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Abstract

Background: Though widely used, resting heart rate (RHR), as measured by awearable device, has nhot been previously evaluated
in alarge cohort against a variety of important baseline characteristics.

Objective: Thisstudy aimed to assessthe validity of the RHR measured by awearable device compared against the gold standard
of ECG (electrocardiography), and assess the relationships between device-measured RHR and a broad range of clinica
characteristics.

Methods: The Project Baseline Health Study (PHBS) captured detailed demographic, occupational, socidl, lifestyle, and clinical
datato generate a deeply phenotyped cohort. We selected an analysis cohort within it, which included participants who had RHR
determined by both ECG and the Verily Study Watch (VSW). We examined the correlation between these simultaneous RHR
measures and assessed the relationship between VSW RHR and a range of baseline characteristics, including demographic,
clinical, laboratory, and functional assessments.

Results: From the overall PBHS cohort (N=2502), 875 (35%) participants entered the analysis cohort (mean age 50.9, SD 16.5
years, n=519, 59% female and n=356, 41% mal€e). The mean and SD of VSW RHR was 66.6 (SD 11.2) beats per minute (bpm)
for female participants and 64.4 (SD 12.3) bpm for male participants. There was excellent reliability between the two measures
of RHR (ECG and V SW) with an intraclass correl ation coefficient of 0.946. On univariate analyses, female and male participants
had similar baseline characteristics that trended with higher VSW RHR: lack of health care insurance (both P<.05), higher BMI
(both P<.001), higher C-reactive protein (both P<.001), presence of type 2 diabetes mellitus (both P<.001) and higher World
Health Organization Disability Assessment Schedule (WHODAS) 2.0 score (both P<.001) were associated with higher RHR.
Onregression analyses, within each domain of baseline characteristics (demographi cs and socioeconomic status, medical conditions,
vitals, physical function, laboratory assessments, and patient-reported outcomes), different characteristics were associated with
VSW RHR in female and male participants.

Conclusions: RHR determined by the VSW had an excellent correlation with that determined by ECG. Participants with higher
VSW RHR had similar trendsin socioeconomic status, medical conditions, vitals, laboratory assessments, physical function, and
patient-reported outcomes irrespective of sex. However, within each domain of baseline characteristics, different characteristics
were most associated with VSW RHR in female and male participants.

Trial Registration: ClinicalTrials.gov NCT03154346; https://clinicaltrials.gov/study/NCT03154346
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Introduction

Methods

Resting heart rate (RHR) has been extensively studied in healthy
individuals and those with specific disease states such as
cardiovascular disease (CVD) [1,2]. Increasing RHR is linked
to the devel opment of CV D risk factors such as diabetes mellitus
and hypertension and is implicated as an important prognostic
factor in those with CVD and cancer [3,4]. Due to these links
with important clinical outcomes such as the development of
disease and mortality, RHR and RHR trends are of high interest
to clinicians and patients alike and have become highly
accessible, particularly with the recent ubiquity of wearable
devices capable of recording heart rate (HR) and even detecting
concerning arrhythmias such as atrial fibrillation [5].

Traditionally, RHR isdetermined through clinical measurements
during physical examinations as well as electrocardiography
(ECG), and ambulatory devices. In the recent decade, wearable
devices have become increasingly popular; many have the
capability to track fitness levels with a variety of metrics,
including steps, HR, and sleep. Commercially available devices
have been shown to be accurate in measuring HR and steps,
and studies suggest that wearable devices may improve physical
activity [6-8].

The Project Baseline Health Study (PBHS) was a prospective,
multicenter, longitudinal cohort study launched in 2017 to
establish a comprehensive reference health state using a wide
range of modalities, evaluate different technol ogiesin measuring
disease trajectory and participant diversity, and share this
information with both scientists and participants. The PBHS
enrolled 2502 participants to include a broad range of healthy
individuals with varying disease risks (specifically CVD,
breast/ovarian cancer, and lung cancer), as well as those with
known disease diagnoses. The PBHS provides an opportunity
to describe and assess RHR using a wearable device (Verily
Study Watch [V SW]) in a contemporary population and to do
so in a comprehensive and more continuous manner than
previously done[9]. Previous studies have limited comparisons
with clinical measurements or have small sample sizesfocused
on specific disease states [10-12]. The design of the PBHS
allows for an extensive analysis of RHR as they relate to
multimodal clinical data collected from remote and in-person
visits in a deeply phenotyped cohort, allowing a unique
opportunity to explore potentially significant relationships. In
this exploratory study, we aimed to (1) identify an analysis
cohort within the PBHS and compare baseline characteristics
with the overall study cohort at large, (2) validate the VSW’s
determination of RHR (VSW RHR) by comparing against the
gold standard of RHR by ECG, and (3) assess the rel ationships
between VSW RHR and a broad range of baseline clinical
characteristics.

https://www.jmir.org/2024/1/e60493

Overview
The design of the PBHS has been previously described [9].

Participants

PBHS participants were selected from an online registry in
which participants entered basic demographic data so that the
initial target cohort could be adequately established [9].
Ultimately, 2502 participants were included. The inclusion
criteria for the registry were age >18 years, residency in the
United States, ability to speak and read English, willingnessto
provide health information, and ability to interact with certain
study activities using a personal smartphone/device. As one of
the overarching goals of PBHS is to understand disease
progression in the United States, the cohort was designed so
that 60% of the enrolled population in each age strata had ~60%
higher risk relative to the participants of the same age and sex
for atherosclerotic cardiovascular disease, lung cancer, and/or
breast or ovarian cancer.

M easurements and Definitions

Study Assessments

PBHS parti ci pants underwent a deep phenotyping process, with
extensive multimodal assessments during enrollment to measure
their health characteristics, including demographics, vitals,
laboratory, functional testing, imaging, surveys, and wearable
sensor data from the VSW, an investigational medical device
used in medical research and clinical care. For this study,
baseline characteristics, aslistedin Tables S1-S3in Multimedia
Appendix 1, were selected for each participant and were chosen
inthisexploratory work dueto their ubiquity in clinical practice
and physiological relevance to RHR.

Resting Heart Rate

Baseline RHR measurements were determined with 2 different
techniques: in-clinic ECG RHR and VSW RHR. During the
enrollment study site visit, a 12-lead ECG was recorded
(Mortara ELI 250/250C), and HR from the computerized
interpretation of the ECG was computed asthe ECG RHR. An
ECG was considered “Excellent” or “Good” when all 12 leads
were analyzable, and either no noise/artifact or minimal
noise/artifact (respectively) were noted; only ECG readingsthat
met these criteria were considered.

VSW RHR was determined using a proprietary study
wrist-wearable device, which was an integral part of the
continuous assessments of PBHS. Parti cipants were encouraged
to wear it consistently during the entire study duration. The
VSW captures biological signals through several sensors,
including photoplethysmography (PPG) a 30 Hz and
accelerometry at 30 Hz. It al so provides several derived metrics
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using proprietary algorithms that process these signals. In this
study, we use the following derived metrics:

PPG Interbeat Intervals (IBI), which measure the time
interval between PPG-derived heartbeats in milliseconds.
The IBIs are calculated at each heartbeat, and each 1BI
value is also accompanied by a binary quality metric
(“good” vs“bad”’ quality). To determinethe quality of 1BIs,
in this study, we use the “jump distance” metric, which is
defined as the following for each samplei: where I; isthe
IBI value in milliseconds at sample i. When the jump
distanceis smaller than 100 milliseconds, we label that 1Bl
as having “good” quality and otherwise as having “bad”
quality. The reason is that very high jump distance values
indicate the presence of artifacts or the failure of the PPG

Feng et d

peak detection agorithm. The threshold value of 100
milliseconds was chosen asthe optimal valuein atrade-off
between heart rate error and coverage on an internally
collected dataset.

Actigraphy counts, which estimate the level of physical
activity and are calculated every 30 seconds.

On-wrist states, which indicate whether the V SW wasworn
or not, are computed every 1 minute and every time the
on-wrist state changes.

Since the goal of this analysis was to compare the RHR
estimated by VSW to ECG RHR, we used the V SW sensor data
captured during the ECG RHR measurement in order to evaluate
the performance of the VSW RHR. Thus, we gathered VSW
data using a 2-minute measurement window centered at the
middle of the ECG acquisition period, as shown in Figure 1A.

Figure 1. Verily Study Watch resting heart rate (VSW RHR) determination during the Project Baseline Health Study (PBHS) procedures. (A) Relative
placement in time of the 2-minute V SW data acquisition window against the backdrop of the 10-second ECG acquisition window. (B) Flowchart showing
the processing steps to calculate the VSW RHR for each participant. ECG: electrocardiogram; SW: study watch; PPG: photoplethysmography; IBI:

interbeat interval; VSW: Verily Study Watch; RHR: resting heart rate.

(A)
ECG
Sw
-60 -40 =20 0 20 40 60
Seconds
(B)
2-minute window of: Remove
+ PPG IBIs active Remove bad Calculate
Actigraphy intervals quality I1Bls VSW RHR
On wrist yes yes
no no
Exclude Exclude
window window

The processing steps to calculate the VSW RHR for each
participant are shown in Figure 1B. First, we gathered PPG
IBIs, actigraphy counts, and on-wrist states in the 2-minute
window mentioned above. Then, we excluded 2-minutewindows
containing any off-wrist states, and we removed the IBIs
associated with active intervals from the window (defined as
any 30-second interval with anon-zero actigraphy count value,
which we define as “Active”). Those intervals for which there
was a zero actigraphy count were defined as* Still.” Finally, we
removed the “bad” quality IBIs from the 2-minute window. If
the remaining number of IBIswaslessthan 3, we excluded the

https://www.jmir.org/2024/1/e60493

participant; otherwise, we calculated the VSW RHR from the
remaining IBls as the following:

60, 000
1 —N
N > et i

Where |, is the ith IBI value (milliseconds) in the 2-minute
window, and N is the number of 1Bl valuesin the window.

