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Abstract

Background: The paucity of evidence on longitudinal and consecutive recordings of physical activity (PA) and blood pressure
(BP) under real-life conditions and their relationships is a vital research gap that needs to be addressed.

Objective: This study aims to (1) investigate the short-term relationship between device-measured step volume and BP; (2)
explore the joint effects of step volume and variability on BP; and (3) examine whether the association patterns between PA and
BP varied across sex, hypertension status, and chronic condition status.

Methods: This study used PA data of a prospective cohort of 3070 community-dwelling older adults derived from a mobile
health app. Daily step counts, as a proxy of step volume, were derived from wearable devices between 2018 and 2022 and
categorized into tertiles (low, medium, and high). Step variability was assessed using the SD of daily step counts. Consecutive
daily step count recordings within 0 to 6 days preceding each BP measurement were analyzed. Generalized estimation equation
models were used to estimate the individual and joint associations of daily step volume and variability with BP. Stratified analyses
by sex, the presence of hypertension, and the number of morbidities were further conducted.

Results: A total of 3070 participants, with a median age of 72 (IQR 67-77) years and 71.37% (2191/3070) women, were included.
Participants walked a median of 7580 (IQR 4972-10,653) steps and 5523 (IQR 3590-7820) meters per day for a total of 592,597
person-days of PA monitoring. Our results showed that higher levels of daily step volume were associated with lower BP (systolic
BP, diastolic BP, mean arterial pressure, and pulse pressure). Compared with participants with low step volume (daily step counts
<6000/d) and irregular steps, participants with high step volume (≥9500/d) and regular steps showed the strongest decrease in
systolic BP (–1.69 mm Hg, 95% CI –2.2 to –1.18), while participants with medium step volume (6000/d to <9500/d) and regular
steps were associated with the lowest diastolic BP (–1.067 mm Hg, 95% CI –1.379 to –0.755). Subgroup analyses indicated
generally greater effects on women, individuals with normal BP, and those with only 1 chronic disease, but the effect pattern was
varied and heterogeneous between participants with different characteristics.

Conclusions: Increased step volume demonstrated a substantial protective effect on BP among older adults with chronic
conditions. Furthermore, the beneficial association between step volume and BP was enhanced by regular steps, suggesting
potential synergistic protective effects of both increased step volume and step regularity. Targeting both step volume and variability
through PA interventions may yield greater benefits in BP control, particularly among participants with hypertension and a higher
chronic disease burden.
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Introduction

Background
Elevated blood pressure (BP) is a significant risk factor for
cardiovascular disease and mortality and is highly prevalent in
older adults [1,2]. The continuously increasing number of older
individuals further leads to a growing population with high BP,
which poses a significant need for both home and
institutionalized BP management [1].

Evidence to date has recognized physical activity (PA) as a
primary strategy for controlling BP [3,4]. For older adults,
walking is the most common and feasible way of PA, which
requires only a minimal level of fitness and can be done almost
anywhere [5,6]. Previous epidemiological evidence has
consistently shown that taking higher steps per day is associated
with BP reduction and lower cardiovascular disease risk [2,3,7],
implicating the potential of daily steps as a target for
personalized exercise prescriptions in older adults. In
accordance, the 2018 Physical Activity Guidelines Advisory
Committee emphasized the importance of daily walking for its
ability to improve the translation of research findings into public
health recommendations [8].

However, previous studies highlighting the beneficial effects
of walking are limited by their single assessments over short
durations at baseline (eg, 7 days), which fail to capture
consecutive daily step counts over time and may not be
representative of habitual walking behavior in daily life. For
example, most previous cohort studies, such as Toledo Study
for Healthy Aging [9] and UK Biobank [10], measured
participants’ daily step levels only within 1 week at baseline
and then examined their associations with outcomes during
long-term follow-up periods. Recognizing this limitation, a few
recent observational studies have been conducted to monitor
step counts over extended periods, typically spanning 6 months
to 2 years, thereby accounting for longitudinal changes in step
counts over time [7,11,12]. While these studies have yielded
novel insights into the associations between step counts and
cardiovascular risks, little is known about the temporal
relationships between daily steps and subsequent BP. This gap
in knowledge is partly attributable to the absence of consecutive
daily assessments of cardiovascular outcomes in current study
designs. Furthermore, despite regular PA being commonly
recommended by guidelines [13], previous studies have yet to
quantitatively assess the variability of PA or the joint effects of
PA volume and variability on BP. Indeed, structured
interventions implemented by randomized controlled trials often
result in homogeneity in the regularity of PA, making it
challenging to detect the effects of activity variability.

Monitoring individual PA and BP consecutively in real-world
scenarios and over a long period is currently a knowledge gap.
Digital health technologies, including consumer-based wearable

devices and mobile health (mHealth) apps, present a valuable
opportunity to bridge this gap through remote data recording,
uploading, and management [14]. mHealth apps also have the
potential to provide tailored health information,
multidimensional health data aggregation, self-monitoring, and
feedback service to the users, all of which would enhance
participant adherence to longitudinal studies.

