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Abstract
Rural communities in the Southeastern United States bear a high burden of cardiovascular disease yet remain underrepresented in
longitudinal research. The Risk Underlying Rural Areas Longitudinal Heart and Lung Study incorporated a mobile health (mHealth)
core to extend follow-up for 6 months after baseline study visits using a smartphone application, remote coordinator support, and a
wrist-worn wearable device. Among 3,563 participants enrolled in the mHealth component across the first eight counties, 47.0% were
Black; 3,119 (87.5%) contributed wearable data; 3,122 (87.6%) completed at least one survey; and 3,027 (85.0%) contributed both.
Survey completion exceeded 80% across follow-up waves, with > 90% completion at 24 hours, 7 days, and 1 month, and > 70% at 6
months. Interrupted time-series analyses showed more favorable completion trajectories in later protocol periods, particularly for 24-
hour and 6-month surveys. These findings support the feasibility of extending cohort follow-up in rural populations using a hybrid
mHealth model.

Introduction
Cardiovascular disease (CVD) mortality has declined in the U.S. in recent decades, but rural communities—especially in the
Southeastern United States—continue to experience disproportionately high CVD death rates.1,2 These rural populations face elevated
cardiometabolic risk yet have been historically underrepresented in research, due in part to relative geographic isolation and limited
access to study centers. Social determinants of health (SDOH) such as poverty, limited healthcare access, and educational
disparities further exacerbate rural health inequities, underscoring the need for innovative approaches to engage these communities
to understand and reduce CVD burdens.3–5 Traditional epidemiological cohorts have relied on periodic in-person visits, which are
logistically difficult for rural residents, and recent electronic cohorts (often comprised of tech-savvy volunteers) may not generalize to
rural, older, or lower-income populations.6,7

Mobile health (mHealth) technologies offer a promising strategy to bridge research gaps in hard-to-reach (‘last mile problem’)
populations by enabling remote data collection and participant engagement. Digital health platforms can deliver surveys and collect
sensor data from participants in their homes, potentially overcoming barriers related to travel and access.8,9 However, the adoption of

mHealth in rural research settings remains low and has not been well characterized.10 To date, few large cohort studies have
successfully enrolled rural participants using mobile health technologies, and little is known about long-term adherence to wearable
devices and app-based surveys in these rural communities.11,12 This gap in current knowledge calls for evidence on how mHealth can
be implemented to improve research participation among rural people.

The Risk Underlying Rural Areas Longitudinal (RURAL) Heart and Lung Study was designed to address these challenges through a
hybrid approach combining a mobile examination unit (MEU) for baseline in-person visits with an mHealth extension for remote
follow-up. In this report, we present the rationale, overall methods, and preliminary performance results of RURAL’s mHealth
component, which augments the in-person study examination with 24-hour, 7-day, and 1-, 3-, and 6-month follow-up waves that are
delivered using a smartphone, a smartphone app, and a wearable device (worn on the wrist). This report highlights four key
contributions of the mHealth core: (1) a multi-component core encompassing six essential functions, (2) an extended follow-up
protocol that schedules longitudinal surveys up to 6 months post-baseline with high onboarding success, (3) an agile implementation
that evolved through four iterative phases to optimize participant enrollment and retention, and (4) robust follow-up adherence
outcomes resulting from continuous protocol refinement. We describe these features in detail and compare them with prior digital
cohort approaches and traditional cohorts, underscoring the feasibility of a rural-focused mHealth extension when paired with
structured participant support.

Results

Participant Characteristics and Follow-Up Completion
Between February 2021 and March 2025, a total of 5,627 participants from the first 8 of the 10 target counties were rostered by the
RURAL team, 3,465 completed a visit in the RURAL MEU, and 3,563 enrolled in the mHealth program by downloading the RURAL
mHealth app (Fig. 4). Across mHealth enrollees, 3,119 participants contributed any Fitbit data (87.5%) and 3,122 contributed any
survey data (87.6%), with 3,027 contributing both (85.0%) (Table 1).
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Table 1
Sociodemographic Characteristics

Characteristic MEU Visits

(n = 3465)

mHealth
Enrollment

(n = 3563)

Fitbit Data
Collected

(n = 3119)

Survey Data
Collected

(n = 3122)

Fitbit & Survey Data
Collected

(n = 3027)

Sex          

Male 1128
(32.6%)

1158 (32.5%) 1008 (32.3%) 990 (31.7%) 963 (31.8%)

Female 2337
(67.4%)

2405 (67.5%) 2111 (67.7%) 2132 (68.3%) 2064 (68.2%)