VSW RHR =
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Mean Daily Stepsin the First 30 Days

Mean daily stepsinthefirst 30 days of the study were cal cul ated
for each participant using previoudy validated step counts
captured by the VSW RHR [13,14]. Specifically, daily step
count values were averaged across the 30 days following
enrollment, only considering the days during which the
participant wore the VSW for at least 10 hours.

Feng et d

Analysis Cohort

For this analysis, the cohort included only participants who
fulfilled the following criteria: (1) recorded ECG RHR during
the initial onsite visit and (2) concurrent RHR as recorded by
the VSW. Additional exclusion criteriawere applied during the
VSW RHR calculation procedure, as described in the previous
section. Inclusion and exclusion criteria are further described
in Figure 2.

Figure2. Analysiscohort flowchart. Thisflow chart detailsthe creation of the eventual anaysis cohort (n=875), originating from the full PBHS cohort.
PBHS: Project Baseline Health Study; ECG: electrocardiogram; PPG: photoplethysmography; IBI: interbeat interval; VSW: Verily Study Watch.
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Study Watch Validity Analysis

To evaluate the validity of VSW RHR measurements, we first
compared them to ECG RHR using the intraclass correlation
(ICC) coefficient across the participants [15]. In addition, we
calculated the bias in VSW RHR compared with ECG RHR,
which is defined as the mean of the difference between the two
measurements (VSW RHR and ECG RHR) across all
participants. To determine how bias changed as a function of
ECG RHR, wefitted alinear model to predict the measurement
difference using ECG RHR asinput, and we measured the slope
of thefitted model. For both bias and g ope values, we calculated

https://www.jmir.org/2024/1/e60493

the 95% Cl s using bootstrapping (1000 bootstraps). We repeated
these analyses for each of the male and female subgroups.

Statistical Analysis

Descriptive statistics were cal culated for selected demographics
and other baseline characteristics. Categorical variables were
reported as the number of participants with corresponding
percentages, and continuous variables were reported as mean
and SD.

For usein statistical testing and regression modeling, categorical
variablesweretrandated into aseries of 1/0“dummy” variables,

JMed Internet Res 2024 | vol. 26 | e60493 | p. 4
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH

representing each level of each predictor variable versus all
other levels as the reference.

Tests for trend were used to evaluate the relationship between
each characteristic and ordinal category of VSW RHR,
separately for males and females. Analyses were stratified by
sex due to well-established baseline differencesin RHR by sex
and to document sex-related differences in overall baseline
characteristics. Baseline characteristic differences across RHR
percentiles were not statistically compared between males and
females. In addition, 3V SW RHR categorieswere created using
sex-specific percentile cut points: 0-25th, 25th-75th, and
75th-100th. The Cochran-Armitage Trend Test was used to
evaluate binary variables (including the “dummy” indicator
variables created for each level of categorical variables), and
Spearman rank correlation was used to evaluate continuous
variables.

Associations with VSW RHR among candidate baseline
characteristics were identified using multivariable linear
regression models. Before modeling, missing datawereimputed
using 5 rounds of multiple imputation using chained equations
methods with predictive mean matching. Box-Cox
transformations were used to approximate anormal distribution
for continuous variables (laboratory values, vitals, and physical
function measures). In addition to observed age, age-squared
was added to the list of baseline variables to account for the
inverted U-shaped relationship between age and VSW RHR.

All baseline characteristics (more details in Tables S1-S3 in
Multimedia Appendix 1) were included as candidate variables
in the least absol ute shrinkage and selection operator (LASSO)
regression models; no characteristics captured beyond the
baseline period were included. Baseline characteristics were
grouped into domains: (1) demographics and socioeconomic

https://www.jmir.org/2024/1/e60493

Feng et d

status (SES), (2) medical conditions, (3) vitals and physical
function, (4) laboratory assessments, and (5) patient-reported
outcomes (PROs); separate models were built for each domain
and separately for male and female. Elastic net (ENET)
regularization methods were used to fit regression models. In
order to address the multiply-imputed data, a stacked objective
function (SENET) method was used, with 5-fold cross-validation
to penalize and select regression coefficients [16,17]. Due to
limitations in computational power, ENET alpha values were
restrictedto 0.5 or 1, where a=1 equatesto aL ASSO regression.
All predictors were standardized before use in modeling as
required for LASSO and ENET methods.

Ethical Consider ations

The study was approved by a central institutional review board
(IRB; Western IRB: approval tracking number 20170163, work
order number 1-1506365-1) and the IRB at each of the
participating institutions (Stanford University, Duke University,
and the California Health and Longevity Institute). The PBHS
wasregistered in Clinical Trials.gov (identifier NCT03154346).

Informed consent was obtained from all participants enrolled
in PBHS. Participants received small compensation for study
visit-related time and expenses. Thisreport isbased on analyses
of deidentified data.

Results

Analysis Cohort Compared With the Overall PBHS
Cohort

Using the criteria as described in Figure 2, the analysis cohort
consisted of 875 participants: 519 (59%) female and 356 (41%)
male. Selected baseline characteristics of the anaysis cohort
and the PBHS cohort are shown in Table 1.
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Table 1. Selected baseline characteristics of the PBHS cohort and the analysis cohort. Overall, the cohorts are similar in baseline characteristics.

PBHS? cohort (N=2502) Analysis cohort (n=875)
Demographics
Mean age at enrollment, years (SD) 50(17.2) 50.9 (16.5)
Female, n (%) 1375 (55) 519 (59.3)
Race, n (%)
White 1582 (63.2) 575 (65.7)
Black 400 (16) 138 (15.8)
Asian 260 (10.4) 80 (9.1)
Other 259 (10.4) 82 (9.4)
Hispanic, n (%) 290 (11.6) 98 (11.2)
Socioeconomic status, n (%)
Married 1116 (44.6) 433 (49.5)
Employed 1523 (60.9) 528 (60.3)
Current or former smoker 881 (35.2) 331 (37.8)
Medical conditions, n (%)
Asthma 371(14.8) 124 (14.2)
Diabetes, type 2 276 (11.0) 112 (12.8)
Generalized anxiety disorder 327 (13.1) 121 (13.8)
GERDP 424.(16.9) 176 (20.1)
Hypertension 675 (27) 262 (29.9)
Hypercholesterolemia 314 (12.5) 118 (13.5)
Major depressive disorder 354 (14.1) 142 (16.2)
Migraines 306 (12.2) 116 (13.3)
Osteoarthritis 477 (19.1) 179 (20.5)
Sleep apnea 245 (9.8) 88 (10.1)
Vitals
Mean systolic BF® (SD) 123.4(16) 125 (15.5)
Mean diastolic BP (SD) 75.9 (9.9) 77.4(9.9)
Mean BMI (SD) 28.4(6.9) 29.4(7.1)
Physical performance
Mean 6-minute walk distance, meters (SD) 4745 (82.7) 475.4 (88.2)
Mean left ventricular g ection fraction (SD) 58.7 (4.2) 58.6 (4.5)
Laboratory findings
Hemoglobin A1, mean (SD) 57(1) 5.8(1.1)
Hemoglobin (g/dL), mean (SD) 14.2 (1.3) 14.1(1.3)
White blood cell count (thousand/mcL), mean (SD) 6.4 (1.9) 6.6 (1.9)
MDRDY (€GFR9), mean (SD) 88.3(20.4) 87.5(21.1)
C-reactive protein (mg/L), mean (SD) 29(5.9) 34(7.2)
Patient-reported outcomes
PHQ-9' score, mean (SD) 37(4.2 39(43)
GAD-79 score, mean (SD) 32(41) 33(42
https://www.j mir.org/2024/1/660493 JMed Internet Res 2024 | vol. 26 | €60493 | p. 6
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3PBHS: Project Baseline Health Study.

bGERD: gastro-esophageal reflux disease.

°BP: blood pressure.

dMDRD: modification of diet in renal disease.
€eGFR: estimated glomerular filtration rate.
fPHQ-9: Patient Health Questionnaire-9.
9GAD-7: Generalized Anxiety Disorder-7 Scale.

- (Figure 3A). Thisreliability remained excellent within each of
Study Watch Validity the male and femal e subgroups (Figure 3B). An agreement plot
The comparison of the RHR by ECG with VSW is shown in  petween RHR by ECG and VSW of all participantsalso showed
Figure 3A. There was excellent reliability between the 2 high consistency between the two measures (Figure Sl in
measures, with an intraclass correlation coefficient of 0.946  Multimedia Appendix 1).

Figure 3. Correlation between baseline ECG-based and Study Watch measured RHR in this analysis cohort (within the PBHS) for (A) all participants
and (B) male (left) and female (right) participants separately. Each dot corresponds to one participant. There is excellent overall reliability between
ECG RHR and VSW RHR (ICC=0.946) and within each of the male (0.942) and female (0.949) subgroups. BPM: beats per minute; ECG:
electrocardiogram; ICC: intraclass correlation coefficient; RHR: resting heart rate; SW: study watch.
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We also estimated the bias in the VSW measurement of RHR
compared to the ECG RHR. The overall bias was 0.76 BPM
(95% CI 0.52-1.00), which indicated a small but significant
positive bias, meaning that VSW was dlightly overestimating
the RHR when compared with ECG-based RHR. We had a
similar result in male and femal e subgroups, with abias of 0.70
(95% CI 0.29-1.14) and 0.80 (95% CI 0.51-1.13), respectively.