Objectives
In this study with a focus on older adults, we analyzed a total
of 592,597 person-days of PA records and 188,671 BP
measurements collected from an mHealth app in China across
a 5-year period. We aimed to (1) investigate the short-term
relationship between device-measured step volume and BP; (2)
explore the joint effects of step volume and variability on BP;
and (3) examine whether the association patterns between PA
and BP varied across sex, hypertension status, and chronic
condition status. We hypothesized that older adults with different
characteristics would exhibit varying responses to daily steps,
and our findings have the potential to inform personalized
remote health management strategies for aging populations.

Methods

Study Population
This analysis is based on a population-based cohort of
community-dwelling older adults in China. Participants were
recruited and managed via an mHealth app (YIDO Health app,
YIDO Artificial Intelligence Technology Co, Ltd) in
combination with consumer wearable devices. The YIDO
mHealth app was commercially designed to provide personalized
health information monitoring, health assessment, and health
guidance, especially for older adults [15]. Upon system log in,
users could connect wearable activity trackers to the smartphone
and securely upload monitoring data to the web-based app. The
analytic data were collected in an anonymous and aggregated
data set without personal identifiers such as names, email
addresses, or cell phone numbers. Random strings were used
to identify the PA records for each day.

Retrospective analyses were conducted using 592,597 days of
PA data and 188,671 BP recordings of 3070 participants from
the mHealth app between 2018 and 2022. Eligible participants
for the study were community-dwelling older adults who were
users of the YIDO remote management system. Inclusion criteria
included age ≥60 years, fluency in Chinese, ownership of a
smartphone with a supported iOS or Android version, possession
of disease history information, regular access to the app for
uploading daily activity data throughout the study period, and
informed consent before the study. Participants were excluded
due to the following reasons: (1) their wrist or bicep
circumference precluded comfortable use of the watch or BP
cuff; (2) they had a clinical contraindication to noninvasive BP
measurements; (3) incomplete step count or BP data; (4) step
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count or BP outliers; and (5) not having at least 7 consecutive
days of step count recordings followed by at least 1 valid
measurement of BP.

Measurement

Step Volume and Variability Assessment
The participants were provided with a Lexin Mio smart bracelet
(Mambo, Lexin). A Lexin Mio smart bracelet is a 3-axis
acceleration sensor-based wearable device that tracks and
monitors the user’s steps, walking distance, heart rate, and other
biometric data. Its validity has been reported previously [16].
All participants were given specific instructions to wear their
watches during the whole day (24 hours) and for as many days
as possible. Evidence suggests that 10 hours of wear time is
sufficient to estimate daily PA during waking time [17]. To
ensure the completeness of tracking, we, therefore, defined a
valid day as one when the device is worn for at least 16 hours
and at least 250 steps are reported. The watch wear time
accounted only for the minutes reporting a valid heart rate
measurement.

The most frequently used and relevant metric to reflect one’s
physical behaviors was the number of steps taken per day,
hereon referred to as daily step count [18]. In this analysis, we
computed (1) daily step counts and (2) SD of daily steps to
assess PA characteristics. Daily step counts are considered as
a reliable proxy of the overall volume of PA performed by a
participant [14]. The SD of daily steps is considered here as an
indicator of the variability of PA and as a proxy of regularity
[19]. A low SD value indicates low variability and, therefore,
a high regularity of the PA level. Daily step volume were
categorized as low, medium, and high based on the tertile
distributions of both the whole sample or specific subpopulations
in terms of sex, hypertension status, or chronic morbidities status
(Multimedia Appendix 1). The variability of daily steps was
categorized based on the median value of the SD of daily steps
(2000 steps/d): regular (SD of daily step counts<2000/d) and
irregular (SD of daily step counts≥2000/d).

BP Monitoring
BP monitors (C02L, Heal Force) were provided to monitor BP
during the study. To quantify BP, the user was instructed to (1)
rest for at least 5 minutes before taking a measurement; (2) be
seated in a comfortable position with legs uncrossed, feet flat
on the floor, and back or arms supported; (3) not speak during
the measurements; and (4) perform the measurement on their
left arm. The resulting BP is uploaded to the user’s app account.
Participants could record BP at any time of day convenient to
them. A BP measurement was excluded if the systolic BP (SBP)
was <50 mm Hg or >300 mm Hg or if the diastolic BP (DBP)
was <30 mm Hg or >140 mm Hg. Then, mean arterial pressure
(MAP) was calculated using the formula MAP = (SBP + [2 *
DBP])/3. Pulse pressure (PP) was calculated as the difference
between SBP and DBP.

Covariates
Covariates were selected based on the literature and the
biological plausibility for confounding the main associations
of interest. Covariates obtained at baseline included sex, age,

smoking status (never, ever, or current), and drinking status
(never, ever, or current). BMI was calculated as weight (kg)

divided by height squared (m2). The presence of hypertension
and type 2 diabetes was ascertained by the self-report of
physician diagnosis and the use of antihypertensive and
antidiabetic medications. The number of morbidities, including
asthma, arthritis, cancer, chronic obstructive pulmonary disease,
chronic kidney disease, coronary heart disease, diabetes,
hyperlipidemia, hypertension, osteoporosis, peptic ulcer, and
stroke, was used to account for the comorbidity status of
participants in the study [20]. The selection of conditions was
based on the Centers for Disease Control and Prevention
recommendations for defining and measuring multiple chronic
conditions [21]. Tracking seasons were divided into quarters as
spring (March to May), summer (June to August), autumn
(September to November), and winter (December to February)
in this study because of the large latitude span in China. In
addition, the date of recording was used to define weekdays and
weekends and to adjust for the long-term time trend.

