and their clinical consequences. Despite these known risks,
routine electrocardiogram (ECG) monitoring before or during treatment is uncommon in clinical
settings. Prior evidence from randomized controlled trials (RCTs) is limited by exclusion of patients
with cardiovascular comorbidities or polypharmacy, limiting generalizability. Real-world data is
needed to better characterize arrhythmic risk across drug classes, dosage levels, and patient

subgroups.

This study aimed to assess the risk of three major cardiac arrhythmic events—bradycardia, QT
prolongation, and AFib—identified through ECG records in electronic medical records (EMRs)
among users of cognitive enhancers. Specifically, it employed two complementary analytical
approaches: (1) a between-subject retrospective cohort design comparing the arrhythmic risk of
ChEIs with memantine as the reference; and (2) a within-subject self-controlled risk interval (SCRI)
design comparing arrhythmic event rates before and after ChEI initiation, thereby controlling for
time-invariant confounders. The study also evaluated dose-response relationships and variations in
risk across patient subgroups, stratifying patients by age, sex, baseline cardiovascular comorbidities,

and baseline chronotropic medication use using the two study design methods described above.

The study population was derived from Severance Hospital EMRs database, comprising 8,354

v



patients in the cohort design and 3,364 patients in the SCRI analysis. ChEI use, especially donepezil,
was significantly associated with increased bradycardia risk compared to memantine (donepezil
HR=1.75, 95% CI: 1.39-2.21; IRR=1.54, 95% CI: 1.39-1.74). Donepezil was also significantly
associated with QT prolongation (HR=1.25, 95% CI: 1.02-1.49; IRR=1.46, 95% CI: 1.30-1.61).
AFib risk showed no consistent association across drug groups in cohort analyses and SCRI. Dose-
response analyses indicated higher bradycardia and QT prolongation risks at increased donepezil
doses. Subgroup analysis revealed risk was higher among subgroups with older age, baseline

cardiovascular comorbidities, and baseline chronotropic medication use.

By combining between-subject (cohort) comparisons and within-subject (SCRI) analyses, this
research provides robust evidence of the arrhythmic risks associated with ChEI use. These findings
highlight the importance of individualized cardiovascular risk assessment, routine ECG monitoring
before and during treatment, and careful dose titration to improve the safety of dementia
pharmacotherapy. Based on these results, this study can also serve as a foundation for developing
patient-specific prescribing and safety monitoring strategies to further enhance the safety of

dementia treatment.

Key words: Cognitive Enhancers, Cholinesterase Inhibitors, Electrocardiogram, Bradycardia, QT

Prolongation, Atrial Fibrillation, Arrhythmia, Real-world Data



1. Introduction

1.1. Background and significance of the research

Dementia is a progressive neurodegenerative disorder characterized by declining cognitive
functions, including memory, reasoning, and daily activities. As of 2019, an estimated 50 million
individuals worldwide were affected by dementia, with the number expected to rise due to aging
populations. This condition poses a significant global health burden, with estimated economic costs
reaching approximately $1.3 trillion annually [1]. Pharmacological management of dementia
focuses on alleviating cognitive symptoms and maintaining functional independence, with cognitive

enhancers playing a key role in clinical practice.

Currently, the most widely approved and clinically used symptomatic treatments for dementia-
related cognitive impairment include three cholinesterase inhibitors (ChEIs)—donepezil,
rivastigmine, and galantamine—and one N-methyl-D-aspartate (NMDA) receptor antagonist,
memantine. Among these, rivastigmine and galantamine are approved for mild to moderate dementia,
donepezil for all stages, and memantine for moderate to severe stages. In clinical practice,
combination therapy with a ChEI and memantine is frequently prescribed in later stages of the

disease, with some evidence suggesting modest benefits over monotherapy [2, 3].

While these agents are effective in improving cognitive symptoms, concerns have emerged
regarding their potential to induce cardiovascular events, particularly arrhythmias such as
bradycardia, QT prolongation, and atrial fibrillation (AFib) [4, 5]. The arrhythmic risks are
especially associated with ChEIs, which enhance cholinergic transmission and may increase vagal
tone—potentially leading to suppression of sinoatrial (SA) or atrioventricular (AV) nodal activity.
Due to this pharmacologic mechanism, ChEIs have been linked to clinically significant conduction
abnormalities [6]. In contrast, memantine acts by modulating glutamatergic neurotransmission
through NMDA receptor antagonism. Since NMDA receptors play a minimal role in cardiac
electrophysiology, memantine is generally considered to have a lower arrhythmic risk compared to

ChEIS [7].



These cardiac risks are of particular concern in elderly dementia patients, who are inherently
more vulnerable due to age-related impairments in autonomic regulation and higher baseline
susceptibility to conduction disturbances. In such patients, even minor disruptions in cardiac rhythm
can lead to serious outcomes such as syncope, falls, or hospitalization, further worsening the overall

disease burden and increasing morbidity.

Despite the known risks, routine electrocardiogram (ECG) monitoring—both before and during
treatment—remains uncommon in clinical practice. This lack of cardiac assessment may lead to
underrecognition of drug-induced arrhythmias, especially among high-risk individuals. Moreover,
ChEIs are often prescribed early in the disease course and continued for prolonged periods,
increasing the cumulative risk over time. Combination therapy adds further complexity, yet direct

comparisons of cardiovascular risk across different treatment strategies are limited.