Finally, we evaluated how bias changed as a function of ECG
RHR using the slope of a fitted linear model (Figure S2A in
Multimedia Appendix 1). The resulting slope was—0.029 (95%
Cl —0.047 to —-0.010), which indicated a small but significant
negative slope, meaning that for the ECG RHR values on the
lower end, VSW overestimated the RHR, while on the higher

Feng et d

end, it underestimated the RHR. We had a similar result for
each of the male and female subgroups, with a slope of —0.030
(95% Cl —0.057 to —0.003) and —0.028 (95% Cl —0.056 to
—0.003), respectively (Figure S2B in Multimedia Appendix 1).

Analysis Cohort Baseline Characteristics by Sex and
Resting Heart Rate (Age-Adjusted)

TheVSW RHR as afunction of age and sex is shown in Figure
4, with both curves demonstrating the expected upside-down
U-shaped relationship [10]. The mean and SD of VSW RHR
was 66.6 (SD 11.2) beats per minute (bpm) for female
participants and 64.4 (SD 12.3) bpm for male participants. For
ECG RHR, the mean and SD were 65.8 (SD 10.9) bpm for
females and 63.7 (SD 12.0) bpm for males.

Figure 4. Baseline study watch resting heart rate by age and sex in this analysis cohort (within the PBHS). A U-shaped curve was observed for both
female and mal e participants when Verily Study Watch resting heart rate (VSW RHR) was plotted against age. The lines show fitted quadratic models
for female and male data separately. The shaded areas show the 95% Cl s of the models. BPM: beats per minute; RHR: resting heart rate.
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The study cohort was then separated by sex and stratified by
VSW RHR to assess for trends of selected baseline
characteristics: demographics and SES (Tables 2 and 3; vitals,
physical function, and laboratory assessments (Tables4 and 5);

https://www.jmir.org/2024/1/e60493
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and medical conditions and participant-reported outcomes
(PROs; Tables 6 and 7). Full variable comparison lists are
included in Tables S1-S3 in Multimedia Appendix 1.
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Table 2. Analysis cohort, female participants (within the PBHS): Selected demographics and socioeconomic status at baseline, stratified by Verily

Study Watch resting heart rate (VSW RHR) percentile.

VSW2RHRP percentile®

0-25th (n=130) 25-75th (n=259) 75-100th (n=130) P value

Mean age, years (SD) 48.7 (16.3) 51.1(16.1) 49.3(15.8) 76
Race, n (%)

White 93 (71.5) 164 (63.3) 83(63.8) 19

Black 18 (13.8) 44 (17) 26 (20) 19

Asian 10(7.7) 27 (10.4) 6 (4.6) 37

Other (NHPIY, AIAN®, Other) 9(6.9) 24(9.3) 15(11.9) 20
Hispanic ethnicity, n (%) 14 (10.8) 40 (15.4) 17 (13.1) .59
Education level, n (%)

High school or less 11 (9.7) 21(9.5) 24(20.9) .01

Any college 65 (57.5) 143 (64.7) 66 (57.4) .98

Graduate degree or higher 37(32.7) 57 (25.8) 25 (21.7) .06
Income (US $), n (%)

<100,000 58 (51.3) 123 (55.7) 82 (71.3) .002

>100,000 46 (40.7) 82(37.1) 25(21.7) .003
Marital status, n (%)

Married 63 (55.8) 131 (59.3) 50 (43.5) .06

Divorced or separated 21 (18.6) 36 (16.3) 22 (19.1) 91

Single 24(21.2) 43(19.5) 33(28.7) 17

Widowed 327 7(3.2) 10 (8.7) .03
Employment status, n (%)

Employed or homemaker 92 (74.2) 164 (68.3) 69 (57.5) .01

Unemployed 6(4.8) 17 (7.2) 24 (20) <.001

Retired 19 (15.3) 52 (21.7) 23(19.2) 44

Student 5(4) 4(17) 2(L7) 21
Insured (health insurance, yes), n (%) 109 (96.5) 202 (91.4) 101 (89.4) .048
Smoking status, n (%)

Current smoker 12(9.2) 41 (15.8) 31(23.8) .001

Former smoker 27 (20.8) 54 (20.8) 24 (18.5) .64

Never smoker 91 (70) 164 (63.3) 75 (57.7) .04

B/ SW: Verily study watch.
RHR: resting heart rate.

CPercentile cut points for females: 25th=59.38 bpm; 75th=73.66 bpm. Shading for significant observations. To generate P values for tests for trend, the
Cochran-Armitage was used to evaluate binary variables, including ‘dummy’ indicator variables created for each level of categorical variables, and

Spearman Rank Correlation was used to evaluate continuous variables.
INHPI: Native Hawaiian, and Pacific Islander.
EAIAN: American Indians and Alaska Natives.
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Table 3. Analysiscohort, male participants (within the PBHS): Selected demographics and socioeconomic status at baseline, stratified by Verily Study
Watch resting heart rate (VSW RHR) percentile.

VSW2RHRP percentile®

0-25th (n=89) 25-75th (n=178) 75-100th (n=89) P value

Mean age, years (SD) 55.5 (16.6) 50.7 (18.5) 51.6 (14.3) 11
Race, n (%)

White 71 (79.8) 107 (60.1) 57 (64.0) .03

Black 11 (12.4) 24 (13.5) 15 (16.9) 39

Asian 4(45) 24 (135) 9(10.1) 22

Other (NHPIY, AIAN®, Other) 3(34) 23(12.9) 8(9.0) 20
Hispanic ethnicity, n (%) 6(6.7) 12 (6.7) 9(10.1) 40
Education level, n (%)

High school or less 7(9.7) 16 (10.7) 12 (15.4) .28

Any college 34(47.2) 74 (49.7) 48 (61.5) .08

Graduate degree or higher 31(43.1) 59 (39.6) 18(23.1) .01
Income (US $), n (%)

<100,000 34(47.2) 80 (53.7) 41 (52.6) 53

>100,000 35 (48.6) 64 (43.0) 28(35.9) 12
Marital status, n (%)

Married 57 (79.2) 86 (57.7) 46 (59.0) .01

Divorced or separated 5(6.9) 11(7.4) 7(9.0 .64

Single 9(12.5) 49 (32.9) 22(28.2) .04

Widowed 0(0.0) 1(0.7) 2(2.6) .28
Employment status, n (%)

Employed or homemaker 43 (53.8) 103 (65.6) 57 (67.1) .08

Unemployed 9(11.2) 9(5.7) 11 (12.9) 67

Retired 28(35.0) 40 (25.5) 16 (18.8) .02

Student 0(0.0) 4(25) 1(1.2) .80
Insured (health insurance, yes), n (%) 69 (95.8) 137 (91.9) 67 (85.9) .03
Smoking status, n (%)

Current smoker 16 (18.0) 22 (12.4) 17 (19.1) .84

Former smoker 21(23.6) 41 (23.0) 25(28.1) 49

Never smoker 52 (58.4) 115 (64.6) 47 (52.8) 44

B/ SW: Verily study watch.
RHR: resting heart rate.

CPercentile cutpoints for males: 25th=55.50 bpm; 75th=72.25 bpm. Shading for significant observations. To generate P values for tests for trend, the
Cochran-Armitage was used to evaluate binary variables, including ‘dummy’ indicator variables created for each level of categorical variables, and
Spearman Rank Correlation was used to evaluate continuous variables.

INHPI: Native Hawaiian, and Pacific Islander.
EAIAN: American Indians and Alaska Natives.
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Table 4. Analysis cohort, female participants (within the PBHS): Selected vitals, physical function, and labs at baseline, stratified by Verily Study
Watch resting heart rate (VSW RHR) percentile.

VSW2RHRP percentile®

0-25th (n=130) 25-75th (n=259) 75-100th (n=130) P value
Vitals
Systolic blood pressure, mean (SD) 119.5(15.2) 122.6 (15.5) 126.5 (15.6) <.001
Diastolic blood pressure, mean (SD) 73.2(8.3) 76.0 (9.2) 81.1 (10.0) <.001
Waist circumference (cm), mean (SD) 85.3 (14.4) 89.8 (15.9) 98.5 (18.0) <.001
BMI, mean (SD) 27.1(6.4) 285 (6.7) 32.9(8.4) <.001
Physical function
6-minute walk distance (m), mean (SD) 498.1 (82.7) 469.3 (81.9) 433.8(93.0) <.001
10-meter walk speed (seconds), mean (SD) 2.0(0.6) 1.9(0.4) 1.8(0.5) .001
Handgrip, mean (SD) 28.9 (6.9) 28.1(6.9) 27.4(7.0) 23
L eg balance time (seconds), mean (SD) 44.3 (20.6) 39.8(22.1) 37.8(23.1) .02
Sit-rise score, mean (SD) 7.5(2.3) 6.9 (2.5) 7.0(24) A1
30-second chair stand, mean (SD) 14.8 (4.7) 13.9(5.0) 12.9 (4.3 .002
Ejection fraction at rest (%), mean (SD) 59.0 (3.6) 59.4 (4.3) 58.5 (5.4) 33
Coronary calcium score, mean (SD) 66.6 (214.3) 60.9 (250.0) 76.6 (249.1) .03
Ankle brachia index abnormal, n (%) 4(3.1) 10(3.9) 3(25) .79
FEV,/FVCY, mean (SD) 0.8(0.1) 0.8(0.1) 0.8(0.1) 25
Daily stepsin the first 30 days, mean (SD) 8360 (2990) 8040 (3187) 6865 (3243) .0001
Laboratory values
Hemoglobin (g/dL), mean (SD) 13.5(1.0) 135(1.2) 13.7(1.2) .10
Serum creatinine (mg/dL), mean (SD) 0.8(0.1) 0.8(0.2) 0.8(0.2) A9
HDL® (mg/dL), mean (SD) 66.4 (18.4) 64.3 (20.5) 57.2 (14.4) <.001
LDL (mg/dL), mean (SD) 96.0 (29.1) 105.5 (33.9) 105.8 (30.4) .02
HbA 1 (%), mean (SD) 5.4(0.7) 5.6 (0.8) 6.0 (1.5) <.001
C-reactive protein (mg/L), mean (SD) 2.3(41) 3.3(5.1) 5.6 (8.2 <.001
Blood glucose (mg/dL), mean (SD) 88.7 (19.0) 94.1 (27.2) 108.9 (54.6) <.001
Hematocrit (%), mean (SD) 41.2(2.9) 41.2 (3.4) 42.0 (35) 047
Platelet count (per pL), mean (SD) 249836 (56,779) 259,269 (61,124) 278,790 (61,889)  <.001
WBCY count (thousand/juL), mean (SD) 6.2 (1.6) 6.5(18) 75(2.2) <.001
Sodium (MEg/L), mean (SD) 139.0 (1.8) 138.8 (2.1) 138.6 (2.2) 15
GFR MDRD" (mL/min), mean (SD) 86.2 (19.2) 87.5(20.1) 91.0 (24.9) 19
TSH! (mIU/L), mean (SD) 15(0.8) 16(12) 16(0.9) 35