Statistical Analysis

Descriptive Analysis
Baseline characteristics of the study population were reported
as median (IQR) for continuous variables and as numbers
(percentages) for categorical variables.

Main Analyses on the Association of Step Volume and
Variability With BP
Personal PA recordings were linked to the participants’ BP
measurements according to the monitoring date. To fully explore
the short-term lag structure, step count recordings on the same
day as BP measurement were designated as lag 0, while those
from the previous day were denoted as lag 1. This approach
enabled the examination of the effects of walking steps with
varying lag days from lag 0 to lag 6. Cumulative PA effects
were further estimated using the 7-day moving average (lag 0
to lag 6) of step counts. Therefore, only participants with at
least 7 consecutive valid daily walking records preceding each
BP measurement were included in the analysis (Figure 1A).

Generalized estimating equation models were applied using
daily step counts categorized into tertiles (low, medium, and
high). The advantages of generalized estimating equation models
are that they consider the within-individual correlation in
exposure and outcome due to repeated measures. They can also
better handle unbalanced data, as the number of repeated
measures per participant can be different from one participant
to another [18]. For all models, we adjusted for the following
covariates: age, sex, BMI, smoking status (never, ever, or
current), drinking status (never, ever, or current), history of
hypertension, history of type 2 diabetes, season, and type of
record day (weekday or weekend). We also adjusted the time
trend by including a natural spline of calendar dates with 5 df.
This model choice was governed by the quasi-likelihood under
the independence model criterion values of models.

Participants were further categorized into 6 mutually exclusive
groups to investigate the joint associations of weekly average
step volume (low, medium, or high) and step variability (regular
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or irregular) with BP, with the group with low step volume and
irregular steps as a reference. Proportions for each combined
group are presented in Multimedia Appendix 2. The same
models described earlier were used for data analysis.

We further conducted a series of stratified analyses by sex, the
presence of hypertension, and the number of morbidities (with

1 morbidity, with 2 morbidities, and with at least 3 morbidities).
When performing the stratified analyses, daily step volume and
walking distance were categorized in tertiles based on the
cut-offs of specific subpopulations (Multimedia Appendix 1).
The joint associations of step volume and step variability across
various subgroups were also examined using stratified analyses.

Figure 1. Study design for investigating the association of step volume and variability with blood pressure (BP). (A) Study design for main analyses.
Physical activity (PA) recordings on the same day of BP measurement were considered as 0 days preceding the BP measurement and denoted as lag 0.
In this manner, consecutive recordings of 0 to 6 days before every BP measurement were retrieved. The cumulative effects of PA were examined using
the moving average value of step counts in lag 0 to 6 days. Step variability was computed as the SD of step counts in lag 0 to 6 days. (B) Study design
for sensitivity analyses. Week-to-week associations were examined to reduce potential bias caused by large amounts of repeated measures and to support
the credibility of our results. We focused on the weekly average PA 1 week before or on the same week of BP measurements. 1 valid week was defined
as consisting of at least 3 days of BP measurement and at least 5 days of step count recordings.

Sensitivity Analysis
A series of sensitivity analyses were performed. First, to prove
the generalizability of our results, stratified analyses using
categorized daily PA determined by tertiles of the whole
population rather than based on subgroups were conducted.
Second, the literature on using pedometers to measure PA
suggests interpreting raw step counts rather than converting
them to distance, although the basis for this recommendation
is unclear [6]. As daily walking distance was also recorded by
the wearable devices, we repeated the main analyses using
walking distance as an indicator of daily PA. Third, given the
large amount of repeated BP measures on the time scale of a

day, we further designed week-to-week association analyses to
reduce potential bias caused by repeated measures and support
the credibility of our results. In this analysis, a valid week was
defined as consisting of at least 3 days of BP measurements and
at least 5 days of step counts and walking distance records. In
addition, we considered the weekly average PA in the same
week and in the previous week of BP measurement as exposure
variables. Therefore, participants with 1 valid week of BP
records within 2 consecutive valid weeks of PA records were
considered for the analysis (Figure 1B). The analytic sample
for this step was derived from the sample for the main analyses
(Multimedia Appendix 3).
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Statistical analyses were conducted using R (version 4.2.0; R
Foundation for Statistical Computing). Significance levels were
set at P<.05.

Ethical Considerations
Participants provided electronic consent for participation upon
creating their accounts and accepting the anonymous treatment
of personal data by YIDO for research purposes. The extracted
data were anonymized and managed according to privacy and
data protection regulations. This study was conducted in
compliance with the Declaration of Helsinki principles and
approved by the Sports Science Experiment Ethics Committee
of Beijing Sport University (number 2024012H). All patients
gave written informed consent to participate in this study. They
did not receive any financial or other compensation.

