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Abstract

Background

Recent studies focused on atrial fibrillation have demonstrated that the etiology of
cardiac arrhythmias may be influenced by modifiable risk factors. It remains unknown
if similar predictors are relevant to bradyarrhythmias, the most severe form being
atrioventricular (AV) block warranting a pacemaker. This study aimed to identify pre-
dictors of AV block warranting a pacemaker.

Methods

We used the California Health Care Access and Information databases to identify
Californians 218 years who received care in an emergency department, outpatient
surgery facility, or hospital in 2005-2020. We examined demographics, comorbidities,
lifestyle factors, and air pollution levels as potential predictors. Outcome and covari-
ates were identified using ICD-9, ICD-10, and CPT codes. We used multivariable
adjusted Cox proportional models to identify predictors of pacemaker implantation for
AV block.

Results

Among 28,640,453 patients, the mean age was 44.2+19.3 years, 54% were female,
and 0.3% received a pacemaker for AV block over a mean follow-up of 9.8+4.8
years. In the fully adjusted model, 19 predictors were associated with an increased
risk of pacemaker implantation for AV block, including older age, male sex, and
cardiovascular comorbidities; modifiable lifestyle factors included heavy alcohol use,
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use of tobacco, cannabis consumption, and obesity. Asian and Pacific Islanders and
Blacks were at lower risk compared to Whites.

Conclusions

This large cohort study identified several modifiable risk factors that may be the focus
of future strategies to reduce the risk of AV block warranting a pacemaker.

Introduction

Pacemakers have been essential in treating bradyarrhythmias for decades, and it

is estimated that 1.25 million patients worldwide receive a permanent pacemaker
every year [1]. The number of pacemaker implantations and the life span of pacing
dependence are increasing [2,3] with the aging population. Atrioventricular (AV) block
is a common life-threatening reason for pacemaker implantation [4], but, although
pacemakers can provide adequate treatment for the symptoms of AV block, they also
have substantial short- and long-term complications, including the risk of thoracic
trauma, cardiac injury or tamponade, infection — especially life-threatening endocar-
ditis — and device malfunctions [3,5]. While prevention has been a major focus in
other forms of heart disease, such as atrial fibrillation (AF) [6], similar efforts to iden-
tify predictors of AV block severe enough to require pacemaker implantation have not
yet been pursued. AF and AV block have both been attributed to underlying inflam-
mation and fibrosis of their relevant cardiac tissues (the atria or His-Purkinje system,
respectively), suggesting possible overlapping etiologies [7,8]. Renal dysfunction

has also been linked to susceptibility to AV conduction abnormalities in prior work [9].
Several common and modifiable risk factors have been associated with AF, including
the use of alcohol [10-12], tobacco [13,14], and cannabis [15], physical inactivity [16],
and exposure to air pollution [17]. Given the shared underlying pathophysiology, it

is reasonable to hypothesize that similar risk factors might enhance the likelihood of
developing bradyarrhythmias such as AV block. Identifying potential risk factors for
AV block severe enough to warrant a pacemaker may provide essential information
to facilitate prevention and identify treatment strategies for patients at risk.

Methods
Study design

We conducted a longitudinal cohort study using the HCAI databases that capture
every emergency department visit, inpatient hospitalization, and outpatient procedure
in California, with the exception of Veterans Affairs and military facilities [18]. Infor-
mation in these databases includes demographic data and diseases and procedures,
with up to 25 diagnoses for each encounter captured using the International Classifi-
cation of Diseases (ICD)-9th and —10th Revision and Current Procedural Terminology
(CPT) codes. Patients are assigned a unique linkage code, which makes it possible
to follow them over time and through multiple encounters. Death was ascertained
using validated research data sets developed by HCAI that link patient data with the
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state death statistical master file [19]. Data was accessed from August 2023 to May 2024 and did not include information
that could identify individual participants during or after data collection.