Race (4 levels)          

White 1806
(52.1%)

1822 (51.1%) 1738 (55.7%) 1742 (55.8%) 1714 (56.6%)

Black or African
American

1594
(46.0%)

1675 (47.0%) 1322 (42.4%) 1321 (42.3%) 1256 (41.5%)

Other 31 (0.9%) 31 (0.9%) 30 (1.0%) 29 (0.9%) 28 (0.9%)

Unknown or Not
Reported

34 (1.0%) 35 (1.0%) 29 (0.9%) 30 (1.0%) 29 (1.0%)

Assignment type:          

Non-BYOD 524
(15.4%)

555 (15.7%) 402 (13.0%) 379 (12.3%) 362 (12.1%)

BYOD 2884
(84.6%)

2978 (84.3%) 2691 (87.0%) 2714 (87.7%) 2639 (87.9%)

Missing 57 30 26 29 26

Sampling county          

Dallas 510
(14.7%)

632 (17.7%) 461 (14.8%) 444 (14.2%) 435 (14.4%)

Wilcox 432
(12.5%)

428 (12.0%) 254 (8.1%) 265 (8.5%) 238 (7.9%)

Oktibbeha 758
(21.9%)

748 (21.0%) 678 (21.7%) 700 (22.4%) 658 (21.7%)

Panola 628
(18.1%)

628 (17.6%) 612 (19.6%) 607 (19.4%) 595 (19.7%)

Assumption 460
(13.3%)

453 (12.7%) 445 (14.3%) 442 (14.2%) 438 (14.5%)

Franklin 373
(10.8%)

373 (10.5%) 368 (11.8%) 368 (11.8%) 367 (12.1%)

Breathitt 76 (2.2%) 76 (2.1%) 76 (2.4%) 75 (2.4%) 75 (2.5%)

Perry 228 (6.6%) 225 (6.3%) 225 (7.2%) 221 (7.1%) 221 (7.3%)

MEU: Mobile examination unit. mHealth: mobile Health. BYOD: bring-your-own-device

Among mHealth enrollees, 2,405 (67.5%) were women and 1,158 (32.5%) were men (Table 1). Race was reported as White for 1,822
(51.1%), Black or African American for 1,675 (47.0%), other for 31 (0.9%), and unknown or not reported for 35 (1.0%). Most
participants used their own smartphones to participate (bring your own device, BYOD): 2,978 (84.3%) used BYOD, and 555 (15.7%)
were assigned a study-provided smartphone; assignment type was missing for 30 participants.

As of this analysis, participant enrollment was not complete (Table 2). County or parish representation among mHealth enrollees
included Oktibbeha County, MS (21.0%), Panola County, MS (17.6%), Dallas County, AL (17.7%), Wilcox County, AL (12.0%),
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Assumption Parish, LA (12.7%), Franklin Parish, LA (10.5%), Perry County, KY (6.3%), and Breathitt County, KY (2.1%). Participant
enrollment began in KY in December 2024; no participants were enrolled from Boyle County, KY, or Garrard County, KY, at the time of
analysis.

Table 2
The predicted cumulative completion rates of surveys over time by periods of survey deployment are estimated by piecewise

regression models; i.e., interrupted time series models with multiple (3) interruptions. The analysis is completed by the gls function of
R’s nlme package (version 3.1.167).

Parameter 24H 7D 1M 3M 6M

Parameter Estimate
(95% CI)

p-
value

Estimate
(95% CI)

p-
value

Estimate
(95% CI)

p-
value

Estimate
(95% CI)

p-
value

Estimate
(95% CI)

p-
value

(Intercept) 0.98575
(0.97665,
0.99484)

< 
0.01

1.00017
(-4.65816,
6.65849)

0.73 1.00028
(-4.92906,
6.92962)

0.74 1.00037
(-5.84661,
7.84735)

0.77 0.94201
(0.91644,
0.96759)

< 
0.01

day -0.00008
(-0.00011,
-0.00004)

< 
0.01

-0.00017
(-0.00037,
0.00003)

0.11 -0.00028
(-0.00049,
-0.00007)

< 
0.01

-0.00037
(-0.00061,
-0.00013)

< 
0.01

-0.00071
(-0.00082,
-0.00060)

< 
0.01

ind_period2 -0.00503
(-0.00843,
-0.00162)

< 
0.01

-0.00392
(-0.00761,
-0.00023)

0.04 -0.00364
(-0.00750,
0.00023)

0.07 -0.00343
(-0.00789,
0.00104)