B/ SW: Verily study watch.
PRHR: resting heart rate.

CPercentile cutpoints for females: 25th=59.38 bpm; 75th=73.66 bpm. Shading for significant observations. To generate P values for tests for trend, the
Cochran-Armitage was used to evaluate binary variables, including ‘dummy’ indicator variables created for each level of categorical variables, and
Spearman Rank Correlation was used to evaluate continuous variables.

dFEV 1/FV C=forced expiratory volume in 1 s/forced vital capacity.

®HDL: high-density lipoprotein.

fLDL: low-density lipoprotein.

SWBC: white blood cell.

"GFR MDRD: glomerular filtration rate, modification of diet in rena disease.
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ITSH: thyroid-stimulating hormone.

Similar trends were seen in female and male participants. For
instance, from an SES standpoint, those with higher baseline
VSW RHR were more likely to have lower household income,
less likely to be married, less likely to have hedth care
insurance, and more likely to be smokers.

Medical conditions such as major depressive disorder, type 2
diabetes mellitus, hypertension, and sleep apneawere also more
common in those with higher VSW RHR.

Participants with higher VSW RHR tended to have higher
systolic and diastolic blood pressures, BMI, and waist
circumference.

https://www.jmir.org/2024/1/e60493

Feng et d

In terms of laboratory assessments, those with higher VSW
RHR tended to have hemoglobin A,. %, C-reactive protein
levels, and white blood cell counts.

Participants with higher VSW RHR had shorter 6-minute walk
distances and fewer mean daily steps, asrecorded by the VSW.

From a PRO standpoint, participants with higher VSW RHR
had higher Patient Health Questionnaire-9 (PHQ-9) scores and
World Health Organization Disability Assessment Schedule
(WHODAS 2.0) scores.
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Table5. Analysiscohort, male participants (within the PBHS): Selected vitals, physica function, and labs at baseline, stratified by Verily Study Watch
resting heart rate (VSW RHR) percentile.

VSW2RHRP percentile®

0-25th (n=89) 25-75th (n=178) 75-100th (n=89) P value
Vitals
Systolic blood pressure, mean (SD) 127.7 (16.2) 128.1 (14.1) 129.3 (14.3) .37
Diastolic blood pressure, mean (SD) 76.1 (10.4) 78.3(9.7) 81.2 (10.1) .002
Waist circumference (cm), mean (SD) 95.5 (12.3) 98.7 (15.7) 108.4 (18.5) <.001
BMI, mean (SD) 27.6 (4.5) 29.3(5.7) 32.5(8.5) <.001
Physical function
6-minute walk distance (m), (SD) 501.5 (83.1) 490.2 (89.8) 465.2 (84.6) .002
10-meter walk speed, mean (SD) 2.1(0.6) 2.1(0.6) 1.9(0.5) .021
Handgrip, mean (SD) 46.0 (9.4) 445 (10.6) 42.4(10.3) .088
L eg balance time (seconds), mean (SD) 38.4(22.8) 37.7(23.1) 30.6 (22.6) .01
Sit-rise score, mean (SD) 75(2.1) 7.0(2.3) 6.7 (2.3) .02
30-second chair stand, mean (SD) 15.4 (5.3) 14.9 (5.5) 13.4 (4.4) .002
Ejection fraction at rest (%), mean (SD) 58.2 (3.7) 57.7 (4.7) 58.7 (4.4) .76
Coronary calcium score, mean (SD) 361.8 (1012.1) 254.6 (653.9) 209.5 (632.9) .10
Ankle brachia index abnormal, n (%) 3 (3.5%) 7 (3.9%) 2 (2.3%) .65
FEV,/FVCY, mean (SD) 0.7(0.2) 0.8(0.1) 0.8(0.1) .003
Daily stepsin the first 30 days, mean (SD) 8970 (3994) 8565 (3537) 7869 (4120) 07
Laboratory findings
Hemoglobin (g/dL), mean (SD) 14.8 (0.9) 14.9 (1.0) 15.1(1.1) .02
Serum creatinine (mg/dL), mean (SD) 1.0(0.2) 1.0(0.3 1.1 (0.5 .95
HDL® (mg/dL), mean (SD) 54.3 (17.4) 48.3 (15.4) 43.9(12.8) <.001
LDL (mg/dL), mean (SD) 93.3(36.3) 95.0(33.1) 101.6 (38.5) 22
HbA 1 (%), mean (SD) 5.5(0.5) 5.7 (1.0) 6.5 (1.9) .003
C-reactive protein (mg/L), mean (SD) 3.0(14.9) 25(4.5) 46(7.3) <.001
Blood glucose (mg/dL), mean (SD) 92.2 (12.4) 102.0 (35.9) 130.1(72.8) <.001
Hematocrit (%), mean (SD) 44.7 (2.9) 452 (3.1) 458 (3.2) 01
Platelets (per pL), mean (SD) 212529 (48,991) 228567 (53,411) 248,264 (68,746)  <.001
WBCY count (thousand/pL), mean (SD) 6.2 (1.9) 6.2 (15) 6.9 (1.9) .001
Sodium (MEg/L), mean (SD) 139.4 (1.7) 138.9 (2.1) 138.6 (2.4) .02
GFR MDRD" (mL/min), mean (SD) 84.3(16.5) 88.2 (20.7) 86.6 (25.2) 38
TSH! (MIUIL), mean (SD) 1.8(1.0) 19(1.2) 1.7 (0.9) 71

B/ SW: Verily study watch.
PRHR: resting heart rate.

CPercentile cutpoints for males: 25th=55.50 bpm; 75th=72.25 bpm. Shading for significant observations. To generate P values for tests for trend, the
Cochran-Armitage was used to evaluate binary variables, including ‘dummy’ indicator variables created for each level of categorical variables, and
Spearman Rank Correlation was used to evaluate continuous variables.

®HDL: high-density lipoprotein.

fLDL: low-density lipoprotein.

9WBC: white blood cell.

"GFR MDRD: glomerular filtration rate, modification of diet in renal disease.
ITSH: thyroid-stimulating hormone.
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Table 6. Analysis cohort, female participants (within the PBHS): Selected medical conditions and participant-reported outcomes (PROs) at baseline,
stratified by Verily Study Watch resting heart rate (VSW RHR) percentile.

VSW2RHRP percentile®

0-25th (n=130) 25-75th (n=259) 75-100th (n=130) P value
Medical history, n (%)
Asthma 16 (12.3) 35(13.5) 23(17.7) 21
Cataracts 12(9.2) 38(14.7) 22 (16.9) 07
Colon polyps 7 (5.4) 26 (10) 10(7.7) .50
Major depressive disorder 15(11.5) 43 (16.6) 29 (22.3) .02
Diabetes type 2 6 (4.6) 27 (10.4) 26 (20) <.001
GERDY 20 (15.4) 42 (16.2) 36 (27.7) 01
Hypertension 27 (20.8) 70 (27) 40 (30.8) 07
Hypercholesterolemia 14 (10.8) 40 (15.4) 13(10) .85
Osteoarthritis 25(19.2) 49 (18.9) 32 (24.6) 28
Sleep apnea 6 (4.6) 16 (6.2) 11 (8.5) .20
PRO scores®, mean (SD)
Sheehan Disability Scale 2.9 (4.5) 2.7 (4.8) 5.0 (7.6) .10
PHQ-of 3.4(3.6) 3.6(4) 54 (4.8) <.001
GAD-79 32(3.9) 34(4.1) 41(4.9) 28
WHODAS' 20 22(33 3.0 (4.4) 5.0 (6.7) <.001
BRESS ACE 22(22) 2423 2.7(26) 24
PROMIS pain intensity 6.0(2.3) 6.1(2.3) 7.0(28) .02
PROMI S pain interference 10.2 (5.1) 10.5(5.2) 12.2 (6.3) .03
PANAS positive affect 34.7 (6.4) 34.8(7.0) 33.0(7.3) .08
PANAS negative affect 15.6 (6.7) 15.5 (6.5) 15.0 (6.1) 45
Subjective happiness 21.6 (4.8) 21.7 (4.8) 20.9 (4.3) 13
Satisfaction with life 26.1(6.6) 25.9 (6.3) 24.2 (7.4) .04
Perceived social support 70.1 (11.8) 66.8 (15.2) 66.9 (13.9) .08
AUDIT-C 20(15) 2.0(1.9) 19(18) 35

3/SW: Verily study watch.
PRHR: resting heart rate.