Population

We included adults 218 years of age who received care in an emergency department, hospital, or outpatient surgery
facility in California from January 1, 2005, to December 31, 2020. We excluded patients if they had no data on age, sex, or
race and ethnicity, if their primary residence was outside of California, if they had already received a pacemaker, cardiac
resynchronization therapy, or an implantable cardioverter defibrillator at their first visit, or if they had a transcatheter aortic
valve replacement or surgical aortic valve replacement up to 30 days prior to pacemaker implantation. Individuals entered
the study cohort at their first healthcare encounter and were followed until the incidence of pacemaker implantation, death,
or the end of follow-up. They were otherwise censored upon implantation of a cardiac rhythm device that may have been
placed for reasons other than bradyarrhythmias, such as devices combined with cardiac resynchronization therapy or an
implantable cardioverter defibrillator.

Outcome

The primary outcome was defined as permanent pacemaker implantation with a concomitant or previous diagnosis of AV
block. Pacemaker implantation was identified using ICD-9, ICD-10, and CPT codes, and AV block was identified using
ICD-9 and ICD-10 codes (S1 Table).

Predictors

We used data on age, sex, race and ethnicity, and income from the first healthcare encounter. Race and Hispanic ethnicity
are reported separately in HCAI, and race was coded as either White or ‘other’ for most individuals with Hispanic ethnicity.
Therefore, individuals with Hispanic ethnicity were treated as a distinct group that superseded the coded race. Medical
diagnoses and procedures were identified using ICD-9, ICD-10, and CPT codes (S1 Table). Covariates were treated as
time-updated variables and, once included, carried forward over time. Income was estimated as a state-level quartile
derived from the median income by the patient’s five-digit zip code. Air pollution exposure was estimated as the average
particulate matter of 2.5 ym or less (PM, ;) in 2005 (the beginning of the study period) as measured by the U.S. Environ-
mental Protection Agency monitor station closest to each patient’s zip code [20].

Statistical analysis

Continuous variables with a normal distribution are presented as means+SD and were compared using the unpaired
2-sample t-test. Categorical variables are presented as frequencies (percentages) and were compared using the chi-
square test. We performed unadjusted and multivariable Cox proportional hazards models to calculate hazard ratios
(HR) and their 95% confidence interval (Cl) for the incidence of pacemaker implantation with AV block. The proportional
hazards assumption was assessed for key covariates using a 5% simple random sample of the data. For PM, , the
assumption was evaluated both graphically, by inspection of cumulative martingale residual plots, and formally, using the
supremum test with 1000 simulations; the assumption was not violated (p=0.876). For sex, the assumption was evaluated
graphically using log-log survival plots, which demonstrated parallel curves, consistent with proportional hazards. The
covariates included as potential predictors were initially selected based on biological plausibility and previous literature
[4,21-28]. Covariates that exhibited 2-sided P <0.05 in the unadjusted analyses were included in the adjusted model.

If the direction of the relationship between a potential predictor and the outcome changed upon multivariable adjust-
ment, post hoc stepwise forward selection of covariates was performed as an exploratory analysis to identify the variables
responsible for the directional change. Stepwise forward selection was not used to select variables for the adjusted model.
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In addition, as patients could theoretically have a diagnosis of AV block but have received a pacemaker for other reasons,
we performed three sensitivity analyses that 1) excluded patients with AF, 2) excluded patients with sick sinus syndrome,
and 3) censored patients with AF who underwent catheter ablation of the AV node.

We conducted a Cox proportional hazards model to assess the time-dependent risk of pacemaker implantation with
each cumulative number of lifestyle-related exposures (alcohol use, cannabis use, tobacco use, and obesity). We included
a time-dependent categorical variable representing each exposure identified during the follow-up period, ranging from 0
(no exposure) to 4 (all four exposures), with 0 as the reference group. These time-dependent covariates change over the
course of the study as participants develop new conditions. We also tested this exposure variable as a continuous vari-
able to determine if there was a linear trend across hazard ratios. All other covariates were adjusted for as in prior models.

Data were analyzed using SAS 9.4 (SAS Institute). A 2-sided P<0.05 was considered to be statistically significant. Dr.
Marcus had full access to all the data in the study and takes responsibility for its integrity and the data analysis.

Data availability

The analytic methods (i.e., program code) are available in the supplemental material. The study authors do not have the
authority to share the datasets as they belong to a third party and were obtained as part of a data use agreement between
the University of California, San Francisco (UCSF) and the California Department of Health Care Access and Informa-
tion (HCAI), which precludes sharing data outside UCSF. Access to the dataset can be requested from HCAI by qualified
researchers; https://hcai.ca.gov/data/request-data/.