Additionally, existing safety evaluations are largely derived from randomized controlled trials
(RCTs), which frequently exclude patients with cardiovascular comorbidities or polypharmacy [8].
These limitations reduce the generalizability of trial findings to broader dementia populations. Real-
world data are therefore needed to enable more accurate stratification of arrhythmic risk across

different drug regimens and patient subgroups.

To address these gaps, this study aims to construct a detailed arrhythmic risk profile of cognitive
enhancers using real-world data, comparing monotherapy and combination therapy across diverse
patient subgroups. By identifying risk factors and characterizing the incidence of bradycardia, QT
prolongation, and AFib, this research seeks to inform personalized treatment strategies and proactive

monitoring frameworks that enhance the safety of dementia pharmacotherapy in clinical settings.



1.2. Related Studies: Cardiovascular Risks of ChEIs and Memantine

Numerous studies have investigated the potential cardiovascular risks associated with ChEIs in
patients with dementia. A systematic review and meta-analysis evaluating 22 longitudinal studies
and 9 comparator-based cohort studies reported a significantly increased incidence of bradycardia
among users of ChEls in longitudinal designs (2%, 95% CI = 1-6%, 1> = 98%), whereas this
association was not statistically significant in cohort studies (HR = 1.40, 95% CI = 0.76-2.59, I> =
98%) [2]. The discrepancy highlights substantial heterogeneity, suggesting that differences in study

design and patient selection may influence observed outcomes.

Two large population-based cohort studies further explored real-world cardiovascular effects.
Gill et al. (2009) reported increased risks of syncope (adjusted HR = 1.76), bradycardia, falls, and
pacemaker insertion among ChEI users compared to non-users [3]. Similarly, Hernandez et al. (2009)
observed a dose-dependent relationship between ChEI use and bradycardia, with high-dose

donepezil users showing the highest risk (adjusted HR = 2.1) [4].

Although memantine’s direct cardiac effects have not been thoroughly characterized, available
studies suggest a comparatively lower incidence of cardiovascular events, with fewer reports of
bradycardia or conduction abnormalities compared to ChEIs [5, 6]. San-Juan-Rodriguez et al. (2019)
reported memantine was associated with a lower rate of cardiovascular events compared to ChEI
monotherapy or combination therapy. They found no significant difference in cardiovascular event
rates between donepezil and rivastigmine, but observed slightly elevated risks particularly with
galantamine, whereas memantine maintained relatively lower risks compared to ChEIs [7]. Similarly,
Fosbgl et al. (2012) found that ChEIs shared comparable cardiovascular risks, while memantine
consistently showed lower adverse event risk [6]. However, both studies were limited in adjusting

for clinical variables such as age, comorbidities, and polypharmacy.

Although the existing literature highlights the potential cardiovascular risks of cognitive
enhancers, it remains methodologically limited. Most studies adopt a single study design,
particularly cohort studies, which are vulnerable to selection bias and often lack comparisons
between pre- and post-treatment periods. Furthermore, few studies have evaluated multiple

arrhythmia subtypes or conducted subgroup analyses based on clinically meaningful patient



characteristics.

To overcome these limitations, comprehensive comparative evaluations employing both
between-subject (cohort) and within-subject (self-controlled) designs are warranted. This approach
will facilitate refined, patient-specific arrhythmic risk profiles and support safer, more individualized

prescribing strategies in dementia care.



1.3. The objective of the study

This study aims to quantify the risk of arrhythmic events in dementia patients treated with
cognitive enhancers. Specifically, it seeks to determine the relative risks of three clinically
significant arrhythmias — bradycardia, QT prolongation, and AFib — associated with different

cognitive enhancers, as detected through 12-lead electrocardiogram (ECG) monitoring.

Additionally, this study examines dose-response relationships and assesses variations in
arrhythmic risk across patient subgroups defined by age, sex, comorbidities, and concomitant

medications.

To achieve these objectives, two observational study designs are employed: a between-subject
retrospective cohort design to estimate relative arrhythmic risks across drug classes, and a within-
subject Self-Controlled Risk Interval (SCRI) design to evaluate short-term risk elevations following

treatment initiation, inherently controlling for time-invariant confounding factors [9].

This comprehensive analytical approach enables the construction of detailed arrhythmic risk
profiles across drug types, dosages, and patient characteristics. These findings will help inform safer

and more individualized prescribing practices in dementia care.



2. Methods

2.1. Data source & study population

This retrospective observational study was conducted using electronic medical records (EMRs)
from Severance Hospital (Sinchon and Yongin campuses) in South Korea. The study cohort
comprised patients aged 60 years or older who received a clinical diagnosis of dementia between
January 2004 and December 2022 and were prescribed at least one cognitive enhancer—donepezil,

rivastigmine, galantamine, or memantine.

Dementia diagnoses were identified using the International Classification of Diseases, 10th
Revision (ICD-10) codes, including F00.0, F00.1, F00.2, F00.9, FO1, F02, F03, F06.7, F10.6, G30.0,
G30.1, G30.8, G30.9, G31.00, G31.1, and G31.82. Eligible patients were also required to have at

least one 12-lead electrocardiogram (ECG) recorded after treatment initiation.