CPercentile cutpoints for females: 25th=59.38 bpm; 75th=73.66 bpm. Shading for significant observations. To generate P-values for tests for trend, the
Cochran-Armitage was used to evaluate binary variables, including ‘dummy’ indicator variables created for each level of categorica variables, and
Spearman Rank Correlation was used to evaluate continuous variables.

4GERD: gastroesophageal reflux disease.

®PROs: patient-reported outcomes.

fPHQ-9: Peatient Health Questionnaire-9.

9GAD-7: Generalized Anxiety Disorder-7 Scale.

PWHODAS: World Hedlth Organization Disability Assessment Schedule.

IBRFSS ACE: Behavioral Risk Factor Surveillance System Adverse Childhood Experience.
IPROMIS; Pati ent-Reported Outcomes Measurement I nformation System.

KPANAS: Positive and Negative Affect Schedule.

|AUDIT-C: Alcohol Use Disorders |dentification Test-Concise.
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Table 7. Analysis cohort, male participants (within the PBHS): Selected medical conditions and participant-reported outcomes (PROs) at baseline,
stratified by Verily Study Watch resting heart rate (VSW RHR) percentile.

VSW2RHRP percentile®

0-25th (n=89) 25-75th (n=178) 75-100th (n=89) P value
Medical history, n (%)
Asthma 12 (13.5) 22 (12.4) 16 (18) .39
Cataracts 14 (15.7) 28 (15.7) 5(5.6) .046
Colon polyps 14 (15.7) 23(12.9) 6 (6.7) .07
Major depressive disorder 8(9) 28 (15.7) 19 (21.3) .02
Diabetes type 2 3(3.4) 23(12.9) 27 (30.3) <.001
GERDY 21 (23.6) 37 (20.8) 20 (22.5) 86
Hypertension 29 (32.6) 61 (34.3) 35(39.3) 35
Hypercholesterolemia 15(16.9) 27(15.2) 9(10.1) .20
Osteoarthritis 21(23.6) 33(185) 19 (21.3) 71
Sleep apnea 9(10.1) 29 (16.3) 17 (19.1) .10
PRO scores®, mean (SD)

Sheehan Disability Scale 3.3(6.6) 3.1(5.6) 42(5.7) .06
PHQ-of 32(4.1) 3.8(4.4) 4.6 (4.4) .01
GAD-79 2.1(3.2) 2.9(4) 3.9(4.8) 02
WHODAS 2.0" 2.2(45) 32(5.2) 4.4 (5.4) <.001
BRESS ACE 16(L.9) 19(22) 2.7(26) .01
PROMIS pain intensity 6.1(27) 6.4(2.3) 6.5(25) 18
PROMIS pain interference 10.0(5.7) 10.6 (4.7) 12.4(6.1) .003
PANASK positive affect score 355(7.7) 33.7(7.6) 32.1(8.1) .01
PANAS negative affect 14.9 (5.7) 15.2 (5.9) 15.1(5.8) 93
Subjective happiness 22.0 (4.3) 20.7 (4.8) 18.9 (4.6) <.001
Satisfaction with life 26.1(6.6) 24.7 (6.7) 22.5(6.2) <.001
Perceived social support 65.8 (13.8) 61.6 (16.7) 59.3 (14.5) .003
AUDIT-C 23(17) 21(1.8) 1.8(18) .02

3/SW: Verily study watch.
PRHR: resting heart rate.

CPercentile cutpoints for males; 25th=55.50 bpm; 75th=72.25 bpm. Shading for significant observations. To generate P values for tests for trend, the
Cochran-Armitage was used to evaluate binary variables, including ‘dummy’ indicator variables created for each level of categorica variables, and
Spearman Rank Correlation was used to evaluate continuous variables.

4GERD: gastroesophageal reflux disease.

®PROs: patient-reported outcomes.

fPHQ-9: Peatient Health Questionnaire-9.

9GAD-7: Generalized Anxiety Disorder-7 Scale.

PWHODAS: World Hedlth Organization Disability Assessment Schedule.

IBRFSS ACE: Behavioral Risk Factor Surveillance System Adverse Childhood Experience.
IPROMIS; Pati ent-Reported Outcomes Measurement I nformation System.

KPANAS: Positive and Negative Affect Schedule.

|AUDIT-C: Alcohol Use Disorders |dentification Test-Concise.
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Associations With VSW RHRs by Domain

The results of the sex-stratified SENET regression models are
presented in Figure 5. Penalized regression coefficients reflect
the relative strength and direction of each association based on
standardized predictors. Within each domain of baseline
characteristics (demographics and SES, medical conditions,
vitals, physical function, laboratory assessments, and PROs),
analyses showed that different characteristics were associated

https://www.jmir.org/2024/1/e60493
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with VSW RHR in female and male participants. For instance,
in the demographics and SES domain, unemployment had the
highest association with VSW RHR in females, whereas lack
of hedth insurance had the highest association in mae
participants. This was the case in the medical conditions,
laboratory assessments, and PRO domainsaswell. For thevitals
and physical function domain, diastolic blood pressure was the
most associated characteristic with VSW RHR for both sexes.
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Figure5. LASSO (least absolute shrinkage and sel ection operator) regressions. Regression analyses performed in this cohort (within the PBHS) suggest
that, within each domain, different baseline characteristics are most associated with resting heart rate. All continuous measurements, ie, laboratory,
vital, and physical function variables, were transformed by the Box-Cox method before analysis. All variableswere standardized asrequired for penalized
regression methodol ogy. Within each domain of baseline characteristics, there were some characteristics that were more associated with RHR in female
participants and others that were more associated with male participants. A higher-resolution version of thisimageis availablein Multimedia Appendix
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Discussion

Principal Findings

These analyses from a large, deeply phenotyped population
show (1) strong agreement between ECG-determined RHR and
a proprietary VSW-determined RHR, (2) significant trends of
VSW RHR with clinically important baseline characteristics,
and (3) clinical baseline characteristics highly associated with
VSW RHR. These findings demonstrate that, in a relatively
heterogeneous cohort of participants, RHR can be measured
easily and accurately using awearable device and may be used
in light of strong associations with clinically relevant baseline
characteristics.

Inthelast decade, the use of consumer wearableswith the ability
to detect HR and arrhythmias such as atria fibrillation has
become increasingly available [5]. Despite their high accuracy
in measuring HR at rest and the ubiquity of these devices in
modern life, an in-clinic ECG is still the gold standard method
to determine RHR [18]. In clinical research, a variety of
methodologies are used depending on the availability of data
and clinica feasibility [10,11,19,20]. In this study, we
investigated the viability of the VSW in determining RHR by
comparing it with RHR determined by ECG. Using PPG data
combined with actigraphy data, we isolated periods of time
when the participant wearing the V SW was not in motion during
the time of ECG recording, thus allowing us to estimate RHR
valuesfrom VSW data. With this method, we demonstrated that
thereis excellent agreement between RHR determined by ECG
and VSW, suggesting that the VSW is capable of determining
ardiable RHR. Inaworld wheretelehealthisincreasingly used,
reliable wearabl e device-based data such as this may be useful
to clinicians, providing them with clinical information that
would otherwise be more cumbersome to obtain [21].

While most studies in the past have focused on analyzing the
relationship of RHR with objective, laboratory-based
measurements, we also extensively evaluated the relationship
of RHR with participants well-being and quality of life,
including psychosocial and socioeconomic aspects. In the
univariate analyses, we demonstrated that participants who had
higher education were married, had health care insurance, and
had lower PHQ-9 scoreswere morelikely to have alower VSW
RHR. Furthermore, wefound similar and significant associations
in our regression models when stratified by sex: lack of health
careinsurance, psychiatric conditions (major depressive disorder
and generalized anxiety disorder), and higher WHO-DAS 2.0
scores were significantly associated with higher HR. These
findings are consistent with previous studies suggesting that
more difficult SES and psychosocial circumstances were
associated with higher chronic stress and higher HR [22-28].
However, in our analyses, we also found that there were
differences by sex in which baseline characteristics were most
associated with RHR. For instance, within the demographics
and SES domain, unemployment was most significantly
associated with higher RHR for femal e participants but lack of
health care insurance was the most significantly associated with
higher RHR for male participants. Similarly, within the PRO
domain, ahigher WHODA'S 2.0 score was most associated with

https://www.jmir.org/2024/1/e60493
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higher RHR for female participants, but the Behavioral Risk
Factor Surveillance System Adverse Childhood Experience
score was most associated with higher RHR for male
participants. This may be the result of a multitude of factors,
including physiological differences between the 2 sexes, societal
influences, and diverse cultural and personal experiences that
could impact HR [29-32]. In the laboratory setting, it has been
demonstrated that there are sex differencesin HR responsesto
physical and mental stressors [33-35]. A recent study using a
contemporary wearable device investigated the effects of
occupational stressors in the real world and found that female
participants, compared with male participants, had a higher
maximum HR and greater changesin HR when confronted with
a moderate stressor during a work shift in a retail store [36].
Future studies will be needed to elucidate the relationships and
mechanisms underlying how different clinical characteristics
affect RHR in females and males.