0.13 -0.00136
(-0.01098,
0.00827)

0.78

day_since_period2 0.00003
(-0.00004,
0.00010)

0.42 0.00004
(-0.00025,
0.00033)

0.78 0.00015
(-0.00015,
0.00046)

0.32 0.00023
(-0.00012,
0.00058)

0.20 0.00067
(0.00048,
0.00087)

< 
0.01

ind_period3 -0.00035
(-0.00677,
0.00607)

0.91 -0.00066
(-0.00823,
0.00690)

0.86 -0.00043
(-0.00835,
0.00750)

0.92 -0.00028
(-0.00943,
0.00887)

0.95 -0.00070
(-0.01885,
0.01745)

0.94

day_since_period3 0.00015
(0.00004,
0.00027)

< 
0.01

0.00027
(-0.00011,
0.00065)

0.16 0.00036
(-0.00004,
0.00076)

0.08 0.00041
(-0.00005,
0.00087)

0.08 0.00059
(0.00028,
0.00091)

< 
0.01

ind_period4 -0.00025
(-0.00490,
0.00441)

0.92 -0.00005
(-0.00511,
0.00501)

0.98 -0.00002
(-0.00532,
0.00528)

0.99 0.00004
(-0.00608,
0.00615)

0.99 0.00224
(-0.01092,
0.01540)

0.74

day_since_period4 -0.00009
(-0.00018,
0.00000)

0.05 -0.00013
(-0.00047,
0.00021)

0.45 -0.00021
(-0.00057,
0.00015)

0.25 -0.00024
(-0.00066,
0.00017)

0.25 -0.00048
(-0.00073,
-0.00023)

< 
0.01

Overall, survey completion rates exceed 80% across all survey waves, indicating excellent adherence to the app-based questionnaires
throughout the 6-month study follow-up. At 24 hours post-enrollment, > 90% of participants completed their initial survey. Completion
remained high at 7 days (> 90%) and 1 month (> 90%). At 3 months, > 80% of participants completed the surveys. By the 6-month
mark – the end of the follow-up – >70% of participants had completed the final surveys. We observed that waves 1 and 2 were
associated with lower survey completion rates, with downtrends, while waves 3 and 4 were associated with continuous improvement
in adherence (Fig. 5).

We observed a gradual decline over six months for collection of any physical activity (> 0 steps) and any sleep data (> 0 minutes);
however, adherence was found to be significantly greater in the later period (4) of implementation and with a slower rate of attrition at
a comparatively compared to earlier periods 1–3 (Fig. 6).

Discussion
In this report, we describe the rationale, design, and early performance of an mHealth core within the RURAL Heart and Lung Study.
Among 3,563 participants enrolled in the mHealth component, 3,027 contributed both wearable and survey data (Table 2). The cohort
includes substantial representation of Black participants (47.0%) across multiple rural counties in the Southeastern United States
(Table 2). Interrupted time-series analyses suggested that survey completion dynamics varied across protocol periods, with evidence
that later protocol refinements were associated with improved trends for selected survey waves, particularly the 24-hour and 6-month
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surveys (Fig. 5; Table 3). These findings support the feasibility of extending follow-up in rural cohort studies using a smartphone app
and a wrist-worn wearable when paired with structured onboarding and operational monitoring.

Survey adherence exceeded 80% at each of the four scheduled survey waves, with over 90% of participants completing the baseline
questionnaire and the majority still responding to surveys administered at 3- and 6-months after enrollment. Likewise, wearable
device usage was sustained over the 6-month follow-up: participants contributed step-count and sleep data on most days of the 180-
day period (Fig. 6). These adherence metrics are higher than those reported in prior longitudinal cohort studies, including the
electronic Framingham Heart Study.12,20 Other landmark cardiovascular cohort studies, such as the Jackson Heart Study (JHS),
Multi-Ethnic Study of Atherosclerosis (MESA), and Coronary Artery Risk Development in Young Adults (CARDIA) studies, have been
pivotal in understanding CVD risk factors, but they relied on periodic in-person clinic visits and telephone follow-ups, which pose
logistical hurdles for rural populations.21–23 In contrast to our study, Framingham study investigators reported a 76% enrollment rate
among FHS participants invited to enroll in the electronic Framingham substudy (eFHS), and only 59% of those who enrolled
completed a 3-month follow-up survey.24 In comparison, RURAL’s mHealth uptake and 3-month survey completion rates were higher
than those seen in the eFHS. Notably, enrollment and adherence rates appear significantly higher in both the RURAL and eFHS, which
used in-person enrollment, as compared with studies that enrolled participants over the internet, including the Health-eHeart and
MyHeart Counts studies (both studies report survey completion rates below 50%).23,25,26 The high engagement in RURAL approaches
or surpasses the 60–80% follow-up rates seen in traditional cohorts over the years, despite those studies’ intensive retention efforts.
Moreover, RURAL is unique in focusing on rural communities, including predominantly African American and lower-income
communities historically underrepresented in research, whereas Framingham and other studies mostly enrolled urban or suburban
populations.27 Our 6-month retention rate is especially notable given the anticipated barriers in rural settings. These comparisons
suggest that a carefully designed mHealth program that reduces digital connectivity barriers can achieve cohort retention
comparable to, or even better than, that of conventional methods, even in an underserved rural context.

