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Abstract

Background

The prevalence, incidence and risk factors of atrial fibrillation (AF) in a large, geographically

and ethnically diverse cohort in the United States have not been fully described.

Methods

We analyzed data from 173,099 participants of the All of Us Research Program recruited in

the period 2017–2019, with 92,318 of them having electronic health records (EHR) data

available, and 35,483 having completed a medical history survey. Presence of AF at base-

line was identified from self-report and EHR records. Incident AF was obtained from EHR.

Demographic, anthropometric and clinical risk factors were obtained from questionnaires,

baseline physical measurements and EHR.

Results

At enrollment, mean age was 52 years old (range 18–89). Females and males accounted

for 61% and 39% respectively. Non-Hispanic Whites accounted for 67% of participants, with
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non-Hispanic Blacks, non-Hispanic Asians and Hispanics accounting for 26%, 4% and 3%

of participants, respectively. Among 92,318 participants with available EHR data, 3,885

(4.2%) had AF at the time of study enrollment, while the corresponding figure among 35,483

with medical history data was 2,084 (5.9%). During a median follow-up of 16 months, 354

new cases of AF were identified among 88,433 eligible participants. Individuals who were

older, male, non-Hispanic white, had higher body mass index, or a prior history of heart fail-

ure or coronary heart disease had higher prevalence and incidence of AF.

Conclusion

The epidemiology of AF in the All of Us Research Program is similar to that reported in

smaller studies with careful phenotyping, highlighting the value of this new resource for the

study of AF and, potentially, other cardiovascular diseases.

Introduction

Atrial fibrillation (AF) is a common cardiac arrhythmia associated with reduced quality of life

and increased rates of stroke, heart failure, dementia, and overall mortality [1]. Numerous

studies have identified major risk factors for AF, including older age, white race, male sex,

hypertension, obesity and other cardiovascular diseases [2]. In the United States, studies on

the prevalence, incidence and risk factors of AF have been limited to relatively small but well-

phenotyped cohorts [3–5], or larger administrative or clinical databases restricted to individu-

als enrolled in geographically-restricted healthcare plans [6], receiving care in selected medical

institutions [7], enrolled in specific insurance programs [8], or residing in specific regions of

the United States [9]. However, no prior studies have described the epidemiology of AF in a

large cohort representing the broad diversity of the US population in terms of ancestry, demo-

graphic variables, socioeconomic status, geographic location, and other characteristics.

Launched in 2018, the All of Us Research Program aims to recruit one million participants

in the United States with the primary goal of accelerating biomedical research and improving

the health of the public [10]. The program obtains data from participants through self-reported

surveys, physical measurements, electronic health records (EHRs), and the collection and anal-

ysis of biological samples. Over 80% of study participants are from groups that have been tradi-

tionally underrepresented in biomedical research [10]. Still, the reliability of the data being

collected, particularly in regards to their ability to identify risk factors for disease status,

including AF, has not been established yet.

Therefore, our goal was to characterize the epidemiology of AF in the All of Us Research

Program to evaluate whether demographic patterns and risk factors of AF established in prior

literature replicate in this novel research resource. Replicating these associations would bolster

the value of All of Us data for future innovative research on AF and other cardiovascular dis-

eases that takes advantage of the diversity of the study population.

Methods

The All of Us Research Program

The All of Us Research Program is a prospective cohort study aiming to recruit at least one mil-

lion individuals in the United States, with the overall goal of providing a unique resource to

study the effects of lifestyle, environment and genomics on health and health outcomes [10].

Participant recruitment is predominantly done through participating health care provider
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organizations and in partnership with Federally Qualified Health Centers, with an emphasis

on recruiting persons affiliated with those centers. Interested potential participants can also

enroll in the program as direct volunteers, visiting community-based enrollment sites. Initial

enrollment, informed consent (including consent to share EHRs), and baseline health surveys

are done digitally through the All of Us program website (https://joinallofus.org). Once this

step is completed, the participant is invited to undergo a basic physical exam and biospecimen

collection at the affiliated health care site. Participant follow-up is done in two ways, passively

via linkage with EHR and actively by periodic follow-up surveys.