Results

Characteristics of the Study Population
The participants (N=3070) had a median age of 72 (IQR 67-77)

years and a median BMI of 23.9 (IQR 22.2-25.8) kg/m2 (Table
1). Overall, 71.37% (2191/3070), 45.28% (1390/3070), and
57.26% (1758/3070) of the participants were female, had
hypertension, and had at least 2 morbidities, respectively. This
study comprised 188,671 accumulated person-days of BP
measurements and 592,597 person-days of PA records over
1351 days of tracking. Participants monitored BP for a median
of 34 (IQR 10-75) days. From the overall days studied, the
median values of SBP, DBP, MAP, and PP were 125 (IQR
117-134) mm Hg, 71 (IQR 65-78) mm Hg, 89.3 (IQR 83-95)
mm Hg, and 54 (IQR 46-62) mm Hg, respectively. Wearable
devices for detecting PA were worn for a median of 161 (IQR
55-300) days, with participants taking a median of 7580 (IQR
4972-10,653) steps per day.
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Table 1. Characteristics of the study population.

Male participants (n=879)Female participants (n=2191)Overall (N=3070)Characteristics

74 (69-80)71 (67-76)72 (67-77)Age (y), median (IQR)

24.12 (22.31-25.76)23.83 (22.19-25.78)23.90 (22.23-25.78)BMI (kg/m2), median (IQR)

Smoking status, n (%)

510 (58.02)2112 (96.39)2622 (85.41)Never

237 (26.96)66 (3.01)303 (9.87)Ever

132 (15.02)13 (0.59)145 (4.72)Current

Drinking status, n (%)

430 (48.92)1995 (91.05)2425 (79)Never

220 (25.03)129 (5.89)349 (11.37)Ever

229 (26.05)67 (3.06)296 (9.64)Current

425 (48.35)965 (44.04)1390 (45.28)Hypertension, n (%)

Number of morbidities, n (%)

403 (45.85)904 (41.26)1307 (42.57)1

241 (27.42)567 (25.88)803 (26.16)2

235 (26.73)720 (32.86)955 (31.11)≥3

BPa measurements

126.00 (118.00-135.00)125.00 (116.50-133.00)125 (117-134)Systolic BP (mm Hg), median (IQR)

72.00 (66.00-79.00)70.50 (64.00-77.00)71 (65-78)Diastolic BP (mm Hg), median (IQR)

90.33 (84.33-96.00)89.00 (82.67-94.67)89.33 (83-95)Mean arterial pressure (mm Hg), median (IQR)

53.00 (45.00-61.00)54.00 (46.00-62.00)54 (46-62)Pulse pressure (mm Hg), median (IQR)

56,207132,464188,671Accumulative BP measurements (days), n

35 (12-76)33 (10-74)34 (10-75)Measurements per person (days), median (IQR)

Physical activity records

7672 (4964-10,923)7545 (4975-10,546)7580 (4972-10,653)Daily step counts (steps), median (IQR)

Daily step volume groups, n (%)

296 (33.67)660 (30.12)956 (31.14)Low

345 (39.25)952 (43.45)1297 (42.25)Medium

238 (27.08)579 (26.43)817 (26.61)High

2061 (1418-2843)2109 (1499-2858)2095 (1475-2854)SD of daily step counts (steps), median (IQR)

5640 (3630-8100)5480 (3573.85-7714.56)5523.76 (3590-7820)Daily walking distance (meters), median (IQR)

Daily walking distance groups, n (%)

299 (34.02)703 (32.09)1002 (32.64)Low

342 (38.91)936 (42.72)1278 (41.63)Medium

238 (27.08)552 (25.19)790 (25.73)High

1545 (1058-2147)1571 (1110-2149)1564 (1093-2148)SD of daily walking distance (meters), median
(IQR)

130112791351Total days of tracking (days), n

174,711417,886592,597Accumulative activity records (days), n

167 (63-309)156 (51-293)161 (55-300)Records per person (days), median (IQR)

Type of the daily records tracked in, n (%)

124,839 (71.5)298,280 (71.4)423,119 (71.4)Weekdays

49,872 (28.5)119,606 (28.6)169,478 (28.6)Weekends
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Male participants (n=879)Female participants (n=2191)Overall (N=3070)Characteristics

Seasons of records tracked in, n (%)

51,961 (29.7)122,208 (29.2)174,169 (29.4)Spring (March to May)

57,042 (32.6)139,230 (33.3)196,272 (33.1)Summer (June to August)

29,381 (16.8)68,834 (16.5)98,215 (16.6)Autumn (September to November)

36,327 (20.8)87,614 (21.0)123,941 (20.9)Winter (December to February)

aBP: blood pressure.

Association of Step Volume With BP
Compared with participants with low daily step volume (<6000
steps/d), those with higher daily step volume exhibited lower
BP levels. Notably, distinctive association patterns emerged
across various BP metrics. For SBP, higher daily step volume
were associated with significantly lower BP values. Conversely,
for DBP, the most pronounced association with step volume
was observed within the medium tier of step volume, while the
association attenuated for the highest step volume level (Figure
2; Multimedia Appendix 4).

For the lag structure, the step volume on the previous day (lag
1) of BP measurement showed the greatest association with BP.

This association substantially attenuated at lag s of 2 to 5 days
before modestly increasing again for PA effects a week prior
(lag 6). We further examined the cumulative effects of PA on
BP by using the moving average step volume of lag 0 to 6 days,
and we found that the cumulative effects were stronger than the
effect produced by a single-day exposure. Compared with a low
weekly average step volume, the medium and high levels of
weekly average step volume had 0.524 (95% CI –0.822 to
–0.226) mm Hg and 0.913 (95% CI –1.27 to –0.556) mm Hg
decreases in SBP and 0.5 (95% CI –0.721 to –0.279) mm Hg
and 0.182 (95% CI –0.452 to –0.088) mm Hg decreases in DBP,
respectively (Figure 2; Multimedia Appendix 4).