Several practical takeaways emerged from the iterative implementation of the mHealth core. First, provisioning devices to
participants who lacked them was essential to ensure inclusion of all RURAL participants. Approximately 15% of RURAL participants
did not own a compatible smartphone or elected to use a study-provided smartphone. Second, onboarding and training of
participants (whether via remote or in-person) proved critical to success. Each RURAL participant underwent a one-on-one “setup” to
ensure that the study apps were installed properly, to configure the wrist-based wearable, and to answer questions. Study
coordinators helped even those participants who lacked familiarity with these technologies to gain confidence with the study tools.
This intensive upfront support led to nearly universal onboarding – in all but one county, over 90% of those completing a baseline
RURAL exam joined the mHealth follow-up. In Wilcox County, pandemic-related staffing shortages and a decoupled remote mHealth
onboarding process led to only 55.1% of participants collecting Fitbit and survey data. Third, a system of automated and telephone
reminders, coupled with active monitoring of study participation using a study dashboard, was effective in rescuing a high proportion
of participants and sustaining engagement throughout the 6-month study period. The study used a dose titration approach to study
reminders. First, the study app issued an automated reminder notification for incomplete surveys. Next, an automated email reminder
was sent and, if they did not respond, a call from an mHealth study coordinator was made. Our mHealth team was highly effective at
bringing non-adherent participants back into the survey and wrist-based wearable adherence (40% of participants were successfully
rescued). The RURAL mHealth reminder strategy was predicated on the fact that our team monitored incoming data from
participants, and then used it to engage participants promptly to prevent prolonged periods of non-adherence. High survey
completion rates and device adherence rates throughout the study attest to the success of this intensive monitoring and
reengagement process. Fourth, agility in the face of technical and operational challenges was paramount. The mHealth protocol
evolved through four phases, during which we confronted issues such as app outages and firmware bugs. Rather than static
procedures, we continuously refined our engagement tactics based on interim data – for example, when early cohorts showed a dip
in 3-month survey completion, we adjusted the scheduling and added mid-study encouragement messages, which contributed to
improved adherence among participants enrolled later in the cohort (Fig. 5; Table 3). Finally, we recognize that natural attrition occurs
despite best efforts. Even with strong overall metrics, participation tended to wane slightly by the 6-month mark for survey responses
and wearable device adherence. This pattern is common in longitudinal studies. Our experience suggests that additional strategies,
such as gamification, incentive refreshers, or providing participants with more interactive feedback on their data, could be used to
sustain and increase engagement over longer follow-up periods.

This study has limitations. First, these results describe early operational performance from the first 8 of the 10 counties and may not
generalize to subsequent recruitment waves or to other rural settings. Second, follow-up in this report was limited to six months, and
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longer-term adherence was not assessed. Third, we focused on operational outcomes and did not evaluate clinical endpoints or
associations between wearable-derived measures, survey responses, and health outcomes. Finally, sustaining a monitoring and
support infrastructure requires resources, and future analyses should evaluate scalability and cost effectiveness.

In conclusion, the RURAL study’s successful strategy for deploying and supporting a mobile health examination may serve as a
blueprint for other contemporary studies involving rural or historically marginalized populations. Researchers aiming to supplement
traditional follow-up visits with remote data collection may draw on our RURAL experience. The RURAL study shows that by providing
participants with user-friendly technologies, robust onboarding and training, and prompt technical support during the follow-up
period, researchers can achieve high 6-month follow-up rates across multiple waves. As mobile technology becomes increasingly
ubiquitous and mHealth research methods advance, mobile examinations have the potential to enhance large-scale cohort research
by making it more inclusive, efficient, and scalable.