For this study, we included data from participants enrolled in the study between May 2017

and August 2019. This was one of several demonstration projects supported by the All of Us
Research Program. Demonstration projects were designed to describe the cohort, replicate

previous findings for data validation, and avoid novel discovery in line with the program value

to ensure equal access by researchers to the data [11]. The work described here was proposed

by Consortium members, reviewed and overseen by the program’s Science Committee, and

was confirmed as meeting criteria for non-human subjects research by the All of Us Institu-

tional Review Board. The initial release of data and tools used in this work was published

recently [11]. Results reported are in compliance with the All of Us Data and Statistics Dissemi-

nation Policy disallowing disclosure of group counts under 20.

The All of Us research hub

This work was performed on data collected by the previously described All of Us Research Pro-

gram using the All of Us Researcher Workbench, a cloud-based platform where approved

researchers can access and analyze All of Us data. All of Us data currently available include sur-

veys, EHR, and physical measurements, with more data and data types slated to be available in

future releases. The details of the surveys are available in the Survey Explorer found in the

Research Hub, a website designed to support researchers [12]. Each survey includes branching

logic and all questions are optional and may be skipped by the participant. Physical measure-

ments recorded at enrollment include systolic and diastolic blood pressure, height, weight,

heart rate, waist and hip measurement, wheelchair use, and current pregnancy status. EHR

data was linked for those consented participants. All three datatypes (survey, physical measure-

ments, and EHR) are mapped to the Observational Health and Medicines Outcomes Partner-

ship (OMOP) common data model v 5.2 maintained by the Observational Health and Data

Sciences Initiative collaborative. To protect participant privacy, a series of data transforma-

tions were applied. These included data suppression of codes with a high risk of identification

such as military status; generalization of categories, including age, sex at birth, gender identity,

sexual orientation, and race; and date shifting by a random (less than one year) number of

days, implemented consistently across each participant record. Documentation on privacy

implementation and creation of the curated data repository is available in the All of Us Regis-

tered Tier CDR Data Dictionary [13]. The Researcher Workbench currently offers tools with a

user interface built for selecting groups of participants (Cohort Builder), creating datasets for

analysis (Dataset Builder), and Workspaces with Jupyter Notebooks (Notebooks) to analyze

data. The Notebooks enable use of saved datasets and direct query using R and Python 3 pro-

gramming languages.

Sample selection

Among All of Us enrollees, we selected participants 18 to 90 years of age at the time of initial

enrollment, who reported either male or female sex at birth, and reported race as white, black

or Asian and ethnicity as Hispanic or non-Hispanic.
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Characterization of atrial fibrillation

Presence of AF was determined through answers to self-reported questionnaires and from

data obtained from EHRs. At enrollment, participants complete a series of online question-

naires. AF was considered to be present if they answered yes to the question “Has a doctor or

health care provider ever told you that you have atrial fibrillation?” Participants responding

yes to this question were considered to have prevalent AF.

Presence of AF in the EHR was determined if the EHR data contained two or more

instances of atrial fibrillation, identified with selected Systematized Nomenclature of Medicine

Clinical Terms (SNOMED CT) codes. A complete list of SNOMED CT codes and their corre-

sponding OMOP concept IDs is provided in S1 Table. If the EHR-based diagnosis occurred

before participant enrollment, AF was considered to be prevalent; otherwise, the diagnosis of

AF was considered incident.

Of note, presence or absence of AF was not noted on the physical measurements recorded

at enrollment.

Covariates

Date of birth, sex assigned at birth, race, Hispanic ethnicity, and smoking status were self-

reported using online surveys. Ever smoking was defined as having smoked over 100 cigarettes

over the lifetime. Height and weight were measured by trained study technicians following a

standard protocol. Systolic and diastolic blood pressure were measured three times with the

participant seated. The mean of the second and third measurement was used for analysis. The

following comorbidities were ascertained via self-report in surveys and in the EHR: stroke,

heart failure, coronary artery disease, and diabetes.