Figure 2. Estimated changes (95% CIs) in blood pressure (BP; systolic BP [SBP], diastolic BP [DBP], mean arterial pressure [MAP], and pulse pressure
[PP]) related to daily step volume in different lag days and week averages. Step volume levels were categorized based on the tertiles of the whole sample:
low (daily step counts <6000/d), medium (6000/day to <9500/d), and high (≥9500/d). Models are adjusted for age, sex, BMI, smoking status, drinking
status, the presence of hypertension, the presence of type 2 diabetes, season, the type of day (weekday or weekend), and long-term trend.

Joint Association of Step Volume and Variability With
BP

Overview
The joint association estimates for each condition of step volume
and variability combinations compared with the referent group
with low step volume and irregular steps are illustrated in Figure
3 and Multimedia Appendix 5. Generally, participants with a
more regular step pattern had a stronger effect on BP than

participants with an irregular step pattern, irrespective of their
step volume level. Furthermore, among participants with regular
steps in a week, those who had this in combination with a high
level of step volume showed the strongest association with SBP,
MAP, and PP, whereas the effects on DBP were the most
pronounced for medium level of daily step volume. Specifically,
participants with high step volume and regular steps showed
the strongest decrease in SBP (–1.69 mm Hg, 95% CI –2.2 to
–1.18), MAP (–1.019 mm Hg, 95% CI –1.407 to –0.631), and
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PP (–1.006 mm Hg, 95% CI –1.455 to –0.557), while
participants with medium step volume and regular steps were

associated with the lowest DBP (–1.067 mm Hg, 95% CI –1.379
to –0.755).

Figure 3. Estimated changes (95% CIs) in blood pressure (BP; systolic BP [SBP], diastolic BP [DBP], mean arterial pressure [MAP], and pulse pressure
[PP]) related to joint effects of daily step volume and variability. Step volume levels were categorized based on the tertiles of the whole sample: low
(daily step counts <6000/d), medium (6000/d to <9500/d), and high (≥9500/d). Step variability was categorized into regular (SD of daily step
counts<2000/d) and irregular (≥2000/d). Models were adjusted for age, sex, BMI, smoking status, drinking status, the presence of hypertension, the
presence of type 2 diabetes, season, the type of day (weekday or weekend), and long-term trend.

Subgroup Analyses of the Association of Step Volume
and Variability With BP
In stratified analyses, step volume and variability still had
substantial associations with BP in different subgroups, which
were generally consistent with the results among the overall
population. Despite the general beneficial relationship between
PA and BP, modification effects between subgroups were also
observed (Figures 4 and 5; Multimedia Appendices 6 and 7).
When classified by sex, the associations of step volume and
variability with BP were more apparent in female participants.
Higher step volume was associated with lower DBP and MAP
for both sexes, whereas it was linked to lower SBP and PP for
only women.

In terms of the presence of hypertension, the effects of step
volume were more pronounced in participants without
hypertension. Among patients with hypertension, only those in
the high tertile of step volume demonstrated significantly lower
SBP and PP (for SBP: –0.852 mm Hg, 95% CI –1.371 to –0.333;
for PP: –0.871 mm Hg, 95% CI –1.345 to –0.397).

Considering the number of chronic morbidities, we observed
that the effects of PA on BP were more remarkable in

participants with only 1 chronic disease. For example, a high
step volume decreased SBP by 1.1 mm Hg (95% CI –1.696 to
–0.504) in participants with 1 morbidity, while the decrease
was by –0.885 mm Hg (95% CI –1.546 to –0.224) for
participants with at least 3 morbidities.

Finally, joint effects of the combination of step volume and
variability were further investigated among subgroups (Figure
5). Similar to the overall population, we found that the beneficial
associations between step volume and BP were exacerbated by
regular steps, suggesting likely synergistic protective effects of
step volume and variability. Interestingly, although step volume
solely seemed not to be associated with DBP and MAP among
patients with hypertension, participants combination of regular
steps and high step volume had significantly lower DBP (–0.789
mm Hg, 95% CI –1.417 to –0.179) and MAP (–1.190 mm Hg,
95% CI –1.782 to –0.598) compared to participants with
irregular steps and low step volume. These results indicated
that step volume and variability may jointly affect BP. In
addition, the associations between steps and BP would vary
among older adults with different demographic characteristics
or disease statuses.
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Figure 4. Estimated changes (95% CIs) in blood pressure (BP; systolic BP [SBP], diastolic BP [DBP], mean arterial pressure [MAP], and pulse pressure
[PP]) related to the weekly average daily step volume level across sexes, the presence of hypertension, and chronic disease status. Daily step volume
were categorized as low, medium, and high based on the tertile distributions of specific subpopulations. Models were adjusted for age, sex, BMI, smoking
status, drinking status, the presence of hypertension, the presence of type 2 diabetes, season, the type of day (weekday or weekend), and long-term trend.