Methods
The RURAL study is a collaboration between the National Heart, Lung, and Blood Institute (NHLBI) and 16 academic institutions in the
US. Participants are recruited from 10 rural counties across four Southern states: Alabama, Kentucky, Louisiana, and Mississippi.
Participants are included in this study if they are: (1) aged between 25 and 64 years; (2) current residents in one of the ten rural
counties of recruitment for the past two years and plan to reside at the residence for the next two years; (3) not currently incarcerated
or institutionalized; and (4) not currently in hospice care and no terminal illness with less than 6-month life expectancy. The study
protocol was reviewed and approved by the Institutional Review Boards of all 16 institutions (Fig. 1).13

mHealth core and responsibilities: The University of Massachusetts Chan Medical School serves as the mHealth core for the RURAL
study and oversees a list of responsibilities as outlined in Fig. 1: 1) design and maintenance of the RURAL mHealth smartphone app,
2) identification, procurement, and management of the inventory of smartwatches and smartphones for participants who do not have
a smartphone and require a ‘loaner’ phone from the study to enable their six months-long participation, 3) remote coordinator support
for onboarding of participants to the mHealth app and promoting adherence with study surveys and wearable device, 4) data curation
and submission to the Study Data Coordinating Center, 5) performing periodic quality-assurance and quality-checks on mHealth data,
and 6) supporting ancillary studies. The core enabling technology of the RURAL mHealth component is the RURAL mobile application,
a customization of a smartphone application called MyDataHelps produced by CareEvolution, LLC (Ann Arbor, MI) (Fig. 2)14. The
smartphone app features a user-friendly interface that lists all activities participants are requested to complete as part of their
mHealth study. It also allows for dynamic scheduling and delivery of surveys, reminder notifications, and SMS or email messages.
The application programming interfaces (API) also automatically and passively pull data from participants’ wearable devices and
push it to the centralized RURAL study database. The app also provides a summary of wearable device data to the participants.

Participant recruitment and mHealth onboarding: Potentially eligible participants were identified by one of two methods: 1) a response
to a mailed invitation from randomly selected households identified through purchased mailing lists are identified based on census
data from the respective counties or 2) by providing information on a volunteer interest portal among those who learned of the study
through various community engagement, outreach, and recruitment methods (Fig. 3). Participants are subsequently screened for
eligibility via a telehealth call by the trained research staff and ‘rostered’ for participation in the RURAL cohort study. Participants are
then scheduled for a baseline visit in the MEU where they are consented, survey data on medical history, lifestyle, and health-related
factors are collected, and a comprehensive examination evaluating heart and lung health is performed.15–17 The RURAL mHealth
study design integrated mHealth study onboarding into the main MEU visit. However, during the COVID-19 pandemic, the mHealth
research team modified its protocol to reduce the time spent by participants in the confined space of the MEU. During this first phase
of the study, the research team conducted an asynchronous mHealth study onboarding of participants as they scheduled their MEU
study examination (Phase 1: February 19, 2021 – February 14, 2022). This phase of the study was followed by a reduction in MEU
staff, necessitating an asynchronous mHealth onboarding effort decoupled from MEU visit scheduling (Phase 2: February 15, 2022 –
January 04, 2023). A third phase of the study reintegrated mHealth onboarding into the main MEU study visit (Phase 3: January 05,
2023 – June 05, 2023). The fourth phase of the study continued mHealth onboarding during the MEU and added new automated
reminders and retention efforts (Phase 4: June 06, 2023, onwards to date).

Study wrist-based wearable device and study application: Participants in the mHealth portion of RURAL received a Fitbit Inspire 2
device on enrollment and were instructed on how to download the MyDataHelps and Fitbit apps. The decision to select the Fitbit
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device was informed by community advisory boards representing each county assembled by the parent RURAL study, as well as
technical advantages. The Fitbit wrist-based wearable was selected due to its: (1) compatibility with the Android software and Apple
iOS, (2) common usage as a wrist-monitor capable of both heart rate and activity monitoring, (3) proven accuracy in step monitoring,
and (4) a relatively long (5–7 days) battery life.18,19 For participants who received an mHealth ‘setup’ call, participants were prompted
to log in to the Fitbit app on their smartphone and were instructed on the proper use of the Fitbit and the MyDataHelps smartphone
application. Participants were allowed to use their own smartphone (classified as ‘Bring Your Own Device’ (BYOD) participants) or
were provided a study smartphone (classified as non-BYOD participants). The decision to select phones and data plans was informed
by community advisory boards convened by the parent RURAL study. The community advisory boards were also consulted on the
original study application design, which helped with co-design and building trust between the research groups and the community
representatives. Participants are offered optional televideo or live phone call visits by the mHealth core staff to help with the
onboarding into the RURAL mHealth study and to provide technical support (for example, for device syncing). Participants could
select a preference for the type and timing of automated study notifications.