Statistical analysis

Participant characteristics were summarized by race/ethnicity and by participation in study

components (EHR, medical history survey). Prevalence of AF was calculated as the proportion

of participants with AF among all participants. We performed separate analyses among indi-

viduals participating in the medical history survey and among those whose EHR data were

available. For each analysis, we calculated overall prevalence as well as sex, race/ethnicity, and

age-specific prevalence. The incidence rates of newly diagnosed AF were calculated as the

number of new AF diagnoses after enrollment date divided by person-years of follow-up

among those without evidence of AF at enrollment and with EHR data. We calculated inci-

dence of AF overall and by sex, race/ethnicity, and age. Association of risk factors with preva-

lent AF was evaluated with odds ratios (OR) and 95% confidence intervals (95% CI) from

multivariable logistic regression adjusting for age, sex, and race/ethnicity in all models, while

associations with incident AF were estimated with hazard ratios (HR) and 95% CI obtained

from Cox regression models, also adjusting for age, sex, and race/ethnicity. Time to event was

defined as the time in days between baseline and date of incident AF or August 31, 2019,

whichever occurred earlier.

Results

Between May 2017 and August 2019, there were 173,099 individuals who enrolled in the All of
Us program and met inclusion criteria. Of these individuals, 35,483 (21%) had completed the

medical history survey and 92,318 (53%) had EHR data available at the time of dataset crea-

tion. There were 20,683 participants who had both medical history survey and EHR data (12%

of all eligible individuals). Fig 1 summarizes the flow of participant selection.
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Characteristics of study participants by race/ethnicity are presented in Table 1, while

characteristics by participation in study components is provided in S2 Table. Approximately

two thirds of participants were non-Hispanic Whites, with non-Hispanic Blacks, non-His-

panic Asians and Hispanics accounting for 26%, 4%, and 3% of participants, respectively.

Overall mean age (standard deviation) was 52 (17), and females accounted for 61% of all par-

ticipants. Prevalence of most cardiovascular diseases and risk factors was highest in non-His-

panic Blacks and lowest in non-Hispanic Asians (Table 1). Participants with both EHR and

survey data were slightly older, more likely to be female and non-Hispanic White, and had

lower prevalence of cardiovascular risk factors (smoking, diabetes) and cardiovascular diseases

(stroke, heart failure, coronary heart disease) than those without data from the EHR or

the medical history survey (S2 Table). Fig 2 presents the overlap in participants based on avail-

ability of EHR and medical history data and diagnosis of AF. In the 20,683 participants with

overlapping EHR and survey data, 1,486 had AF either from EHR or medical history survey,

with 717 reported in both (48%), 208 in the EHR only (14%), and 561 in the medical survey

(38%).

Fig 1. Flowchart of study participants, All of Us Research Program, 2017–2019. EHR: Electronic health records. NHA: Non-

Hispanic Asian. NHB: Non-Hispanic Black. NHW: Non-Hispanic White.

https://doi.org/10.1371/journal.pone.0265498.g001
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Among eligible All of Us participants, 35,483 provided data on prior history of medical con-

ditions, including AF. Of them, 2,084 (5.9%) reported a diagnosis of AF. Prevalence of self-

reported AF by age group, race/ethnicity and sex are reported in Table 2. Prevalence increased

with age, from <1% among participants younger than 40 to>20% in those 80 and older.

Males and non-Hispanic Whites reported higher prevalence than females and other racial/eth-

nic groups. These differences persisted after simultaneous adjustment for age, sex and race/

ethnicity, with men having approximately 70% higher odds of AF than females (OR 1.7, 95%

CI 1.5, 1.8), and groups other than non-Hispanic Whites having 25–43% lower odds of self-

reported AF than non-Hispanic Whites. The associations were similar when the analysis was

restricted to the 20,683 participants who completed the medical history survey and had avail-

able EHR data (S3 Table).

A similar pattern was observed among 92,318 All of Us participants with linked EHR. A

total of 3,885 (4.2%) participants had evidence of prevalent AF in their EHR at the time of

enrollment. During a median follow-up of 16 months, an additional 354 (0.4%) participants

were diagnosed with AF after enrollment. Age, sex, and race/ethnicity-specific prevalence and

incidence of AF are shown in Table 3. Older age was strongly associated with higher preva-

lence of AF. For example, compared to those younger than 40, the OR of prevalent AF among

those 80 and older was 66.2 (95% CI 51.5, 85.1). Males had 90% higher odds of prevalent AF

than females (OR 1.9, 95% CI 1.8, 2.0), while odds of prevalent AF were lower in all race/eth-

nicity groups compared to non-Hispanic Whites. Similarly, older age and male sex were also

associated with higher rates of incident AF. Compared to non-Hispanic Whites, both non-His-

panic Asians and non-Hispanic Blacks experienced lower rates of AF (HR 0.41, 95% CI 0.15,

1.1, and HR 0.55, 95% CI 0.40, 0.76, respectively). Rates of AF in Hispanics were higher than

in non-Hispanic Whites, but this is based on a small number of AF events (<20).