Patients were excluded if they had a history of major cardiac interventions (e.g., pacemaker
implantation, defibrillator placement, cardiac valve surgery) prior to their first cognitive enhancer
prescription, received cognitive enhancers for fewer than 14 days, or had invalid ECG results,

identified by diagnostic terms such as “expired” or “cannot analyze” in the MUSE system.

For all patients who met the inclusion and exclusion criteria, data on medication prescriptions,
diagnosis codes, and ECG parameters were retrieved from structured EMRs encompassing both
inpatient and outpatient encounters. The study protocol was approved by the Institutional Review
Board (IRB) of Severance Hospital, and all data were de-identified before analysis to protect patient

confidentiality.



2.2. Exposure

Patients were categorized into seven treatment groups based on their initial cognitive enhancer:
donepezil, donepezil + memantine, rivastigmine, rivastigmine + memantine, galantamine,
galantamine + memantine, and memantine. This classification allowed for assessment of individual
ChEI risks, as well as potential additive or synergistic effects when used in combination with

memantine, accounting for possible drug-drug interactions and clinical practice patterns [10, 11].

Monotherapy groups were defined as patients who were prescribed one of the four cognitive
enhancers (donepezil, rivastigmine, galantamine, or memantine) and used it for at least 14 days. The

index date for monotherapy was defined as the date of the first prescription of the respective drug.

Combination therapy was defined as concurrent use of a ChEI (donepezil, rivastigmine, or
galantamine) and memantine for 14 or more days within the first 60 days after therapy initiation [7].
For these patients, the index date was defined as the first day with an overlapping supply of ChEIs

and memantine.

Cognitive enhancer exposure data were extracted from prescription records, including
dispensing dates and days of supply. Discontinuation was defined as a gap of 60 days or more

following the end of a prescription's days of supply.

For dose-response analyses, each patient was categorized according to the maximum prescribed
daily dose prior to any arrhythmic event, as outlined in Table 1. In the case of combination therapy,

dose classification was based on the concurrently prescribed ChEI dose.



Table 1. Daily Dose Categories for Cognitive Enhancers

Donepezil [12] Rivastigmine [13] Galantamine [14] Memantine [15]

Low <5 mg/day <1.5mg/day (oral) <8 mg/day <5 mg/day
<9 mg/day (patch)
Medium 7.5-10 mg/day <9 mg/day (oral) < 16 mg/day < 10 mg/day

< 18 mg/day (patch)
High 15-23 mg/day  ~12 mg/day (oral) <24 mg/day <20 mg/day

<27 mg/day (patch)




2.3. Outcome

Three arrhythmic events were evaluated in this study using serial ECG recordings documented
in the EMRs: bradycardia, QT prolongation, and atrial fibrillation (AFib). Bradycardia was defined
as a heart rate below 60 beats per minute [16], based on atrial or ventricular rate measurements from
standard 12-lead ECGs. QT prolongation was defined as a corrected QT interval (QTc) >450 ms in
men and >460 ms in women [17], calculated using Bazett’s formula by the automated MUSE ECG
system. AFib was defined by the automated detection of the term “Atrial Fibrillation” in the

automated diagnosis text generated by the MUSE ECG system.

To assess potential diagnostic access bias, the frequency of ECG testing per patient was

evaluated and compared across each treatment group.



2.4. Covariates

Baseline characteristics included demographic variables, baseline comorbidities, and baseline
medication use. These variables were also used as covariates in the main analyses to adjust for

potential confounding.

Baseline comorbidities were identified based on diagnosis codes recorded within three years
prior to the index date and included angina pectoris, cancer, depression, diabetes mellitus, chronic
heart disease, coronary artery disease, heart failure, myocardial infarction, and stroke, as these
represent chronic conditions routinely recorded in EMRs (Table 2). Baseline medications were
defined as prescriptions filled within six months prior to the index date for drug classes known to
affect cardiac electrophysiology, such as beta-blockers, calcium-channel blockers, and
antipsychotics (Table 3). These baseline medications were included to characterize patients’
underlying cardiovascular risk at treatment initiation and to aid in adjusting for differences in

baseline propensity for arrhythmias [18, 19].

In subgroup analyses, patients were stratified by sex, age group, dose category, presence of any
baseline cardiovascular comorbidity, and use of any baseline medication with chronotropic effects.
These subgroup analyses aimed to evaluate whether certain patient characteristics indicating higher
baseline cardiovascular vulnerability were associated with greater arrhythmic risk when using
cognitive enhancers. For each stratified analysis, the corresponding stratification variable was

excluded from covariate adjustment to avoid overcontrol.

10



Table 2. Comorbidities. Comorbidities were defined based on diagnoses recorded within 3 years

prior to the index date.

Comorbidity ICD-10 Codes
Angina pectoris 120.x

Cancer C00-C97
Depression F32.x, F33.x
Diabetes Mellitus E10-E14

Chronic heart disease 111, 125, 142, 143, 150
Coronary artery disease 125.x

Heart failure 150.x

Myocardial infarction 121.x,122.x

Stroke 160-164

11



Table 3. Baseline Medications. Baseline medication use was defined as the prescription of the

following drugs within 6 months prior to the index date.