Results

The study included 28,640,453 patients (Fig 1). The mean age was 44.2+19.3 years, 54% were female, and 0.3%
received a pacemaker for AV block over a mean follow-up of 9.8 £4.8 years. Baseline characteristics are presented in
Table 1. Those who received a pacemaker were generally older, more likely to be men, White or American Indian or

in HCAI 2005 - 2020

( Healthcare encounter registered

(n =33,064,562) N
Excluded (n = 4,203,263)
* Younger than 18 years old
* Non-California resident
* No data on age, race/ethnicity, or sex over the
entire study period
( Adult Californians 218 years ’
(n = 28,861,299)
~
Excluded (n = 220,846)
* Received CRT-D, CRT, or ICD with PPM
* Received TAVR or SAVR up to 30 days prior to PPM
* Had PPM, died, or were censored at first visit
)
Included in cohort
(n = 28,640,453) ’

Received PPM for Did not receive
PPM for AV block

AV block
(n = 86,499) (n=28,553,954)

Fig 1. Flow diagram of the study population. Flow diagram showing the stepwise breakdown of the study population to form the final study cohort
for analysis after applying inclusion- and exclusion criteria. AV =atrioventricular; CRT = cardiac resynchronization therapy; CRT-D = CRT-defibrillator;
ICD =implantable cardioverter-defibrillator; HCAl=Health Care Access and Information; PPM=permanent pacemaker; SAVR = Surgical aortic valve
replacement; TAVR =transcatheter aortic valve replacement.

https://doi.org/10.1371/journal.pone.0356491.9001
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Table 1. Baseline characteristics of the study population.

Characteristics Received a pacemaker for | Did not receive a pacemaker P value SMD
AV block for AV block
n=86,499 n=28,553,954
Mean age, y 70.6+12.3 44.2+19.3 <.001 1.63
Female 37,789 (43.7) 15,480,013 (54.2) <.001 -0.21
Race and ethnicity
White 45,870 (53.0) 12,196,755 (42.7) <.001 0.21
Black 5315 (6.1) 2,168,949 (7.6) -0.06
Hispanic 22,565 (26.1) 9,585,707 (33.6) -0.16
Asian and Pacific Islander 11,621 (13.4) 4,238,225 (14.8) -0.04
American Indian and Alaskan Native 568 (0.7) 149,950 (0.5) 0.02
Other 560 (0.6) 214,368 (0.8) -0.01
Income quartile
1 (lowest) 20,936 (24.2) 7,591,793 (26.6) <.001 0.07
2 20,280 (23.4) 6,964,050 (24.4)
3 22,293 (25.8) 7,005,196 (24.5)
4 (highest) 22,986 (26.6) 6,991,757 (25.5)
Comorbidities
Hypertension 77,856 (90.0) 9,867,346 (34.6) <.001 1.39
Diabetes 37,210 (43.0) 4,336,440 (15.2) <.001 0.64
Atrial fibrillation 28,779 (33.3) 1,944,234 (6.8) <.001 0.70
Atrial flutter 9585 (11.1) 376,661 (1.3) <.001 0.41
Sick sinus syndrome 24,012 (27.8) 242,153 (0.8) <.001 0.83
Congestive heart failure 34,595 (40.0) 2,131,568 (7.5) <.001 0.83
Coronary atherosclerosis 41,330 (47.8) 2,585,268 (9.1) <.001 0.95
Myocardial infarction 21,232 (24.5) 1,546,383 (5.4) <.001 0.56
Valvular disease, aortic insufficiency 2830 (3.3) 130,675 (0.5) <.001 0.21
Valvular disease, aortic stenosis 1297 (1.5) 45,895 (0.2) <.001 0.15
Valvular disease, other 9666 (11.2) 513,066 (1.8) <.001 0.39
Chronic kidney disease 30,535 (35.3) 2,203,863 (7.7) <.001 0.71
Lifestyle factors
Obesity 23,150 (26.8) 4,114,552 (14.4) <.001 0.31
Lack of physical exercise 34 (0.04) 4189 (0.01) <.001 0.02
Alcohol use 3456 (4.0) 1,317,991 (4.6) <.001 -0.03
Tobacco use 11,323 (13.1) 4,346,462 (15.2) <.001 -0.06
Cannabis use 693 (0.8) 687,411 (2.4) <.001 -0.13
Air pollutants
Mean PM, _, ug/m3 113.0%3.8 113.3£3.8 <.001 -0.09