Figure 5. Joint associational patterns for step volume and variability with blood pressure (BP; systolic BP [SBP], diastolic BP [DBP], mean arterial
pressure [MAP], and pulse pressure [PP]) across sexes, the presence of hypertension, and chronic disease status. Heatmap illustrated magnitudes in
distinct patterns for the effects of physical activity (volume and variability) on BP across different subgroups. Daily step volume were categorized as
low, medium, and high based on the tertiles of specific subpopulations. The SD of step volume over a week was categorized into regular (SD of daily
step counts<2000/d) and irregular (≥2000/d). Models were adjusted for age, sex, BMI, smoking status, drinking status, the presence of hypertension,
the presence of type 2 diabetes, season, the type of day (weekday or weekend), and long-term trend. *P<.05, **P<.01, ***P<001.

Sensitivity Analyses
We conducted several sensitivity analyses, as described earlier,
to ensure the credibility of our results. First, we used daily
walking distance as another indicator of PA and repeated the
main analyses (Figures S1 and S2 in Multimedia Appendix 8;
Multimedia Appendices 4-7). The results were generally
consistent with the results using daily step volume. It is worth
noting that, for some subpopulations, the significance increased
when using walking distance as an independent variable (Figure
S3 in Multimedia Appendix 8). For instance, for participants

with at least 3 morbidities, higher daily walking distance was
significantly associated with lower DBP, which was not
pronounced in terms of daily step volume. Second, to prove the
generalizability of our results, we repeated the stratified analyses
by categorizing step volume according to the tertiles of the
whole population rather than specific subpopulations. The results
were generally similar to the overall results (Multimedia
Appendices 9 and 10). Finally, we conducted a week-to-week
association analysis to reduce repeated measures of outcomes
and exposures by calculating weekly averages of BP and step
volume (Multimedia Appendices 11 and 12). The week-to-week
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association results were still consistent with the week-to-day
association results, even though the association magnitudes
were relatively lower. In addition, we found that the PA of the
previous week showed greater effects on BP, compared with
the PA of the same week.

Discussion

Principal Findings
To the best of our knowledge, this is one of the few studies to
investigate the short-term benefits of PA. Using wearable
device–measured daily step data from the YIDO mHealth app
across 5 years and over 0.5 million person-days, the principal
findings of our study are 3-fold. First, among
community-dwelling older adults, we observed consistent
negative associations between daily step volume and BP (SBP,
DBP, MAP, and PP). Second, we noted a potential synergistic
effect of step volume and variability on BP. Specifically,
compared with irregular steps, regular steps appeared to improve
the beneficial relationships between step volume and BP. Third,
stratified analyses suggested that the effects of step volume and
variability on BP varied across different subpopulations. When
considering both step volume and variability jointly, we
observed diverse associational patterns between PA and BP
among older adults. Overall, our findings provided a
comprehensive evaluation of the relationships of step volume
and variability with BP among older adults. We underscored
that a “one-size-fits-all” recommendation for step volume may
not be suitable for all older adults.

Independent Association Between Step Volume and
BP
Previous studies have reported inconsistent evidence on the
association between step volume and BP levels [4,22-25]. In a
cross-sectional sample from the Electronic Framingham Heart
Study, reductions in SBP of 0.49 mm Hg and DBP of 0.36 mm
Hg were found per 1000 steps of daily step volume [25]. In
comparison, a study of community-dwelling older participants
did not observe a significant association between step counts
and either SBP or DBP [4]. We postulated that prior studies
with controversial results are limited by the short and
cross-sectional monitoring periods of PA, which are prone to
an observer effect and may not accurately reflect long-term PA
behavior in real-world scenarios [26]. The development in digital
health technologies made it feasible to remotely detect PA and
BP continuously and longitudinally in a free-living environment.
By using mHealth technologies, this is the first study to track
the PA status of older adults in their daily lives for 5 years. Our
findings contributed to the existing evidence that higher step
volume is associated with lower BP (SBP, DBP, MAP, and PP).

A unique aspect of our findings was that the associational
patterns varied between BP metrics. Specifically, our findings
suggested that a high level of step volume showed the strongest
beneficial effects on SBP and PP (≥9500 steps/d). In
comparison, for DBP and MAP, the most significant association
appeared in participants with a medium level of step volume
(6000-9500 steps/d). Similarly, previous studies have reported
that the relationship between step counts and adverse events

may reverse as the step counts increase [5,10]. For example,
the UK Biobank study, which quantified steps over a 7-day
monitoring period and assessed mortality over a median of 7.0
years, found that a higher daily step count was associated with
a lower mortality risk, whereas the risk increased after taking
>10,000 steps per day [10]. We hypothesized that the divergent
associational patterns between various BP metrics might be
attributable to their physiological disparities: higher SBP and
PP levels primarily reflect arterial stiffness in older adults,
whereas DBP reflects coronary flow reserve [27]. Considering
the varying patterns between BP metrics, we suggest the
individualization of step targets depending on which BP metrics
older adults were most burdened with.