Medication Class Drugs

Amiodarone, Flecainide, Propafenone, Sotalol, Mexiletine,
Antiarrhythmics — ) )

Dronedarone, Quinidine, Disopyramide

Haloperidol,  Risperidone, Olanzapine,  Quetiapine,
Antipsychotics

Aripiprazole, Clozapine

Atenolol, Metoprolol, Bisoprolol, Carvedilol, Propranolol,
Beta-blockers
Esmolol, Nebivolol

Diltiazem, Verapamil, Amlodipine, Nifedipine, Felodipine,
Calcium Channel Blockers o
Nicardipine

Cardiac Glycosides Digoxin

12



2.5. Statistical Analysis

2.5.1. Overview of study design

This study employed both between-subject and within-subject analytical approaches to
evaluate the association between cognitive enhancer use and cardiac arrhythmic events. The
between-subject analysis used a retrospective cohort design to compare the incidence of arrhythmic
events across treatment groups. Complementarily, in the within-subject analysis, a self-controlled
risk interval (SCRI) design was implemented to compare event incidence before and after treatment

initiation within the same individuals.

The cohort analysis enabled direct comparisons across treatment groups using time-to-event
methods. In contrast, the SCRI design inherently adjusted for all time-invariant individual-level

confounders by comparing individuals to themselves over time.

Baseline comparability between treatment groups was assessed using standardized mean
differences (SMDs) and p-values, with an SMD < 0.1 and p > 0.05 considered indicative of
negligible imbalance [20].

13



2.5.2. Cohort Study

To estimate the relative risk of arrhythmic events across cognitive enhancers, a retrospective
cohort analysis was conducted using Cox proportional hazards regression. Patients with prior
arrhythmic events were not excluded to reflect real-world prescribing patterns and maintain
generalizability, avoiding selection bias that could arise from excluding higher-risk individuals [21].
Additionally, patients with existing cardiovascular comorbidities or a history of using medications
with chronic cardiovascular effects were retained to enable subgroup analyses assessing whether
baseline CV risk modifies the association between cognitive enhancer use and arrhythmic events.
The primary objective was to compare the incidence of bradycardia, QT prolongation, and AFib

among treatment groups, using memantine as the reference (Figure 1).

Follow-up began on the index date and continued until the first occurrence of a arrhythmic
event, treatment discontinuation (defined as a gap of >60 days in medication supply), or the end of
the study period, whichever came first. Hazard ratios (HRs) and 95% confidence intervals (Cls)

were calculated with adjustment for age, sex, baseline comorbidities, and baseline medication use.

An HR greater than 1 indicated increased risk relative to memantine, and an HR less than 1

indicated decreased risk. The proportional hazards assumption was verified and met in all models.

To account for multiple comparisons across the six treatment groups, the significance threshold
was adjusted using the Bonferroni correction [7]. Since each of the six treatment groups was
individually compared to memantine, the conventional alpha level of 0.05 was divided by 6, yielding

a corrected significance threshold of p < 0.0083.

14



2.5.3. Self-controlled risk interval (SCRI)

To complement the cohort analysis and address residual confounding, a self-controlled risk
interval (SCRI) design was employed. As a within-subject analytical approach, SCRI compares risk
and control periods within the same individual, thereby minimizing confounding by stable patient
characteristics such as demographics, baseline comorbidities, and genetic predisposition.[22, 23].
This design enables a more robust assessment of temporal associations between cognitive enhancer

initiation and arrhythmic events, independent of between-person variability.

The SCRI analysis was conducted separately for each arrhythmic event (i.e., bradycardia, AFib,
and QT prolongation), and included patients who met the following criteria for the respective event:
(1) ECG measurements were recorded both within 12-week periods before and after index date; and

(2) at least one corresponding arrhythmic event was detected in either period [23].

SCRI designs can define control periods either before or after exposure, or use bidirectional
approaches, to minimize time-varying confounding [22]. However, cognitive enhancers like
cholinesterase inhibitors are administered continuously over long durations, leaving little or no
unexposed time for a post-exposure control period. Furthermore, ECG monitoring after exposure
discontinuation is uncommon, with our dataset showing that ECG records were predominantly
clustered around cognitive enhancer initiation. As a result, arrhythmic events would likely go
undetected in the period after discontinuation, making the post-exposure control period unsuitable

for SCRI in this study.

A symmetric 12-week window was applied for control (weeks —12 to 0) and risk periods (weeks
1 to 12), reflecting a clinically relevant timeframe commonly applied in epidemiologic research [19,
24, 25]. This design helped mitigate potential bias due to non-uniform ECG testing around the time

of treatment initiation (Figure 2).

Incidence rate ratios (IRRs) and corresponding 95% confidence intervals were estimated using
conditional Poisson regression models. IRRs greater than 1 indicated a higher incidence during the

risk period, whereas values less than 1 indicated a lower incidence compared to the control period.

15
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Figure 1. Cohort study design. Conceptual diagram comparing treatment (ChEIs) and reference
(memantine) groups. Red ECG symbols indicate arrhythmic events; prohibition signs mark the end

of follow-up due to treatment discontinuation or loss to observation.

Start of ~ First End of
Observation cognitive enhancer Observation
period prescription period

Control Period

(12weeks)

Risk Period
(12weeks)

A M

e

Figure 2. Self-controlled risk interval (SCRI) study design. Conceptual diagram showing fixed

12-week control and risk periods within individuals. Red ECG symbols indicate arrhythmic events
observed during each period, illustrating within-person comparison of event incidence before and

after exposure.
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2.6. Subgroup Analysis

Additional stratified analyses were performed to assess dose-response relationships and identify

high-risk patient subgroups. Both cohort and SCRI designs were applied.