We observed significant trends of VSW RHR with objective
clinical measurements in both our univariate and regression
analyses. Higher V SW RHR was associated with higher blood
pressure, BMI, and waist circumference, al previously
established in the literature [37,38]. Laboratory findings of
higher C-reactive protein and platel et countsin those participants
with higher SW RHR were also consistent with the literature
[39]. Analyses of physical function showed significant trends
with VSW RHR. Lower VSW RHR was significantly correlated
with a higher 6-minute walk distance, an important clinical
surrogate for fitness [40]. It has been demonstrated previously
that HR profiles determined by wrist-worn devices can predict
6-minute walk distances in patients with mitral or aortic valve
disease [11]. Another more commonplace measure of physical
activity and fitness is step count, a measure that has been
associated with mortality [41]. We observed that participants
with lower VSW RHR had significantly higher step counts,
consistent with previous studies demonstrating a negative
relationship between VSW RHR and physical fitness[28,42,43].
Though causality cannot be determined from these analyses,
the relationship between VSW RHR and step count is of high
interest to clinicians and patients alike, given step count and
other surrogates of physical fitness are integral elements of
wearable devicesthat are often promoted asamethod of remote
monitoring. Interestingly, the relationship demonstrated in our
study was of VSW RHR and future step count, suggesting that
even a single RHR measurement could be indicative of a
person’s future physical activity and, therefore, may identify a
population with higher RHR for targeted interventions aimed
to improve physical fitness. Future studies will need to
longitudinally track both RHR and physical activity levels to
determine if their long-term trends are indeed correl ated.

There are several limitations to our analysis. Our cohort may
have a dlight healthy user bias, given it was derived from the
PBHS registry, and this potential self-selection bias may have
had an impact on some of our findings, such as the differences
across sexes. The analysis cohort was also more limited in size
than expected, primarily dueto alack of procedural consistency
(wearing the VSW at the time of ECG recording) during the
participant enrollment visit, resulting in a loss of ~50% of
participants from the DPC cohort. It is possible that this can
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contribute further to a healthy user bias, as those who are more
proactive in wearing the VSW may also have been healthier.
Future studieswill need to ensure morerigid protocolsto ensure
less variability due to procedura issues. In this study, hard
clinical outcomes such as mortality and hospitalizations were
not assessed but would be highly valuable for future studies,
particularly those that evaluate not only associations of RHR
with clinical outcomesbut also of “free-living” HR with clinical
outcomes. Other studies have examined the validity of using
wearable devices to measure HR under free-living conditions,
which is currently under investigation in the PBHS [44,45].
Finaly, there was a positive bias of 0.76 BPM (95% ClI
0.52-1.00) in VSW RHR measurements compared with the
reference ECG RHR. This bias changed significantly as a
function of ECG RHR, with a negative slope of —0.029 (95%
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Cl —0.047 to —0.010). The most likely cause for the biasis the
relative noisiness of PPG signals (measured by SW) compared
with ECG, which occasionally results in the detection of false
beats. While both bias and slope values are statistically
significant, they are unlikely to be clinically meaningful.

Conclusion

In conclusion, VSW RHR correlates strongly with RHR obtained
using resting ECG. VSW RHR has significant trends with
important clinical characteristics that closely mirror those
aready established in the literature. Further investigations will
be needed to inform clinicians and patients alike on how to use
wearable  technologies that perform  noninvasive
measurements—not only of RHR—in conjunction with other
clinical measurements to potentially detect disease or enhance
their shared decision-making process for behavioral change.

The Project Baseline Health Study and this analysis were funded by Verily Life Sciences, South San Francisco, California. Verily
Life Sciences is the funding source for the PBHS and is responsible for data collection. The authors were fully responsible for
the dataanalysis and interpretation presented herein and thewriting of thisarticle. Thefollowing individuals, SAS, SS, and MK C,
had accessto theraw data. The authors had accessto the full dataset for the study and reviewed and approved the final manuscript
for submission. The authors wish to thank the Project Baseline Health Study investigators, study sites, and participants.

Data Availability

Thedeidentified PBHS data corresponding to this study are available upon request for the purpose of examining itsreproducibility.
Interested investigators should direct requests to jsaiz@verily.com. Requests are subject to approval by PBHS governance.

Authors Contributions

KYF, SAS, SS, and KWM contributed to the study concept and design. Verily Life Sciences, Stanford Center for Clinical Research,
Duke University contributed to data collection. KYF, SAS, SS, and MK C performed data analysis and interpretation. All authors
contributed to the draft writing and review. All authors approved the draft for submission.

Conflicts of Interest

SAS, SS, MKC, and EPS report employment and equity ownership in Verily Life Sciences. KWM reports research grants from
Verily, American Heart Association, Apple Inc., Bayer, the Californialnstitute of Regenerative Medicine, Eidos, Gilead, Idorsia,
Johnson & Johnson, Luitpold, Pac-12, Precordior, Sanifit; consulting feesfrom Amgen, Applied Therapeutics, BMS, BridgeBio,
Elsevier, Lexicon, Moderna, Sanofi; equity ownership in Precordior, Regencor. Therest of the authorsreport no relevant disclosures.

Multimedia Appendix 1

Methods and results.
[DOCX File, 540 KB-Multimedia Appendix 1]

Multimedia Appendix 2

High-resolution version of Figure 5.
[PNG File, 2684 KB-Multimedia Appendix 2]

References

1.  Umetani K, Singer DH, McCraty R, Atkinson M. Twenty-four hour time domain heart rate variability and heart rate:
relations to age and gender over nine decades. JAm Coll Cardiol. 1998;31(3):593-601. [FREE Full text] [doi:
10.1016/s0735-1097(97)00554-8] [Medline: 9502641]

2. Fox K, Borer JS, Camm AJ, Danchin N, Ferrari R, Lopez Sendon JL, et al. Heart Rate Working Group. Resting heart rate
in cardiovascular disease. JAm Coll Cardiol. 2007;50(9):823-830. [FREE Full text] [doi: 10.1016/j.jacc.2007.04.079]
[Medline: 17719466]

https://www.jmir.org/2024/1/e60493 JMed Internet Res 2024 | vol. 26 | e60493 | p. 19

(page number not for citation purposes)


https://jmir.org/api/download?alt_name=jmir_v26i1e60493_app1.docx&filename=a78607bb90df5ba1a8429d9c7188e772.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e60493_app1.docx&filename=a78607bb90df5ba1a8429d9c7188e772.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e60493_app2.png&filename=ef696f497646429bbc65c2171f8a44cc.png
https://jmir.org/api/download?alt_name=jmir_v26i1e60493_app2.png&filename=ef696f497646429bbc65c2171f8a44cc.png
https://linkinghub.elsevier.com/retrieve/pii/S0735-1097(97)00554-8
http://dx.doi.org/10.1016/s0735-1097(97)00554-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9502641&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0735-1097(07)01823-2
http://dx.doi.org/10.1016/j.jacc.2007.04.079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17719466&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Feng et a

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

AuneD, O Hartaigh B, Vatten L J. Resting heart rate and the risk of type 2 diabetes: a systematic review and dose--response
meta-analysis of cohort studies. Nutr Metab Cardiovasc Dis. 2015;25(6):526-534. [FREE Full text] [doi:
10.1016/j.numecd.2015.02.008] [Medline: 25891962]

AuneD, Sen A, 0'Hartaigh B, Janszky |, Romundstad PR, Tonstad S, et al. Resting heart rate and therisk of cardiovascular
disease, total cancer, and all-cause mortality - a systematic review and dose-response meta-analysis of prospective studies.
Nutr Metab Cardiovasc Dis. 2017;27(6):504-517. [FREE Full text] [doi: 10.1016/j.numecd.2017.04.004] [Medline: 28552551]
Perez MV, Mahaffey KW, Hedlin H, Rumsfeld JS, Garcia A, Ferris T, et a. Apple Heart Study Investigators. Large-scale
assessment of a smartwatch to identify atrial fibrillation. N Engl JMed. 2019;381(20):1909-1917. [FREE Full text] [doi:
10.1056/NEJM 0a1901183] [Medline: 31722151]

Fuller D, Colwell E, Low J, Orychock K, Tobin MA, Simango B, et a. Reliability and validity of commercially available
wearable devices for measuring steps, energy expenditure, and heart rate: systematic review. IMIR Mhealth Uhealth.
2020;8(9):€18694. [FREE Full text] [doi: 10.2196/18694] [Medline: 32897239

Hannan AL, Harders MP, Hing W, Climstein M, Coombes JS, Furness J. Impact of wearable physical activity monitoring
devices with exercise prescription or advice in the maintenance phase of cardiac rehabilitation: systematic review and
meta-analysis. BMC Sports Sci Med Rehabil. 2019;11:14. [FREE Full text] [doi: 10.1186/s13102-019-0126-8] [Medline:
31384474]

Brickwood KJ, Watson G, O'Brien J, Williams AD. Consumer-based wearable activity trackers increase physical activity
participation: systematic review and meta-analysis. IMIR Mhealth Uhealth. 2019;7(4):€11819. [FREE Full text] [doi:
10.2196/11819] [Medline: 30977740Q]

ArgesK, Assimes T, Bgjgj V, Balu S, Bashir MR, Beskow L, et al. The project baseline health study: a step towards a
broader mission to map human health. NPJ Digit Med. 2020;3:84. [FREE Full text] [doi: 10.1038/s41746-020-0290-y]
[Medline: 32550652]

Quer G, Gouda P, Galarnyk M, Topol EJ, Steinhubl SR. Inter- and intraindividual variability in daily resting heart rate and
its associations with age, sex, sleep, BMI, and time of year: retrospective, longitudinal cohort study of 92,457 adults. PLoS
One. 2020;15(2):e0227709. [FREE Full text] [doi: 10.1371/journal.pone.0227709] [Medline: 32023264]