Data collection

Table 1 lists the schedule of data collection events via the smartphone app. To avoid missing data in key mobile health survey data,
the RURAL study coordinating center at the University of Texas Health Science Center at San Antonio gave each survey a priority
ranking. Those surveys that were deemed to have the highest priority were issued at earlier timepoints. Surveys were issued at
baseline and in waves, with progressively longer intervals between issuances. Participants are notified when surveys are available,
when they are due within 48 hours, and when they are overdue. Participants receive a short message service (SMS) notification and
an email notification if surveys are overdue by 48 hours. Participants receive a phone call from the mHealth core if the surveys are
overdue by two weeks. Similarly, participants receive a notification if the mHealth core has not received wearable device data for
more than 5 days and receive a call if the mHealth core has not received wearable device data for more than 2 weeks. There was a
five-call limit per participant per survey, after which they were not contacted for the overdue survey. Standard operating procedures
were developed to guide participants through re-syncing Fitbit. Data are transferred daily from the smartphone app to the RURAL data
coordinating center at the University of Pennsylvania. Wearable device data are synchronized in near real time via the Fitbit API.
During the first four years of the RURAL study, to verify that data was fully captured through the API, a redundant data capture pipeline
was established using Fitabase (a data management platform for wearable device research) for the first 30 days of mHealth
participation. After four years, MyDataHelps was used to capture all Fitbit data, following an analysis that showed concordance
between Fitabase and MyDataHelps-derived data elements (data not shown). All data collected through the MyDataHelps app and
wearable devices is securely encrypted both in transit and at rest, in compliance with HIPAA regulations. Participant data are
available only to authorized study personnel for remote coordinator support, and access is via a password and multi-factor
authentication platform.

Data analysis: Data analysis was performed using R (currently version 4.3.2; https://cran.r-project.org/). Descriptive analysis was
conducted to report participant characteristics. Continuous data were reported using mean and standard deviation. Categorical data
were reported using absolute counts and proportions. Cumulative survey completion over the four defined periods was visualized
using line graphs. The predicted cumulative completion rates of surveys over time by periods of survey deployment were estimated
using piecewise regression models; i.e., interrupted time series models with multiple interruptions. The analysis was completed by
the gls function of R’s nlme package (version 3.1.167).

Declarations

Funding & Disclosures:
This work was supported by the National Heart, Lung, and Blood Institute of the National Institutes of Health under award number
U01HL146382.  The views expressed in this article are those of the authors and do not necessarily represent the views of the
National Heart, Lung, and Blood Institute; the National Institutes of Health; or the U.S. Department of Health and Human Services.

Author Contribution

Page 8/15



Conceptualization: AS, VK, RSV, DDM; Data curation: AS, JH, VK, ES, SB; Formal Analysis: AS, JH, MM, ZW, EVDH, BS, RSV, DDM;
Funding acquisition: AS, JH, VK, ES, EVDH, SDB, SBr, EF, SEJ, RSV, DDM; Investigation: AS, JH, ZW, EVDH, ME, BS, CKM, SDB, SBr, SM,
EF, LP, SEJ, RSV, DDM; Methodology: AS, JH, ZW, EVDH, BS, RSV, DDM; Project administration: AS, VK, ES, MM, SB, BS, SDB, SBr, SM,
EF, LP, SEJ, RSV, DDM; Resources: AS, VK, ES, SB, LP, SEJ, RSV, DDM; Software: AS, VK, ES, DDM; Supervision: AS, MM, EVDH, ME,
CKM, SDB, SBr, SM, EF, LP, SEJ, RSV, DDM; Validation: VK, ES, ZW, EVDH; Visualization: AS, JH, ZW, EVDH, SB, DDM; Writing – original
draft: AS; Writing – review & editing: AS, JH, VK, ES, MM, ZW, EVDH, SB, ME, BS, CKM, SDB, SBr, SM, EF, LP, SEJ, RSV, DDM

Acknowledgement
We are deeply grateful to the participants of the Risks Underlying Rural Areas Longitudinal (RURAL) Heart and Lung Study and to the
rural communities across Alabama, Kentucky, Louisiana, and Mississippi who welcomed this research and made sustained
participation possible. Their time, trust, and commitment are essential to the success of the mHealth component of the study and to
advancing understanding of cardiovascular and pulmonary health in rural populations. We also acknowledge the invaluable
contributions of the RURAL study staff, including the mobile examination unit teams, community engagement and outreach teams,
research coordinators, and data management personnel across participating sites. Finally, we acknowledge the leadership and
guidance of the National Heart, Lung, and Blood Institute, and we thank the NIH NHLBI program officers Mr. Sean Coady and Dr.
Lindsay Poole for their scientific stewardship, thoughtful feedback, and continued support of the RURAL study.