To ensure adequate sample size and statistical power, all ChEIs were grouped as a single exposure

category in subgroup analyses, reducing small strata and avoiding unstable HR and IRR estimates.

2.6.1. Risk of arrhythmic events by dose level

To evaluate whether higher ChEI doses are associated with increased risk of arrhythmic events,
we performed stratified analyses of event incidence by dose level. Patients were categorized into
low, medium, or high dose groups based on their maximum prescribed daily dose prior to the first
detected cardiac arrhythmic event. For combination therapy cases, dose classification was
determined based on the ChEI component. In the cohort analysis, memantine (any dose) served as

the reference group.

2.6.2. Risk of arrhythmic events by patient subgroups

Subgroup analyses were conducted to identify high-risk patient subgroups by comparing
arrhythmic event risk across categories of age, sex, cardiovascular comorbidities, and baseline
medications with chronotropic effects. Age groups included patients in their 60s, 70s, and >80 years.
Cardiovascular comorbidities included coronary artery disease, chronic heart disease, heart failure,
myocardial infarction, or stroke. Chronotropic medications included beta-blockers, calcium channel
blockers, antipsychotics, and cardiac glycosides. In the cohort analysis, memantine served as the

reference group.

17



3. Results

3.1. Patient characteristics

A total of 15,561 patients aged 60 years or older who were prescribed at least one cognitive
enhancer prescription (donepezil, rivastigmine, galantamine, or memantine) between 2004 and 2022
at Severance Hospital (Sinchon and Yongin campuses) and had at least one ECG measurement were

initially identified.

Patients were excluded if they had a history of major cardiac procedures (e.g., pacemaker
implantation, defibrillator placement, cardiac valve surgery), received cognitive enhancers for fewer
than 14 days, or had invalid ECG results, identified by diagnostic terms such as “expired” or “cannot

analyze” in the MUSE system.

After applying these exclusion criteria, the final study cohort consisted of 8,354 patients with
at least one valid ECG measurement after cognitive enhancer initiation and no documented history
of cardiac surgery. Among them, 3,364 patients who had ECG records available in both the 12-week
periods before and after treatment initiation were additionally included in the self-controlled risk

interval (SCRI) analysis.

Patients were categorized into seven treatment groups based on initial cognitive enhancer
exposure: donepezil, donepezil + memantine, rivastigmine, rivastigmine + memantine, galantamine,
galantamine + memantine, and memantine. The distribution of patients across these groups is

illustrated in Figure 3.

Baseline characteristics are summarized in Table 4. Comparisons were performed using the
memantine group as the reference. Compared to other groups, the memantine group exhibited higher
baseline proportions of chronic heart disease, calcium channel blocker use, and antipsychotic

medication use.
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(2004-2022)

Patients aged = 60 years with dementia who were prescribed cognitive
enhancers and had at least one ECG record at Severance Hospital

Excluded Invalid ECG records

N=15,561
I
‘
Patients with valid ECG records
N=15,559
[
¥

Excluded history of cardiac surgery

N = 14,867

Patients with no history of cardiac surgery

(Cohort study population)
Patients with ECGs after cognitive enhancers initiation

(>14-day exposure)

N=8354
Donepezil
N =4,362

Donepezil + Memantine
N =352

Rivastigmine
N= 1867

Rivastigmine + Memantine
N =444

Galantamine
N =497

Galantamine + Memantine

N =46

Memantine
N=416

(Self-Controlled Risk Interval(SCRI) population)
Patients with ECGs within both 12 weeks before and after
cognitive enhancers initiation

N=3364
Donepezil
N=1.824

Donepezil + Memantine
N =239

Rivastigmine
N =758

Rivastigmine + Memantine
N =159

Galantamine
N=116

Galantamine + Memantine

N=16

Memantine
N=252

Figure 3. Selection of the Study Sample
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3.2. Risk of arrhythmic events by type of cognitive enhancer

Table 5 and Figure 4 summarize the comparative risks of bradycardia, QT prolongation, and
AFib across six treatment groups. Adjusted hazard ratios (HRs) were estimated from the
retrospective cohort analysis, while incidence rate ratios (IRRs) were derived from the self-
controlled risk interval (SCRI) design. All between-subject comparisons used the memantine

monotherapy group as the reference.
Bradycardia

Donepezil was associated with the highest risk of bradycardia, showing statistically significant
results in both the cohort (HR = 1.75, 95% CI: 1.39-2.21) and SCRI design (IRR = 1.54, 95% CI:
1.39-1.74).

Galantamine (HR = 1.39, 95% CI: 1.12-1.89) and galantamine + memantine (HR =2.18, 95%
CI: 1.27-3.87) also showed elevated risks in the cohort analysis. Corresponding IRRs from the SCRI
analysis for galantamine (IRR = 1.14, 95% CI: 0.70—1.80) and galantamine + memantine (IRR =
1.30, 95% CI: 0.29-5.67) showed a similar increasing trend, although their confidence intervals

included unity, indicating no statistical significance in the within-subject comparisons.