Table 4 shows the association of selected cardiovascular risk factors and cardiovascular dis-

eases with prevalent and incident AF among participants with EHR data. Higher BMI and

prior history of heart failure or coronary heart disease were associated with increased preva-

lence and incidence of AF. Diabetes and stroke history were associated with prevalent AF but

not incident AF. Finally, neither blood pressure nor smoking status were risk factors for AF in

this population. The pattern of associations was comparable among the 20,683 participants

who completed the medical history survey and had available EHR data (S3 Table).

Table 1. Participant characteristics by race/ethnicity. Values correspond to mean (standard deviation) or N (%), All of Us Research Program, 2017–2019.

Non-Hispanic White Non-Hispanic Black Non-Hispanic Asian Hispanic

N 116,239 (67) 44,993 (26) 7,338 (4) 4,529 (3)

Age, years� 54 (17) 50 (14) 43 (17) 40 (15)

Female sex 72,129 (62) 26,048 (58) 4,428 (60) 2,918 (64)

BMI, kg/m2 28.7 (6.3) 30.3 (7.2) 25.1 (4.7) 29.5 (6.8)

SBP, mmHg 127 (18) 131 (20) 122 (17) 124 (17)

DBP, mmHg 77 (11) 81 (13) 76 (11) 78 (12)

Ever smoker 46,390 (40) 21,280 (47) 1,055 (14) 1,595 (35)

Diabetes 8,773 (7.5) 6,085 (13.5) 381 (5.2) 348 (7.7)

Heart failure 3,034 (2.6) 1,978 (4.4) 74 (1.0) 91 (2.0)

CHD 6,286 (5.4) 2,313 (5.1) 164 (2.2) 149 (3.3)

Stroke 298 (0.3) 175 (0.4) <20 (<0.3) <20 (<0.4)

BMI: body mass index; CHD: coronary heart disease; DBP: diastolic blood pressure; SBP: systolic blood pressure.

� Age range: 18 to 90 years

https://doi.org/10.1371/journal.pone.0265498.t001
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Discussion

Our analysis describes the epidemiologic characteristics of AF among the diverse participants

in the All of Us Research Program. The main findings were that both prevalence and incidence

of AF increased with age, were higher in males than females, and non-Hispanic Whites than in

other racial/ethnic groups. These patterns are comparable to those from other epidemiologic

studies in the US (S4 and S5 Tables). Previously described risk factors for AF, including obe-

sity, diabetes, and prevalence of some cardiovascular diseases, were associated with the risk of

AF. The overall findings from this analysis are consistent with established observations about

the epidemiology of AF.

Over the last two decades, seminal studies in the epidemiology of AF conducted in commu-

nity-based cohort studies have demonstrated that older age, male sex and being non-Hispanic

White are strongly associated with a higher prevalence and incidence of AF [3–6]. These same

studies have also contributed to identify the major risk factors for AF, including hypertension,

obesity, and prior history of other cardiovascular diseases [3, 14].

Analyses of administrative databases, such as Medicare, have complemented findings from

traditional cohort studies on the epidemiology of AF, offsetting their limitations in validity of

Fig 2. Venn diagram representing overlap of participants with EHR data, medical history survey data, those with

AF in the EHR, and those with self-reported AF in the medical history survey, All of Us Research Program, 2017–

2019. The intersection of these variables leads to eight different groups: (1) among participants with both EHR and

medical survey, those with AF in the EHR and the medical survey (n = 717), AF in the medical survey but no in the

EHR (n = 561), AF in the EHR but not in the medical survey (n = 208), and no AF in any data source (n = 19,197); (2)

among participants with EHR but not medical survey, AF in the EHR (n = 3,314) and no AF (n = 68,322); and (3)

among participants with medical history survey but not EHR, AF in the medical survey (n = 806) and no AF

(n = 13,994). The diagram does not include 65,982 participants with neither EHR nor medical history survey.

https://doi.org/10.1371/journal.pone.0265498.g002
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disease and risk factor phenotyping by their large sample size and broader geographic distribu-

tion [8, 9]. In the United States, however, these administrative databases are limited to certain

age groups (Medicare beneficiaries older than 65), individuals from specific socioeconomic

strata (Medicaid beneficiaries), types of healthcare facilities, or geographic area (state-based

databases). Nonetheless, their findings are consistent with those of traditional cohort studies

[3–5, 14].