Schubert C, Archer G, Zelis M, Nordmeyer S, Runte K, Hennemuth A, et al. Wearable devices can predict the outcome
of standardized 6-minute walk testsin heart disease. NPJ Digit Med. 2020;3:92. [FREE Full text] [doi:
10.1038/s41746-020-0299-2] [Medline: 32665977]

Gresham G, Hendifar AE, Spiegel B, Neeman E, Tuli R, Rimel BJ, et al. Wearabl e activity monitors to assess performance
status and predict clinical outcomesin advanced cancer patients. NPJ Digit Med. 2018;1:27. [FREE Full text] [doi:
10.1038/s41746-018-0032-6] [Medline: 31304309]

Kowahl N, Shin S, Barman P, Rainaldi E, Popham S, Kapur R. Accuracy and reliability of a suite of digital measures of
walking generated using awrist-worn sensor in healthy individuals: performance characterization study. JIMIR Hum Factors.
2023;10:e48270. [FREE Full text] [doi: 10.2196/48270] [Medline: 37535417]

Popham S, Burq M, Rainaldi EE, Shin S, Dunn J, Kapur R. An algorithm to classify real-world ambulatory status from a
wearabl e device using multimodal and demographically diverse data: validation study. IMIR Biomed Eng. 2023;8:e43726.
[FREE Full text] [doi: 10.2196/43726] [Medline: 38875664]

Bartko JJ. The intraclass correlation coefficient as a measure of reliability. Psychol Rep. 1966;19(1):3-11. [doi:
10.2466/pr0.1966.19.1.3] [Medline; 5942109]

Du J, Boss J, Han P, Beedley LJ, Kleinsasser M, Goutman SA, et al. Variable selection with multiply-imputed datasets:
choosing between stacked and grouped methods. J Comput Graph Stat. 2022;31(4):1063-1075. [FREE Full text] [doi:
10.1080/10618600.2022.2035739] [Medline: 36644406]

Github. miselect: variable selection for multiply imputed data. URL : https://github.com/umich-cphds/misel ect [accessed
2024-04-03]

Bent B, Goldstein BA, Kibbe WA, Dunn JP. Investigating sources of inaccuracy in wearable optical heart rate sensors.
NPJ Digit Med. 2020;3:18. [FREE Full text] [doi: 10.1038/s41746-020-0226-6] [Medline: 32047863]

LeeJE, LeeDH, Oh TJ, KimKM, Choi SH, Lim S, et al. Clinical feasibility of monitoring resting heart rate using awearable
activity tracker in patients with thyrotoxicosis: prospective longitudinal observational study. IMIR Mhealth Uhealth.
2018;6(7):€159. [FREE Full text] [doi: 10.2196/mhealth.9884] [Medline: 30006328]

Jiang C, Farogi L, Palaniappan L, Dunn J. Estimating personal resting heart rate from wearabl e biosensor data. | EEE; 2019.
Presented at: Proceedings of the 2019 IEEE EMBS International Conference on Biomedical & Health Informatics (BHI);
May 19-22, 2019:1-4; Chicago, IL, USA. [doi: 10.1109/bhi.2019.8834554]

Shaver J. The state of telehealth before and after the COVID-19 pandemic. Prim Care. 2022;49(4):517-530. [FREE Full
text] [doi: 10.1016/j.pop.2022.04.002] [Medline: 36357058]

McGrath JJ, Matthews KA, Brady SS. Individual versus neighborhood socioeconomic status and race as predictors of
adolescent ambulatory blood pressure and heart rate. Soc Sci Med. 2006;63(6):1442-1453. [doi:
10.1016/j.socscimed.2006.03.019] [Medline: 16733078]

https://www.jmir.org/2024/1/e60493 JMed Internet Res 2024 | vol. 26 | e60493 | p. 20

(page number not for citation purposes)


http://hdl.handle.net/10044/1/32399
http://dx.doi.org/10.1016/j.numecd.2015.02.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25891962&dopt=Abstract
http://hdl.handle.net/10044/1/49542
http://dx.doi.org/10.1016/j.numecd.2017.04.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28552551&dopt=Abstract
https://europepmc.org/abstract/MED/31722151
http://dx.doi.org/10.1056/NEJMoa1901183
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31722151&dopt=Abstract
https://mhealth.jmir.org/2020/9/e18694/
http://dx.doi.org/10.2196/18694
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32897239&dopt=Abstract
https://bmcsportsscimedrehabil.biomedcentral.com/articles/10.1186/s13102-019-0126-8
http://dx.doi.org/10.1186/s13102-019-0126-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31384474&dopt=Abstract
https://mhealth.jmir.org/2019/4/e11819/
http://dx.doi.org/10.2196/11819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30977740&dopt=Abstract
https://doi.org/10.1038/s41746-020-0290-y
http://dx.doi.org/10.1038/s41746-020-0290-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32550652&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0227709
http://dx.doi.org/10.1371/journal.pone.0227709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32023264&dopt=Abstract
https://doi.org/10.1038/s41746-020-0299-2
http://dx.doi.org/10.1038/s41746-020-0299-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32665977&dopt=Abstract
https://doi.org/10.1038/s41746-018-0032-6
http://dx.doi.org/10.1038/s41746-018-0032-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31304309&dopt=Abstract
https://humanfactors.jmir.org/2023//e48270/
http://dx.doi.org/10.2196/48270
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37535417&dopt=Abstract
https://biomedeng.jmir.org/2023//e43726/
http://dx.doi.org/10.2196/43726
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38875664&dopt=Abstract
http://dx.doi.org/10.2466/pr0.1966.19.1.3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=5942109&dopt=Abstract
https://europepmc.org/abstract/MED/36644406
http://dx.doi.org/10.1080/10618600.2022.2035739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36644406&dopt=Abstract
https://github.com/umich-cphds/miselect
https://doi.org/10.1038/s41746-020-0226-6
http://dx.doi.org/10.1038/s41746-020-0226-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32047863&dopt=Abstract
https://mhealth.jmir.org/2018/7/e159/
http://dx.doi.org/10.2196/mhealth.9884
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30006328&dopt=Abstract
http://dx.doi.org/10.1109/bhi.2019.8834554
https://europepmc.org/abstract/MED/36357058
https://europepmc.org/abstract/MED/36357058
http://dx.doi.org/10.1016/j.pop.2022.04.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36357058&dopt=Abstract
http://dx.doi.org/10.1016/j.socscimed.2006.03.019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16733078&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Feng et a

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

Chaix B, Jouven X, ThomasF, Leal C, Billaudeau N, Bean K, et a. Why socially deprived popul ations have afaster resting
heart rate: impact of behaviour, life course anthropometry, and biology--the RECORD cohort study. Soc Sci Med.
2011;73(10):1543-1550. [doi: 10.1016/j.socscimed.2011.09.009] [Medline: 22000762]

LatvalaA, KujaHakolaR, Riick C, D'Onofrio BM, Jernberg T, Almgvist C, et al. Association of resting heart rate and
blood pressure in late adol escence with subsequent mental disorders: alongitudinal population study of more than 1 million
men in sweden. JAMA Psychiatry. 2016;73(12):1268-1275. [doi: 10.1001/jamapsychiatry.2016.2717] [Medline: 27784035]
Cdliff RM, Wong C, Doraiswamy PM, Hong DS, Miller DP, Mega JL, et al. Baseline Study Group. Biological and clinical
correlates of the patient health questionnaire-9: exploratory cross-sectional analyses of the baseline health study. BMJ
Open. 2022;12(1):e054741. [FREE Full text] [doi: 10.1136/bmjopen-2021-054741] [Medline: 34983769]

Kim G, Lee YH, Jeon JY, Bang H, Lee BW, Kang ES, et al. Increasein resting heart rate over 2 years predicts incidence
of diabetes: a10-year prospective study. Diabetes Metab. 2017;43(1):25-32. [doi: 10.1016/j.diabet.2016.09.002] [Medline:
27745827)

Aladin Al, Al Rifai M, Rasool SH, Keteyian SJ, Brawner CA, Michos ED, et al. The association of resting heart rate and
incident hypertension: the henry ford hospital exercisetesting (FIT) project. Am J Hypertens. 2016;29(2):251-257. [doi:
10.1093/ajh/hpv095] [Medline: 26112864]

Jensen MT, Suadicani P, Hein HO, Gyntelberg F. Elevated resting heart rate, physical fitness and all-cause mortality: a
16-year follow-up in the Copenhagen male study. Heart. 2013;99(12):882-887. [FREE Full text] [doi:
10.1136/heartjnl-2012-303375] [Medline: 23595657)

Agelink MW, MalessaR, Baumann B, Majewski T, AkilaF, Zeit T, et al. Standardized tests of heart rate variability: normal
ranges obtained from 309 healthy humans, and effects of age, gender, and heart rate. Clin Auton Res. 2001;11(2):99-108.
[doi: 10.1007/BF02322053] [Medline: 11570610]

McCrory C, Finucane C, O'Hare C, Frewen J, Nolan H, LayteR, et a. Social disadvantage and social isolation are associated
with a higher resting heart rate: evidence from the irish longitudinal study on ageing. J Gerontol B Psychol Sci Soc Sci.
2016;71(3):463-473. [doi: 10.1093/geronb/gbul63] [Medline: 25481923]