When all ChEI users were combined, a consistently elevated bradycardia risk was observed
(HR = 1.51, 95% CI: 1.36-1.67; IRR = 1.39, 95% CI: 1.26—1.54), confirming increased risk with

ChEI exposure, particularly for donepezil and galantamine.
AFib

AFib risk results were inconsistent across study designs and drug groups. The SCRI analysis
revealed a significantly increased AFib risk associated with rivastigmine (IRR =1.52,95% CI: 1.12—

1.87), while the cohort analysis showed no significant associations.

In contrast, galantamine appeared protective in the SCRI analysis (IRR = 0.31, 95% CI: 0.12—
0.85). For most groups, however, HRs and IRRs included unity, indicating inconsistent findings and

no robust association between ChEI exposure and AFib risk overall.
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QT Prolongation

Donepezil demonstrated a consistently significant association with increased QT prolongation
risk across both cohort (HR = 1.25, 95% CI: 1.02—1.49) and SCRI analyses (IRR = 1.46, 95% CI:
1.30-1.61).

Donepezil + memantine also showed elevated risk (HR = 1.20, 95% CI: 1.01-1.47; IRR =1.52,
95% CI: 1.29-1.80); however, the HR did not meet the stringent Bonferroni-corrected significance
threshold (p < 0.0083), indicating only modest evidence of increased risk. No other treatment groups

exhibited statistically significant associations for QT prolongation.

Overall, elevated risks of arrhythmic events were primarily driven by bradycardia and QT
prolongation. Donepezil consistently showed increased risks for both bradycardia and QT
prolongation across both analytic methods. Galantamine use was consistently linked to increased
bradycardia risk, while associations with QT prolongation and AFib were inconsistent or non-
significant. In contrast, the association between ChEI use and AFib risk remained inconsistent and

lacked statistical robustness across treatment groups and analytical approaches.
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Table 5. Adjusted Hazard Ratios(HR) and Incidence Rate Ratios(IRR) for Arrhythmic

Events Across Treatment Groups

Bradycardia AFib QT Prolongation

HR(95%CI) IRR(95%CI) HR(95%CI) IRR(95%CI) HR(O5%CI) IRR(95%CI)

Donepezil (N = 4,632) (1.391'2731} e (1.391-'?.474) * (0.718.?5.50) (0.917"216.58) (1.021'12.29) - (1.301:?.661) *

Donepezil + Memantine(N = 552) (1.32£'2€’.312} ok (1.03I¥?.I42) * (0,'.’]3:]1(?48) (0.818'212.67) (1.011;?47) * (1.25?];?.280) *

Rivastigmine (N = 1.867) (o.sls'?:).w) (0.912;] 1].3 1) (0,5(;'-719.03) a .121i51.2s7) * {0.6[;'-8?.03) (o.s(;i)l8 07)

Rivastigmine + Memantine (N = 444) (0.5?1'7? 00) (0.3{;{)1}.1 1 (0.5%7?.14) (0.7}5;]12.62) {0.5%?(;.94) (0,9185;1‘48)

Galantamine (N =397) (1.12}13.39} w (0.7:1;1?30) (0,5(;?817 34) (0.81(19:.47) (o.ﬁgiz.l 1) (07({?12,20)

Galantamine + Memantine (N = 46) (1.2735].27} o (0.23935?.67) (0,2%522.22) (0.120—.?}.185) - {D.2gfll.0?) (0.2;];3.3'94) *
1.51 1.39 0.96 1.34 1.06 131

Overall(N =7,938) (136-1.67) % (1.26-1.54)*  (0.72-1.15)  (0.98-1.68)  (0.99-1.13)  (1.21-1.41)*

Hazard ratios (HRs) are adjusted for age, sex, and the following baseline comorbidities and
concomitant medications: angina pectoris, cancer, depression, diabetes mellitus, chronic heart
disease, coronary artery disease, heart failure, myocardial infarction, stroke, antiarrhythmics,
antipsychotics, beta-blockers, calcium channel blockers, and cardiac glycosides. The reference
group for all HR estimates is memantine.

** Bonferroni-corrected p < 0.0083

*p<0.05
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3.3. Risk of arrhythmic events by dose level

To evaluate potential dose-dependent relationships between cognitive enhancer dose and
arrhythmic risk, stratified analyses were performed using both between-subject (cohort) and within-
subject (SCRI) designs. Table 6 summarizes the adjusted HRs and IRRs for each arrhythmic event

across low, medium, and high dose levels in the six treatment groups.

Clear dose-response relationships were observed for donepezil and donepezil + memantine,

demonstrating increased risks of both bradycardia and QT prolongation at higher doses.

However, no consistent dose-dependent trends in arrhythmic risk were evident for rivastigmine
or galantamine, irrespective of concurrent memantine use. High-dose subgroup estimates lacked
statistical power due to small sample sizes, resulting in wide confidence intervals that limited clear

interpretation.

To improve statistical power and better characterize dose-response relationships, all
cholinesterase inhibitors (ChEIs) were aggregated into a single exposure group. As shown in Figure
5, a clear increasing trend in bradycardia risk was identified with higher cumulative ChEI dosage in

both cohort and SCRI analyses. This trend was weaker for QT prolongation and absent for AFib.
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3.4. Risk of arrhythmic events by patient subgroups

Figure 6 displays adjusted hazard ratios (HRs) and incidence rate ratios (IRRs) for bradycardia,
AFib, and QT prolongation, stratified by various patient subgroups.