Values are mean+ SD or No. (%). AV =atrioventricular; PM, ;= particulate matter 2.5; SMD =standardized mean difference.

https://doi.org/10.1371/journal.pone.0356491.t001

Alaskan Native individuals, and have cardiovascular comorbidities, of which the most common were hypertension, coro-
nary atherosclerosis, diabetes, and congestive heart failure. Over the study period, 2,808,569 participants died, of whom
241 (0.009%) had received a pacemaker for AV block.

Fig 2 shows the hazard ratios for predictors after adjusting for covariates. The predictors associated with the greatest
increase in risk were, in order of magnitude, sick sinus syndrome, hypertension, congestive heart failure, and male sex.
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Predictor i HR (95% CI) P value
Age (per 1 year increase) . 1.06 (1.06 - 1.06) <.001
Male l ° 1.64(1.62-1.67)  <.001
Race :
Black . 0.97 (0.94-1.00)  0.03
Hispanic |. 1.01 (1.00 - 1.03) 0.14
Asian/Pacific Islander ° | 0.83 (0.81-0.85) <.001
American Indian/ Alaskan Native - 1.01 (0.93 - 1.11) 0.77
Other e 1.30 (1.19-1.42)  <.001
Income i
1st quartile o 0.93(0.91-0.94)  <.001
2nd quartile o 0.95 (0.93 - 0.96) <.001
3rd quartile q 0.97 (0.95 - 0.99) 0.004
Comorbidities :
Hypertension N > 3.26 (3.18 - 3.35) <.001
Diabetes L e 1.33(1.31-1.35)  <.001
Atrial fibrillation e | 0.75(0.73-0.76)  <.001
Atrial flutter : o 154 (150-157)  <.001
Sick sinus syndrome ' > 10.72(10.52 - 10.91) <.001
Congestive heart failure ' ° 1.75(1.72-1.78) <.001
Coronary atherosclerosis ' ° 1.48 (1.45 - 1.50) <.001
Myocardial infarction '. 1.04 (1.02 - 1.06) <.001
Valvular disease, aortic insufficency i P 1.17 (1.12-1.22) <.001
Valvular disease, aortic stenosis E ‘@ 1.15(1.08 - 1.22) <.001
Valvular disease, other ' ° 2.19 (2.14 - 2.25) <.001
Chronic kidney disease ! ° 1.38 (1.36 - 1.40) <.001
Lifestyle factors '
Obesity ' a 1.48 (1.45-1.50)  <.001
Lack of physical exercise ° ) 0.86 (0.61 - 1.22) 0.39
Alcohol use ‘e 1.08(1.04-1.12)  <.001
Tobacco use E. 1.06 (1.04 - 1.09) <.001
Cannabis use ! — 1.44 (1.33 - 1.56) <.001
PM2.5, ug/m3 ° 0.99 (0.99-0.99)  <.001
r T T T T
0.5 1.0 15 20 25
PPM less likely PPM more likely

Fig 2. Predictors of permanent pacemaker implantation for atrioventricular block. Forest plot of hazard ratios (HRs) for all predictors included

in the multivariable Cox regression model. The model was adjusted for age, sex, race and ethnicity, income, hypertension, diabetes, atrial fibrillation,
atrial flutter, sick sinus syndrome, congestive heart failure, coronary atherosclerosis, myocardial infarction, valvular disease, aortic insufficiency, valvular
disease, aortic stenosis, valvular disease, other, chronic kidney disease, obesity, lack of physical exercise, alcohol use, tobacco use, cannabis use, and
PM, .. Unless otherwise indicated, HRs were interpreted as a hazard for the presence vs absence of each categorical variable or for a 1 unit increase
of each continuous variable. Reference group for race and ethnicity was White. Reference group for income was 4" quartile. A star denotes that the HR
extended beyond the axis. Cl=confidence interval; HR=hazard ratio; PM, .= particulate matter 2.5; PPM=permanent pacemaker.

https://doi.org/10.1371/journal.pone.0356491.9002

Statistically significant modifiable risk factors associated with an increased risk included alcohol use disorders, use of
tobacco and cannabis, and obesity.