The lag structure for the short-term effects was also investigated
in this study. We observed that the step volume on the previous
day of BP measurement was the most significantly associated
with BP levels. In addition, it showed that cumulative effects,
represented by the weekly average of daily step volume, had
greater effects on BP than single-day exposure. A recent study
showed that increasing PA levels were linked to blunted
glycemic excursions during the next day, which was similar to
our results [18]. A clinical trial study with 21 adults with
prehypertension showed that SBP and DBP were significantly
reduced after PA for 11 hours and 10 hours, respectively [28].
Another clinical trial observed that PA has antihypertensive
effects within approximately 45 minutes, and these effects
increase with the intensity of the exercise [29]. Possible
mechanisms underlying the BP-lowering short-term effects of
PA involve a reduction in sympathetic activity, lower insulin
resistance due to the release of vasodilatory substances, and a
decrease in plasma renin levels [30]. From a clinical perspective,
short-term (24-hour) elevations in ambulatory BP have been
identified as increasing the acute risk of cardiovascular disease
events, including stroke and myocardial infarction [31].
Therefore, it is plausible that interventions aimed at improving
daily step counts could have meaningful clinical implications
in promoting the overall cardiovascular health, particularly
among older adults.

Joint Association of Step Volume and Variability With
BP Level
Our study also provides novel estimations of the joint
associations of step volume and variability with BP. In our
study, participants taking more and regular steps per day had
lower levels of BP, compared to those taking fewer and irregular
steps. Although current PA guidelines generally recommend
regular PA for improving fitness [8,13], few studies have
investigated the effects of PA variability quantitatively or the
synergistic effects of PA volume and variability quantitatively.
There is only 1 recent study that reported that the greater
regularity of the PA level may play an important role in
short-term weight loss [14]. We believe the limited evidence
on PA variability is because most previous randomized
controlled trials have been based on structured interventions,
where regularity is naturally part of the intervention. It is also
difficult for observational studies to track the regularity of PA
in daily lives based on a short period of PA monitoring.
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In this study, we found that individuals with high step volume
and regular steps experienced a notable decrease in SBP and
DBP by 1.69 mm Hg and 0.69 mm Hg, respectively, compared
to those with low step volume and irregular steps. These findings
hold clinical significance, as they align with the results of a
comprehensive meta-analysis evaluating the efficacy of
antihypertensive agents in cardiovascular disease prevention.
The meta-analysis demonstrated that reductions in SBP by 1
mm Hg and DBP by 0.5 mm Hg were associated with a 4%
decrease in the incidence of stroke and a 2% decrease in
coronary heart disease events [32]. Additional meta-analyses
also showed that, at the population level, even an SBP decrease
of 1 mm Hg could lower the risk of stroke by 5% [33]. Given
the comparable magnitude between our observed BP reductions
and the beneficial effects demonstrated in the previous
meta-analyses, although the short-term association coefficients
in our study may appear modest, they hold relevance from a
public health perspective.

The concept of variability in other health-related indicators or
behaviors has been extensively studied. For example, studies
have investigated variability in glycemia [34]; BP [35]; and,
more recently, sleep patterns [36,37]. Such research reveals that
variability in health-related domains can have detrimental effects
on health outcomes, where biological rhythm disruptions are
often implicated in explaining these associations [36].
Accordingly, we supposed that the observed associations of
step variability with BP may be explained by a similar
mechanism: irregular step patterns serve as a marker of irregular
health behaviors in general, including irregular timing of meals
or exercise, which may contribute to circadian disruption
[38,39]. Therefore, it is plausible that regular step patterns could
contribute to the maintenance of balanced rest-activity rhythms
and homeostatic physiological systems, thereby promoting the
beneficial effects of step volume. Experimental studies are
warranted to examine the potential causal mechanisms
underpinning the detected relationships of PA volume and
variability with BP.

Stratified Analyses of the Association of Step Volume
and Variability With BP
When classified by sex, the association of step volume and
variability with BP seemed to be more apparent among female
participants. For male participants, higher step volume was
associated with lower DBP and MAP, although this association
was not as pronounced for SBP and PP. Our findings are
consistent with previous literature investigating the sex-related
differences in the association of PA with BP. Previous
epidemiological studies reported greater PA-associated
reductions in BP among women than among men [40,41]. A
systematic review provided further confirmation that compared
to male individuals, female individuals experience a slightly
greater reduction in both SBP and DBP due to the effects of
walking [42]. The sex differences in the cardiovascular system
persisted throughout life. Given that the sympathetic nervous
system is more active in postmenopausal women [43,44], a
possible explanation is that women may be more susceptible to
the effects of PA on inducing neural network plasticity, which
reduces sympathetic excitation [45].

Hypertensive effects were also investigated in our study. More
significant associations between step volume and BP were
observed in the population without hypertension. This
observation is consistent with previous research indicating
stronger effects of PA on BP in individuals with normal BP
[41]. One possible explanation for this discrepancy may involve
vessel wall thickening and remodeling in individuals with
established hypertension, as arterial stiffness is often
accompanied by a reduced sensitivity to vasodilatory effects.
Therefore, the vasodilatory efficacy of PA may be greater in
individuals with normal BP with elastic arteries than in
individuals with hypertension with stiff arteries and advanced
atherosclerotic wall changes [46]. Notably, although significant
associations between step volume alone and DBP or MAP were
not observed among patients with hypertension, pronounced
effects were evident when considering the combination of step
volume and variability. This suggests that individuals with
hypertension may be particularly sensitive to the regularity of
PA, emphasizing the importance of considering both the volume
and regularity of exercise when establishing step targets for
older individuals with hypertension.