Bradycardia risk was consistently elevated and statistically significant across most patient
subgroups, as indicated by hazard ratios (HRs) and incidence rate ratios (IRRs) exceeding unity.
Specifically, older adults (>80 years), males, and patients with cardiovascular comorbidities or
baseline medications with chronotropic effects were identified as having notably increased

bradycardia risk following ChEI initiation.

In contrast, the AFib risk associated with ChEI use showed different patterns between analytic
approaches. Although hazard ratios (HRs) generally indicated no statistically significant
associations, incidence rate ratios (IRRs) demonstrated a consistent tendency towards increased risk
across most patient subgroups, with several subgroups showing statistically significant elevations.
This discrepancy suggests a potential short-term elevation in AFib risk detectable in within-subject

comparisons, despite the absence of significant between-subject comparisons.

For QT prolongation, increased risk estimates were identified in older adults and female
patients; however, these associations were generally weaker and less consistent compared to

bradycardia.

Formal statistical evidence for effect modification was limited, but consistent trends of
modestly elevated arrhythmic risk were noted among patients with cardiovascular comorbidities or

baseline medications with chronotropic effects, particularly for bradycardia.
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4. Discussion

We conducted a large EMR-based study of older adults with dementia to evaluate the
association between cognitive enhancers and arrhythmic events. Using both retrospective cohort and
self-controlled risk interval (SCRI) designs, we aimed to compare arrhythmia risks across treatment

strategies and to assess short-term within-person risk changes following drug initiation.

Across both designs, donepezil consistently demonstrated the highest risk of bradycardia (HR
= 1.75, 95% CI: 1.39-2.21; IRR = 1.54, 95% CI: 1.39-1.74). Galantamine also showed elevated
bradycardia risk in the cohort analysis (HR = 1.39, 95% CI: 1.12-1.89), although SCRI estimates
were less precise, with wide confidence intervals crossing unity. QT prolongation risk was most
prominent with donepezil across both designs (HR = 1.25, 95% CI: 1.02—-1.49; IRR = 1.46, 95% CI:
1.30-1.61), consistent with known pharmacologic effects [26]. For AFib, most ChEIs did not show
significant associations in cohort analyses, but rivastigmine was associated with a short-term risk
increase in SCRI (IRR = 1.52, 95% CI: 1.12-1.87), suggesting a possible transient elevation

immediately after initiation.

Dose-stratified analyses demonstrated a clear dose-response relationship for bradycardia,
particularly with donepezil, where higher prescribed doses were associated with increased event
rates. QT prolongation also showed a weaker but notable dose-response pattern, especially at higher
donepezil doses. This supports the concept of cumulative cholinergic burden contributing to

conduction abnormalities.

In subgroup analyses, bradycardia risk was elevated among older adults, those with
cardiovascular comorbidities, and patients receiving baseline chronotropic medications. Notably,
bradycardia risk was higher among males, while QT prolongation risk was higher among females.
For AFib, subgroup analyses revealed no significant associations in the cohort analysis but
demonstrated statistically significant increases in IRRs in the SCRI analysis, suggesting that ChEI

initiation may confer a short-term AFib risk in susceptible populations.

The higher QT prolongation risk observed with donepezil may be due to differences in its

overall pharmacologic effects. Donepezil is the only cholinesterase inhibitor currently recognized
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as having a known risk for QT prolongation [26], which is consistent with our results.

When interpreting the results, it is important to consider the potential influence of diagnostic
access bias in both study designs, which may have affected the magnitude of risk estimates in
opposite directions. In the cohort analysis, HRs may have been underestimated because ECG testing
was performed most frequently among memantine users, who served as the reference group. This
higher likelihood of arrhythmia detection in the reference group could have biased the comparison,
leading to attenuated hazard ratios. In contrast, the SCRI design may have overestimated IRRs, as
ECG testing was generally more frequent after treatment initiation than before, increasing the chance
of detecting arrhythmic events in the risk window. Furthermore, the SCRI analysis included only
individuals with ECG data both before and after treatment, which may have resulted in

overrepresentation of patients with higher baseline cardiovascular risk.

To address these limitations, we applied both retrospective cohort and self-controlled risk
interval (SCRI) designs. Taken together, potential underestimation of HRs in the cohort analysis and
overestimation of IRRs in the SCRI design should be considered when interpreting the results. In
this context, consistent findings across both designs support a robust association, while

discrepancies warrant cautious interpretation.

A key strength of this study is the application of two complementary observational designs to
evaluate the association between cognitive enhancers and arrhythmic events. The cohort design
enabled long-term follow-up and comparison of arrhythmia risk across treatment groups using
memantine as a reference, while the SCRI design allowed for within-person comparisons
immediately following treatment initiation, thereby reducing confounding from stable individual

characteristics.

In addition, to better reflect real-world clinical practice and avoid underestimating risk, we did
not exclude patients with a history of arrhythmia prior to cognitive enhancer initiation. This decision
was based on two key considerations. First, cholinesterase inhibitors increase vagal tone by elevating
acetylcholine levels, which can exacerbate pre-existing conduction abnormalities [27]. Second,
randomized controlled trials often exclude high-risk patients, limiting generalizability [21].
Including patients with prior arrhythmia allowed for a more comprehensive risk assessment and

enabled subgroup analyses in clinically vulnerable populations.
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These two approaches have different sources of bias, and their combined use provided a more
balanced and robust assessment of arrhythmic risk by enabling evaluation across both treatment

arms and temporal risk windows.