Before multivariable adjustment, the risk of pacemaker implantation was higher in patients with AF (HR 11.64, 95% CI
11.48-11.81, p<.001). However, this relationship was reversed after adjustment (HR 0.75, 95% CI 0.734-0.762, p<.001).
Stepwise forward selection showed that adjusting for sick sinus syndrome, age, and hypertension were primarily responsi-
ble for the change from higher to lower risk of pacemaker implantation (S2 Table).

The time-dependent Cox model assessing the effect of a cumulative number of lifestyle-related exposures (alcohol
use, cannabis use, tobacco use, and obesity) showed that the risk of pacemaker implantation increased by 25% with each
additional exposure (HR 1.25, 95% CI 1.240-1.269, p<.001).
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Upon excluding patients with AF or sick sinus syndrome, or censoring patients with AF who received intracardiac
catheter ablation of the AV node, the results did not reveal any meaningful changes in the magnitudes or directions of the
observed relationships (S3 Table).

Discussion

In a large cohort of patients who received care in an emergency department, hospital, or outpatient surgery facility
in California, we found that older age, male sex, having a higher income, and having more cardiovascular comorbid-
ities increased the risk of undergoing pacemaker implantation for AV block, whereas Asian and Pacific Islander and
Black patients were at lower risk than White patients. Several lifestyle factors significantly increased this risk even
after adjusting for these other covariates, including heavy alcohol use, use of tobacco, cannabis consumption, and
obesity.

Our findings are consistent with previous studies, which similarly have reported these risk factors of age, demograph-
ics, and established cardiovascular comorbidities as risk factors of cardiac conduction disease [16] or AV block [4,29,30],
which may provide some validation of our methods. Whereas previous studies included thousands of individuals, of which
hundreds had the primary outcome, this current study included millions of patients, of which tens of thousands had the
outcome. As this is, to our knowledge, the largest study on the subject, we were able to detect independent and posi-
tive associations with alcohol, tobacco, and cannabis use and obesity, each representing novel predictors of pacemaker
implantations for AV block not previously reported.

Studies have linked alcohol, tobacco, and cannabis use, as well as obesity, to increased oxidative stress, inflammation,
and fibrosis — factors that also play a role in the etiology of AV block [31-35]. Additionally, pre-clinical studies have found
potential mechanisms of alcohol-induced heart damage [36], such as interference with excitation-contraction coupling
mechanisms [37,38] and impairment of myocyte regeneration [39] — potential mechanisms that might influence conduction
disorders.

However, previous literature on the association between the use of these substances with the risk of AV block is sparse
and mainly limited to case reports of acute use [40—44]. In that setting, AV block is more likely to represent aberrations
in vagal tone rather than a chronic structural disease of the conduction system. Whereas the former is reversible, it is
only the latter type of AV block that warrants a pacemaker. Two previous cohort studies found no association between
chronic alcohol consumption and the risk of bradyarrhythmia [4,45], however, these studies ascertained alcohol use from
a questionnaire of self-reported alcohol consumption, which may be subject to both recall and social desirability bias
[46—48]. In contrast, the HCAI databases used in the current study rely on healthcare professional coding (rather than
self-report), and, although susceptible to incomplete documentation, we would expect this to manifest as underreporting
of what should otherwise be specific ascertainment of alcohol, tobacco, and cannabis use, resulting in a loss of power to
detect actual relationships rather than cause false positive results. This may suggest that the association between alcohol,
tobacco, and cannabis use and the risk of pacemaker implantation could be even more marked than what was measured
in our study. Lastly, as prior studies of chronic alcohol and tobacco use [4,28,45] were conducted in relatively smaller
cohorts, insufficient power may explain the prior negative findings. The results from the time-dependent Cox model
of cumulative lifestyle-related exposures highlight the additive effect of multiple lifestyle-related risk factors. This both
emphasizes the importance of targeting every factor possible, but it also points to the potential decrease in risk that mod-
ifying just one risk factor could have on the risk of pacemaker implantation. Given the potential for impactful interventions
on both an individual and policy level, these novel findings of positive associations with substance use, if confirmed in
future studies, might be used to inform future clinical practice guidelines. To our knowledge, no prior study has examined
chronic cannabis use as a risk factor for conduction disease or AV block. Despite recreational cannabis now being legal in
23 states, where more than 100 million Americans reside, rigorous studies on the actual health effects are sparse and this
new finding highlights an important aspect for future studies.
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We found a very small but negative relation between PM, . and pacemaker implantation, which might appear to con-
tradict the growing epidemiological evidence that links air pollution to an increased risk of cardiac arrhythmias [49]. Of
note, those prior studies have largely focused on tachyarrhythmias, whereas this study sought to identify predictors of the
most severe form of bradyarrhythmia. As particulate matter exposure in the current study was based on a zip code level
average in 2005, we acknowledge that our assessment of air pollution does not fully reflect individual and time-dependent
exposure, which may yet reveal important associations in future investigations.