Data Availability
De-identified data from the RURAL Cohort Study will be shared in accordance with the study’s External Data Sharing Policy and
participant informed consent. Phenotypic data will be available through NHLBI BioLINCC and genomic data through dbGaP, subject to
applicable approvals and data access requirements. Geospatial data are not publicly shared because of re-identification risk. Further
information is available from the Coordinating Center (rural@bu.edu).

Ethical Declaration
This study was conducted in accordance with the Declaration of Helsinki. The study protocol was reviewed and approved by the
University of Alabama at Birmingham Institutional Review Board (UAB IRB; Federalwide Assurance #FWA00005960; protocol IRB-
300005225), which serves as the IRB of record for the RURAL Heart and Lung Study. Written informed consent was obtained from all
individual participants included in the study.

References
1. Mensah GA, Wei GS, Sorlie PD, et al. Decline in Cardiovascular Mortality: Possible Causes and Implications. Circ Res.

2017;120(2):366–380. doi:10.1161/CIRCRESAHA.116.309115

2. Terry K, Makhlouf M, Altarabsheh SE, et al. Trends in Cardiovascular Disease Mortality by County-Level Social Vulnerability Index
in the United States. J Am Heart Assoc. 2023;12(20):e030290. doi:10.1161/JAHA.123.030290

3. Sekkarie A, Woodruff RC, Casper M, Paul AT, Vaughan AS. Rural-urban disparities in cardiovascular disease mortality vary by
poverty level and region. J Rural Health Off J Am Rural Health Assoc Natl Rural Health Care Assoc. 2025;41(1):e12874.
doi:10.1111/jrh.12874

4. Liu M, Marinacci LX, Joynt Maddox KE, Wadhera RK. Cardiovascular Health Among Rural and Urban US Adults—Healthcare,
Lifestyle, and Social Factors. JAMA Cardiol. Published online March 31, 2025. doi:10.1001/jamacardio.2025.0538

5. Tawakol A, Osborne MT, Wang Y, et al. Stress-Associated Neurobiological Pathway Linking Socioeconomic Disparities to
Cardiovascular Disease. J Am Coll Cardiol. 2019;73(25):3243–3255. doi:10.1016/j.jacc.2019.04.042

6. Loccoh EC, Joynt Maddox KE, Wang Y, Kazi DS, Yeh RW, Wadhera RK. Rural-Urban Disparities in Outcomes of Myocardial
Infarction, Heart Failure, and Stroke in the United States. J Am Coll Cardiol. 2022;79(3):267–279. doi:10.1016/j.jacc.2021.10.045

7. Rajagopalan N, Leung SW, Craft RS, Bailey AL. Improving Cardiovascular Health in Rural United States. JACC Adv.
2024;3(7_Part_2):100950. doi:10.1016/j.jacadv.2024.100950

Page 9/15



8. Liu P, Astudillo K, Velez D, Kelley L, Cobbs-Lomax D, Spatz ES. Use of Mobile Health Applications in Low-Income Populations. Circ
Cardiovasc Qual Outcomes. 2020;13(9):e007031. doi:10.1161/CIRCOUTCOMES.120.007031

9. Azizi Z, Broadwin C, Islam S, et al. Digital Health Interventions for Heart Failure Management in Underserved Rural Areas of the
United States: A Systematic Review of Randomized Trials. J Am Heart Assoc Cardiovasc Cerebrovasc Dis. 2024;13(2):e030956.
doi:10.1161/JAHA.123.030956

10. Gandapur Y, Kianoush S, Kelli HM, et al. The role of mHealth for improving medication adherence in patients with cardiovascular
disease: a systematic review. Eur Heart J Qual Care Clin Outcomes. 2016;2(4):237–244. doi:10.1093/ehjqcco/qcw018

11. Maita KC, Maniaci MJ, Haider CR, et al. The Impact of Digital Health Solutions on Bridging the Health Care Gap in Rural Areas: A
Scoping Review. Perm J. 28(3):130–143. doi:10.7812/TPP/23.134

12. McConnell MV, Shcherbina A, Pavlovic A, et al. Feasibility of Obtaining Measures of Lifestyle From a Smartphone App: The
MyHeart Counts Cardiovascular Health Study. JAMA Cardiol. 2017;2(1):67–76. doi:10.1001/jamacardio.2016.4395

13. VS Ramachandran, S Judd, P Targonski. Risk Underlying Rural Areas Longitudinal Cohort Study (RURAL) Heart and Lung Study.
NCT05006729.