Beyond the study design itself, our analysis benefited from the inclusion of multiple treatment
groups and arrhythmic outcomes. The study examined not only individual cholinesterase inhibitors
but also combination therapies, which is particularly important given that combining ChEIs with
memantine is common in advanced dementia stages. This enables evaluation of potential additive
or synergistic effects and reflects real-world prescribing practices. Importantly, while randomized
controlled trials often assess the safety of individual ChElIs, they rarely evaluate arrhythmic risk
when used in combination with memantine even though such combination therapy is frequently
prescribed for patients with more advanced dementia. Given the pharmacodynamic interactions and
the potential for additive cholinergic effects when ChEIs are combined with memantine, careful
monitoring is warranted [10, 11]. This study therefore aimed to address this gap by conducting a
large-scale, real-world analysis to evaluate the comparative arrhythmic risk of combination therapy
versus monotherapy, providing clinically relevant safety data to inform prescribing decisions in this

vulnerable population.

In parallel with the comprehensive treatment group evaluation, the study assessed three distinct
arrhythmic outcomes: bradycardia, QT prolongation, and atrial fibrillation (AFib), offering a
detailed profile of drug-associated cardiac risks. This comprehensive and stratified approach allowed
us to evaluate associations across specific drug-event pairs with greater confidence, addressing the

complexity of arrhythmia risk in this population.

Another further strength lies in the use of clinically recorded, routinely collected ECG data,
which offers objective and time-stamped physiological measurements. Unlike diagnosis codes or
claims data that may miss subclinical or asymptomatic events, ECG records enable the detection of
subtle or borderline arrhythmias such as mild QT prolongation or bradycardia [28]. This reduces
misclassification bias, enhances the sensitivity of arrhythmia detection, and allows for more precise
temporal alignment between drug exposure and outcome occurrence. By using real-world ECG
measurements, our study aims to provide enhanced clinical granularity and support a more valid

assessment of cardiac safety in dementia patients.
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Several limitations should be considered when interpreting the findings of this study. First, the
analysis was limited to patients with ECG measurements following cognitive enhancer initiation,
which may have led to a study population skewed toward individuals with higher baseline
cardiovascular risk. As a result, the findings may not be fully generalizable to all users of these
medications. Moreover, ECGs were not performed at regular intervals for all patients, and the
frequency of measurements varied depending on clinical context such as inpatient admission or
outpatient visits. As a result, differences in monitoring intensity may have led to unequal

opportunities for event detection across patients.

In addition, concomitant medication use after ChEI initiation was not incorporated as time-
varying covariates, which may have introduced residual confounding in some comparisons. Other
important clinical factors, such as dementia severity, caregiving status, frequency of outpatient visits,
or patients’ adherence to prescribed medications, were also not captured in our data and may have

influenced both treatment selection and arrhythmia risk.

Another important limitation relates to the imbalance in treatment group sizes, with donepezil
being prescribed far more frequently than galantamine or memantine. This discrepancy may have
reduced statistical power to detect meaningful differences involving the less commonly used drugs.
For similar reasons, subgroup analyses combined all ChEls into a single exposure category rather
than analyzing individual agents separately, as sample sizes within each subgroup were insufficient.
While this approach improved analytic feasibility, it limited the ability to evaluate agent-specific
risks. Additionally, stratified analyses by cardiovascular comorbidities or baseline medication use
were constrained, highlighting the need for future studies with larger and more balanced samples to

explore potential effect modification across specific subgroups.

Finally, the study covered a long observation period, during which external changes such as
evolving clinical guidelines, advances in ECG technology, or shifts in healthcare policy and
utilization patterns may have occurred. These changes could have affected the conditions under
which ECGs were performed, the frequency of testing, and the precision of recorded measurements,

but were not fully addressed in our analysis.

These findings have important clinical implications for the management of dementia in older

adults, particularly in those with elevated cardiovascular risk. Our results emphasize the need for
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individualized risk assessment when prescribing cognitive enhancers, especially donepezil, which
was associated with higher rates of bradycardia and QT prolongation. Clinicians should consider
baseline ECG evaluations prior to initiating cognitive enhancer therapy, carefully review baseline
cardiovascular comorbidities and use of chronotropic medications, and adopt conservative dose
titration or escalation strategies. Such risk-based approaches are particularly relevant for older

patients and those with pre-existing cardiac conditions.

Routine or targeted ECG assessment before starting cognitive enhancer therapy may facilitate
early identification of high-risk individuals, enabling proactive intervention before clinically
significant arrhythmias occur. Implementing such strategies in real-world clinical practice has the
potential to reduce adverse cardiac events and improve the safety profile of dementia

pharmacotherapy.

In conclusion, this study reliably evaluated the arrhythmic risks associated with the use of
cognitive enhancers by applying multiple study designs based on real-world clinical data. The
findings provide clinical evidence that may serve as a foundation for developing prescribing

strategies and ECG monitoring protocols in the treatment of patients with dementia.
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