AF was associated with an unexpected lower risk of incident pacemaker placement in patients with AV block. Before
multivariable adjustment, AF was associated with an increased risk of pacemaker implantation, and this apparently protec-
tive relationship did not manifest until after multivariable adjustment. One possible explanation is the diagnostic electrocar-
diographic characteristics of AV block requiring a pacemaker, which may be less obvious in the setting of AF. For example,
infranodal AV block could manifest as slower AF. It is also possible that AF itself is able to help maintain a sufficiently high
heart rate in the setting of severe AV conduction disease that pacemakers are less often needed.

Limitations

We acknowledge that our study has several limitations. As with all studies using diagnostic and procedural coding for
ascertainment, our study relied on accurate provider documentation. However, prior validation studies using similar
databases have shown less than 2% false positives and negatives for pacemaker implantations identified using diagnos-
tic coding, and a high validity for cardiac diagnoses [50-55]. As with all studies relying on ICD-10 codes, there is a risk

of misclassification bias, including potential differential classification by race or ethnicity. However, as this study did not
analyze lifestyle-related outcomes stratified by race or ethnicity (and the findings remained consistent after adjusting for
race and ethnicity), such misclassification is unlikely to meaningfully affect the interpretation of the results. Indeed, while
a focus on individualized risk assessment was not pursued in the current study, future research investigating interactions
by various patient characteristics, such as those of different sex, age, race/ethnicity, or income, will be important to inform
clinically relevant risk counselling and stratification. Given a reliance on ICD-9, ICD-10, and CPT codes, we were unable
to comment on the dose-response relationships between each predictor and the risk of pacemaker implantation. Thus, our
findings related to lifestyle-related risk factors lack the granularity to determine the exact severity, frequency, or duration of
substance use and obesity. Because of the administrative nature of the data, our primary outcome may be influenced by
access to health care, which might explain the apparently “protective” effect of lower income on pacemaker implantation.
Of note, the other associations were observed despite adjusting for income as a covariate. Although the HCAI databases
do not include ambulatory clinic data, they should have captured every pacemaker implantation in California over the
15-year study period. Similarly, all deaths should be available in the Social Security Death Index, and analyses accounted
for the competing risk of death. Given the exploratory nature of these analyses, our examination of many potential pre-
dictors resulted in multiple comparisons, which may lead to statistically significant associations arising due to chance.
However, in such a large dataset, the directions of the relationships are arguably the most important, and observed asso-
ciations fit with the biological plausibility and previous literature. While we cannot exclude reverse causality (for example,
bradycardia leading to reduced physical fitness prior to the need for a pacemaker), it would appear unlikely that such
phenomena would explain relationships with tobacco smoking or cannabis. Finally, as this was an observational study, we
cannot exclude residual or unmeasured confounding, making confident causal inferences inappropriate.

Conclusion

In this large longitudinal cohort study, we found that certain demographic characteristics, multiple established cardiovas-
cular risk factors, and several common modifiable lifestyle factors predicted AV block warranting a pacemaker. These
data suggest that minimizing alcohol, avoiding tobacco and cannabis use, and weight loss among the obese are potential
strategies to reduce the risk of AV block warranting a pacemaker.
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