In comparison with other studies, the All of Us Research Program provides a unique oppor-

tunity to characterize the epidemiology and risk factors of common chronic conditions,

Table 2. Prevalence of self-reported atrial fibrillation (AF) by age, sex, and race/ethnicity, All of Us Research Program, 2017–2019.

Age group AF cases Total AF prevalence (%) Odds ratio (95% CI)�

<40 80 8,673 0.9 1 (Ref.)

40–49 91 4,213 2.2 2.3 (1.7, 3.2)

50–59 235 6,416 3.7 4.0 (3.1, 5.1)

60–69 686 9,193 7.5 7.9 (6.3, 10.0)

70–79 781 6,029 13.0 13.8 (11.0, 17.5)

80–89 211 959 22.0 25.8 (19.7, 33.9)

Sex

Female 1,014 23,326 4.3 1 (Ref.)

Male 1,070 12,157 8.8 1.7 (1.5, 1.8)

Race / ethnicity

Hispanic <20 743 <2.7 0.75 (0.47, 1.2)

NH Asian 27 1,295 2.1 0.57 (0.38, 0.84)

NH Black 63 2,239 2.8 0.61 (0.47, 0.79)

NH White 1,976 31,206 6.3 1 (Ref.)

� Results from binary logistic regression including age category, sex and race as independent variables in the same model.

https://doi.org/10.1371/journal.pone.0265498.t002

Table 3. Prevalence and incidence of EHR-derived AF by age, sex, and race/ethnicity, All of Us Research Program, 2017–2019.

Prevalent AF Incident AF

Age group AF cases Total Prevalence (%) Odds Ratio (95% CI)� AF cases Person-years Incidence�� Hazard Ratio (95% CI)���

<40 71 23,285 0.3 1 (Ref.) <20 32,271 <0.6 1 (Ref.)

40–49 160 12,609 1.3 4.2 (3.2, 5.6) <20 17,006 <1.2 2.9 (1.4, 5.9)

50–59 466 19,326 2.4 8.0 (6.2, 10.3) 57 25,830 2.2 6.0 (3.2, 11.2)

60–69 1150 21,016 5.5 17.8 (14.0, 22.6) 110 26,893 4.1 10.4 (5.7, 19.0)

70–79 1445 12,979 11.1 35.8 (28.1, 45.5) 116 15,314 7.6 17.4 (9.6, 31.7)

80–89 593 3,103 19.1 66.2 (51.5, 85.1) 41 3,232 12.3 28.1 (14.7, 53.7)

Sex

Female 1,751 57,439 3.0 1 (Ref.) 170 76,083 2.2 1 (Ref.)

Male 2,134 34,879 6.1 1.9 (1.8, 2.0) 184 44,464 4.1 1.7 (1.4, 2.1)

Race / ethnicity

Hispanic 46 2,496 1.8 0.89 (0.66, 1.2) <20 3,372 <5.9 1.4 (0.71, 2.9)

NH Asian 62 3,444 1.8 0.63 (0.49, 0.82) <20 4,850 <4.1 0.41 (0.15, 1.1)

NH Black 544 24,435 2.2 0.64 (0.58, 0.71) 48 31,102 1.5 0.55 (0.40, 0.76)

NH White 3,233 61,943 5.2 1 (Ref.) 294 81,222 3.6 1 (Ref.)

� Results from binary logistic regression including age category, sex and race as independent variables in the same model.

�� Per 1,000 person-years.