Colangelo LA, Yano Y, Jacobs DR, Lloyd-Jones DM. Association of resting heart rate with blood pressure and incident
hypertension over 30 yearsin black and white adults: the CARDIA study. Hypertension. 2020;76(3):692-698. [FREE Full
text] [doi: 10.1161/HY PERTENSIONAHA.120.15233] [Medline: 32783760]

Hill LK, Hoggard LS, Richmond AS, Gray DL, Williams DP, Thayer JF. Examining the association between perceived
discrimination and heart rate variability in African Americans. Cultur Divers Ethnic Minor Psychol. 2017;23(1):5-14.
[FREE Full text] [doi: 10.1037/cdp0000076] [Medline: 28045306]

Tracy LM, Koenig J, Georgiou-Karistianis N, Gibson SJ, Giummarra MJ. Heart rate variability is associated with thermal
heat pain threshold in males, but not females. Int J Psychophysiol. 2018;131:37-43. [doi: 10.1016/j.ijpsycho.2018.02.017]
[Medline: 29505850]

Adjel T, Xue J, Mandic DP. The female heart: sex differences in the dynamics of ECG in response to stress. Front Physiol.
2018;9:1616. [FREE Full text] [doi: 10.3389/fphys.2018.01616] [Medline: 30546313]

Hnatkova K, Sisakova M, Smetana P, Toman O, Huster KM, Novotny T, et al. Sex differencesin heart rate responses to
postural provocations. Int J Cardiol. 2019;297:126-134. [FREE Full text] [doi: 10.1016/j.ijcard.2019.09.044] [Medline:
31611089]

Lucas B, Grayson S, Hamidu H, Han A, No S, Varghese A, et al. Sex differences in heart rate responses to occupational
stress. Stress. 2020;23(1):13-18. [doi: 10.1080/10253890.2019.1621282] [Medline: 31144579]

Gillum RF. The epidemiology of resting heart rate in anational sample of men and women: associations with hypertension,
coronary heart disease, blood pressure, and other cardiovascular risk factors. Am Heart J. 1988;116(1 Pt 1):163-174. [doi:
10.1016/0002-8703(88)90262-1] [Medline: 2969182]

Khan H, Kunutsor S, Kalogeropoulos AP, Georgiopoulou VV, Newman AB, Harris TB, et al. Resting heart rate and risk
of incident heart failure: three prospective cohort studies and a systematic meta-analysis. J Am Heart Assoc.
2015;4(1):e001364. [FREE Full text] [doi: 10.1161/JAHA.114.001364] [Medline: 25589535]

Whelton SP, NarlaV, BlahaMJ, Nasir K, Blumenthal RS, Jenny NS, et al. Association between resting heart rate and
inflammatory biomarkers (high-sensitivity C-reactive protein, interleukin-6, and fibrinogen) (from the Multi-Ethnic Study
of Atherosclerosis). Am JCardiol. 2014;113(4):644-649. [EREE Full text] [doi: 10.1016/j.amjcard.2013.11.009] [Medline:
24393259

Rikli R, Jessie JC. The reliability and validity of a 6-minute walk test as a measure of physical endurance in older adults.
JAging Phys Act Internet. 1998;6(4):363-375. [doi: 10.1123/japa.6.4.363]

Saint-Maurice PF, Troiano RP, Bassett DR, Graubard Bl, Carlson SA, Shiroma EJ, et al. Association of daily step count
and step intensity with mortality among US adults. JAMA. 2020;323(12):1151-1160. [FREE Full text] [doi:
10.1001/jama.2020.1382] [Medline: 32207799]

RennieKL, Hemingway H, Kumari M, Brunner E, Malik M, Marmot M. Effects of moderate and vigorous physical activity
on heart rate variability in aBritish study of civil servants. Am JEpidemiol. 2003;158(2):135-143. [doi: 10.1093/aje/kwg120]
[Medline: 12851226]

https://www.jmir.org/2024/1/e60493 JMed Internet Res 2024 | vol. 26 | e60493 | p. 21

(page number not for citation purposes)


http://dx.doi.org/10.1016/j.socscimed.2011.09.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22000762&dopt=Abstract
http://dx.doi.org/10.1001/jamapsychiatry.2016.2717
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27784035&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=34983769
http://dx.doi.org/10.1136/bmjopen-2021-054741
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34983769&dopt=Abstract
http://dx.doi.org/10.1016/j.diabet.2016.09.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27745827&dopt=Abstract
http://dx.doi.org/10.1093/ajh/hpv095
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26112864&dopt=Abstract
http://heart.bmj.com/lookup/pmidlookup?view=long&pmid=23595657
http://dx.doi.org/10.1136/heartjnl-2012-303375
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23595657&dopt=Abstract
http://dx.doi.org/10.1007/BF02322053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11570610&dopt=Abstract
http://dx.doi.org/10.1093/geronb/gbu163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25481923&dopt=Abstract
https://europepmc.org/abstract/MED/32783760
https://europepmc.org/abstract/MED/32783760
http://dx.doi.org/10.1161/HYPERTENSIONAHA.120.15233
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32783760&dopt=Abstract
https://europepmc.org/abstract/MED/28045306
http://dx.doi.org/10.1037/cdp0000076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28045306&dopt=Abstract
http://dx.doi.org/10.1016/j.ijpsycho.2018.02.017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29505850&dopt=Abstract
https://europepmc.org/abstract/MED/30546313
http://dx.doi.org/10.3389/fphys.2018.01616
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30546313&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0167-5273(19)33952-X
http://dx.doi.org/10.1016/j.ijcard.2019.09.044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31611089&dopt=Abstract
http://dx.doi.org/10.1080/10253890.2019.1621282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31144579&dopt=Abstract
http://dx.doi.org/10.1016/0002-8703(88)90262-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2969182&dopt=Abstract
https://www.ahajournals.org/doi/10.1161/JAHA.114.001364?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1161/JAHA.114.001364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25589535&dopt=Abstract
https://europepmc.org/abstract/MED/24393259
http://dx.doi.org/10.1016/j.amjcard.2013.11.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24393259&dopt=Abstract
http://dx.doi.org/10.1123/japa.6.4.363
https://europepmc.org/abstract/MED/32207799
http://dx.doi.org/10.1001/jama.2020.1382
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32207799&dopt=Abstract
http://dx.doi.org/10.1093/aje/kwg120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12851226&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Feng et a

43. Avram R, Tison GH, Aschbacher K, Kuhar P, Vittinghoff E, Butzner M, et a. Real-world heart rate norms in the Health
eHeart study. NPJ Digit Med. 2019;2:58. [FREE Full text] [doi: 10.1038/s41746-019-0134-9] [Medline: 31304404]

44.  Gorny AW, Liew SJ, Tan CS, Milller-Riemenschneider F. Fitbit charge HR wireless heart rate monitor: validation study
conducted under free-living conditions. IMIR Mhealth Uhealth. 2017;5(10):e157. [FREE Full text] [doi:
10.2196/mhesalth.8233] [Medline: 29055881]

45. Bai Y, Tompkins C, Gell N, Dione D, Zhang T, Byun W. Comprehensive comparison of apple watch and fitbit monitors
in afree-living setting. PLoS One. 2021;16(5):€0251975. [FREE Full text] [doi: 10.1371/journal.pone.0251975] [Medline:
34038458]

Abbreviations

CVD: cardiovascular disease

ECG: electrocardiography

ENET: Elastic net

HR: heart rate

IBI: interbeat interval

IRB: institutional review board

ICC: intraclass correlation coefficient

LASSO: least absolute shrinkage and selection operator
PBHS: Project Baseline Health Study

PHQ-9: patient health questionnaire-9

PPG: photoplethysmography

PRO: patient-reported outcome

RHR: resting heart rate

SES: socioeconomic status

VSW: Verily Study Watch

WHODAS: World Health Organization Disability Assessment Schedule

Edited by A Mavragani; submitted 13.05.24; peer-reviewed by GE Ennis, R Zhang; comments to author 23.07.24; revised version
received 13.09.24; accepted 22.10.24; published 20.12.24

Please cite as:

Feng KY, Short SA, Saeb S Carroll MK, Olivier CB, Smard EP, Svope S Wiliams D, Eckstrand J, Pagidipati N, Shah SH, Hernandez
AF, Mahaffey KW

Resting Heart Rate and Associations With Clinical Measures From the Project Baseline Health Study: Observational Study

J Med Internet Res 2024;26:€60493

URL: https://mww.jmir.org/2024/1/e60493

doi: 10.2196/60493

PMID:

©Kent Y Feng, Sarah A Short, Sohrab Saeb, Megan K Carroll, Christoph B Olivier, Edgar P Simard, Susan Swope, Donna
Williams, Julie Eckstrand, Neha Pagidipati, Svati H Shah, Adrian F Hernandez, Kenneth W Mahaffey. Originally published in
the Journal of Medical Internet Research (https://www.jmir.org), 20.12.2024. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work, first published in the Journal of Medical Internet
Research (ISSN 1438-8871), is properly cited. The complete bibliographic information, a link to the original publication on
https://www.jmir.org/, as well as this copyright and license information must be included.

https://www.jmir.org/2024/1/e60493 JMed Internet Res 2024 | vol. 26 | e60493 | p. 22
(page number not for citation purposes)

RenderX


https://doi.org/10.1038/s41746-019-0134-9
http://dx.doi.org/10.1038/s41746-019-0134-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31304404&dopt=Abstract
https://mhealth.jmir.org/2017/10/e157/
http://dx.doi.org/10.2196/mhealth.8233
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29055881&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0251975
http://dx.doi.org/10.1371/journal.pone.0251975
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34038458&dopt=Abstract
https://www.jmir.org/2024/1/e60493
http://dx.doi.org/10.2196/60493
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