14. MyDataHelps. Accessed April 18, 2025. https://mydatahelps.org/identityserver/local/participant?
signInId=f7e5c095b8db70b23be72de426496408

15. Yudko E, Lozhkina O, Fouts A. A comprehensive review of the psychometric properties of the Drug Abuse Screening Test. J Subst
Abuse Treat. 2007;32(2):189–198. doi:10.1016/j.jsat.2006.08.002

16. Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh Sleep Quality Index: a new instrument for psychiatric
practice and research. Psychiatry Res. 1989;28(2):193–213. doi:10.1016/0165-1781(89)90047-4

17. Lubben J, Blozik E, Gillmann G, et al. Performance of an abbreviated version of the Lubben Social Network Scale among three
European community-dwelling older adult populations. The Gerontologist. 2006;46(4):503–513. doi:10.1093/geront/46.4.503

18. Diaz KM, Krupka DJ, Chang MJ, et al. FITBIT®: AN ACCURATE AND RELIABLE DEVICE FOR WIRELESS PHYSICAL ACTIVITY
TRACKING. Int J Cardiol. 2015;185:138–140. doi:10.1016/j.ijcard.2015.03.038

19. Fuller D, Colwell E, Low J, et al. Reliability and Validity of Commercially Available Wearable Devices for Measuring Steps, Energy
Expenditure, and Heart Rate: Systematic Review. JMIR MHealth UHealth. 2020;8(9):e18694. doi:10.2196/18694

20. Kershaw KN, Liu K, Goff DC, et al. Description and initial evaluation of incorporating electronic follow-up of study participants in a
longstanding multisite cohort study. BMC Med Res Methodol. 2016;16(1):125. doi:10.1186/s12874-016-0226-z

21. Mahmood SS, Levy D, Vasan RS, Wang TJ. The Framingham Heart Study and the Epidemiology of Cardiovascular Diseases: A
Historical Perspective. Lancet. 2014;383(9921):999–1008. doi:10.1016/S0140-6736(13)61752-3

22. Bild DE, Bluemke DA, Burke GL, et al. Multi-Ethnic Study of Atherosclerosis: objectives and design. Am J Epidemiol.
2002;156(9):871–881. doi:10.1093/aje/kwf113

23. Friedman GD, Cutter GR, Donahue RP, et al. CARDIA: study design, recruitment, and some characteristics of the examined
subjects. J Clin Epidemiol. 1988;41(11):1105–1116. doi:10.1016/0895-4356(88)90080-7

24. McManus DD, Trinquart L, Benjamin EJ, et al. Design and Preliminary Findings From a New Electronic Cohort Embedded in the
Framingham Heart Study. J Med Internet Res. 2019;21(3):e12143. doi:10.2196/12143

25. Jakob R, Harperink S, Rudolf AM, et al. Factors Influencing Adherence to mHealth Apps for Prevention or Management of
Noncommunicable Diseases: Systematic Review. J Med Internet Res. 2022;24(5):e35371. doi:10.2196/35371

26. Guo X, Vittinghoff E, Olgin JE, Marcus GM, Pletcher MJ. Volunteer Participation in the Health eHeart Study: A Comparison with
the US Population. Sci Rep. 2017;7(1):1956. doi:10.1038/s41598-017-02232-y

27. Fazlalizadeh H, Khan MS, Fox ER, et al. Closing the Last Mile Gap in Access to Multimodality Imaging in Rural Settings: Design of
the Imaging Core of the Risk Underlying Rural Areas Longitudinal Study. Circ Cardiovasc Imaging. 2024;17(2):e015496.
doi:10.1161/CIRCIMAGING.123.015496

28. mHealth Rural Methods

Figures

Page 10/15



Figure 1

See image above for figure legend.
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Figure 2

See image above for figure legend.
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Figure 3

See image above for figure legend.

Figure 4

CONSORT Diagram for participants used in the analysis of mHealth core performance in the RURAL cohort study
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Figure 5

Cumulative Survey Completion Rate
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Figure 6

Weekly Adherence

Weekly Adherence for Physical Activity and Sleep

• Adherence for physical activity is defined as >0 steps in a day

• Adherence for sleep is defined as >0 minutes of sleep in a 24-hour period
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