��� Results from Cox regression including age category, sex and race as independent variables in the same model.

https://doi.org/10.1371/journal.pone.0265498.t003
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including AF, in a large and extremely diverse population. Given its specific focus on recruit-

ing groups previously underrepresented in biomedical research, findings from All of Us have

the potential of being more generalizable to the overall population. In this context, our analysis

has replicated previously described aspects of the epidemiology of AF. As the All of Us
Research Program develops and other types of data become available, including genomic

information, the rich demographic and geographic diversity among participants will enhance

research among underrepresented groups. For example, the most recent published genome-

wide association study of AF included less than 9,000 Blacks, of which 1,307 had AF, and

approximately 3,000 Hispanics (277 AF cases) [15]. The All of Us Research Program will even-

tually provide data orders of magnitude larger, making possible to understand the influence of

ancestry on AF risk and the impact that socioeconomic adversity, disproportionally affecting

some underrepresented groups, has on AF risk and outcomes [16, 17].

Most of the explored associations were consistent with previous literature. Older age, male

sex and non-Hispanic white race, prevalent diabetes, a prior history of cardiovascular disease

(heart failure, stroke, coronary artery disease), as well as higher body mass index, were all asso-

ciated with higher risk of AF. Most of these risk factors are part of established scores for the

prediction of AF [14]. However, elevated systolic blood pressure, which is a consistently

described risk factor for AF, was not associated with higher AF risk in the All of Us sample.

This may be due to not accounting for the use of antihypertensive medication.

We draw two major conclusions from these results. First, by observing the expected associa-

tions of demographic and clinical factors with the risk of AF, we are indirectly supporting the

validity of the All of Us Research Program data for future studies on the epidemiology of AF

and its outcomes. Second, our findings provide additional evidence suggesting that AF rates

are highest among non-Hispanic Whites. Ancestry-related genetic factors seem to be partly

responsible for this, as shown by higher risk of AF associated with increased degrees of Euro-

pean ancestry among African Americans [18]. Though a few reports suggest that under-ascer-

tainment among non-Whites could partially explain these differences [19], most studies using

extended electrocardiographic recordings or pacemaker data and, therefore, less likely to have

biased ascertainment, confirm these racial/ethnic differences [20–23].

Our analysis has some major strengths, including the large sample size and the racial/ethnic

diversity of the study population. Absence of validated AF diagnoses, lack of AF ascertainment

at the time of enrollment physical measurements, and missing EHR or medical survey data in

Table 4. Multivariable model for prevalent and incident AF (odds ratio or hazard ratio for covariates), All of Us
Research Program 2017–2019.

Prevalent AF Incident AF

Odds ratio (95% CI)� Hazard ratio (95% CI)��

BMI, per 5 kg/m2 1.1 (1.1, 1.2) 1.2 (1.1, 1.3)

SBP, per 20 mmHg 0.78 (0.74, 0.82) 0.98 (0.84, 1.1)

DBP, per 10 mmHg 1.1 (1.1, 1.20) 1.0 (0.93, 1.2)

Ever smoking 0.93 (0.86, 1.0) 1.1 (0.86, 1.3)

Diabetes 1.2 (1.1, 1.3) 1.0 (0.77, 1.3)

Heart failure 6.6 (6.0, 7.2) 3.4 (2.5, 4.7)

Coronary heart disease 2.7 (2.5, 2.9) 1.6 (1.2, 2.1)

Stroke 2.9 (2.2, 3.8) 1.2 (0.39, 3.8)

� Binary logistic regression adjusted for age, sex, race/ethnicity and all the variables included in the table.

�� Cox regression adjusted for age, sex, race/ethnicity and all the variables included in the table.

https://doi.org/10.1371/journal.pone.0265498.t004
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large subsets of the study population can be considered major weaknesses. Previous studies,

however, have demonstrated the validity of administrative diagnostic data to identify AF diag-

noses [24]. Also, using medical history or EHR data resulted in comparable patterns of AF

prevalence by age, sex and race/ethnicity, indicating that both sources of information may

offer valid data.

In conclusion, in a novel research resource such as the All of Us Research Program, we iden-

tified epidemiologic patterns of AF similar to what studies with different designs and methods

have reported. These findings provide indirect evidence of the validity of data collected by the

All of Us Research Program and support the value of this resource to conduct studies on the

epidemiology of AF and, potentially, other cardiovascular diseases.
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