Another innovation of our study lies in stratification according
to the number of morbidities. Older adults commonly experience
multiple chronic conditions that cause great burdens and costs
[47]. Consistent with this, our study found that all participants
had at least 1 chronic disease. However, present guidelines on
PA offer uniform recommendations for all adults aged >65
years, irrespective of their chronic conditions [8,13]. Our
findings suggested that step volume was inversely associated
with BP across all subgroups with varying numbers of
morbidities, with greater impacts in participants with only 1
morbidity. Participants with a great chronic disease burden may
experience other pathogenetic pathways that more significantly
affect the fluctuation of BP, such as oxidative stress and
mitochondrial dysfunction [48], thus obscuring the impact of
steps on BP. When evaluating the joint effects of volume and
variability, the associations became more apparent in patients
with >2 morbidities, possibly due to their increased sensitivity
to PA regularity, as discussed earlier. Overall, our results
underscore heterogeneous associational patterns among older
adults with diverse chronic conditions, warranting personalized
activity prescriptions for the older population.

Strengths and Limitations
The main strengths of our study include a relatively large sample
of community-dwelling older adults and longitudinal and
continuous recordings of their PA in free-living conditions over
5 years. Wearable devices were used to measure daily steps and
walking distance, which helped avoid participant errors in
self-reported PA and accounted for the steps involved in any
type of ambulatory activity [9]. To our knowledge, this is the
first study estimating the association between step volume and
BP over the entirety of an individual’s monitoring period rather
than a brief snapshot. We also innovatively highlighted the joint
effects of step volume and step variability on BP. Moreover,
multifaceted subgroup analyses were conducted to compare
discrepancies in the effects of PA on BP according to different
population characteristics.
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Some limitations to our study must be considered in interpreting
the findings. First, the observational nature of our data precludes
a definitive causal interpretation of our findings, although we
took several measures to minimize risks for reverse causalities
and confounding, such as including a wide range of covariates
and conducting sensitivity analyses. The precise mechanisms
explaining the short-term relationships between PA and BP
should be assessed using different study designs. Second, there
were significant differences in some characteristics between
retained individuals and those excluded because of missing data.
In addition, the study sample comprised only individuals who
uploaded their PA and BP data as users of the YIDO app, for
which further selection biases may exist. Thus, the
generalizability of our results to nonretained individuals may
be limited, although the average step counts of our participants
were similar to those reported in prior studies involving Chinese
older adults [2,49]. Third, there is a potential for unmeasured
confounding in our analyses. For example, we were not able to
track the BMI status of participants over time. Furthermore,
information on individual dietary (eg, alcohol consumption)
was not available, so we could neither control for them in our
analyses nor assess their potential relative contribution to PA
and BP change. Further investigations with complementary data
on individual diets are warranted to address these gaps. Fourth,
the 3-axis acceleration used by the commercial wearable device
to measure step count has been reported to have high degrees
of accuracy for step counts [50]. However, evidence

demonstrating the validity and reliability of step counts
measured using the Lexin Mio smart bracelet is limited, so
additional studies are needed to investigate possible
measurement errors. Step counts can vary widely by device
brand and algorithms or analytical decisions [2]. Finally, PA
intensity or cadence (steps/min) was not accessible in this study,
as we had access only to daily step data. Nonetheless, daily step
count is an increasingly widespread and intuitive metric that
can be easily used as a target for health benefits.

Conclusions
This study extends the contemporary evidence confirming that
a greater number of daily steps is significantly associated with
a lower level of BP (SBP, DBP, MAP, and PP). In addition, we
observed that step volume and variability are jointly associated
with BP. Participants with high step volume and regular steps
had lower BP compared with participants with low step volume
and irregular steps. Subgroup analyses further indicated
heterogeneous associational patterns among older adults with
various chronic conditions. For participants with hypertension
and with more chronic disease burden, PA interventions
combining both step volume and variability can result in more
benefits in controlling BP. Collectively, these results provide
an evidence base for refining activity recommendations based
on an individual’s characteristics. This study also provides an
example of the potential clinical value of the integration of
consumer wearable devices and mHealth apps.

Acknowledgments
This research was funded by the Yingdong Intelligent Technology Co, Ltd. Yingdong Intelligent Technology Co, Ltd, was not
involved in the design of the study; data collection, analysis, or interpretation; writing or editing of the manuscript; or decision
to submit the manuscript for publication. The results of this study are presented clearly; honestly; and without fabrication,
falsification, or inappropriate data manipulation. The authors have not declared a specific grant for this research from any funding
agency in the public, commercial, or not-for-profit sector.

Data Availability
The data sets used or analyzed during this study are available from the corresponding author upon reasonable request.

Authors' Contributions
DC and XD contributed to the design of the study, generated hypotheses, and critically reviewed the manuscript. HX contributed
to the development of the search strategy, extracted and analyzed the data, and wrote and critically reviewed the manuscript. ZZ,
YM, XL, and KD extracted and interpreted the data. Xiaotong Dai (daixiaotong@bsu.edu.cn) and Dafang Chen
(dafangchen@bjmu.edu.cn) are co-corresponding authors of this manuscript.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Cut-off values of daily step volume across different groups.
[XLSX File (Microsoft Excel File), 10 KB-Multimedia Appendix 1]

Multimedia Appendix 2
Numbers and proportions for the combined groups.
[XLSX File (Microsoft Excel File), 10 KB-Multimedia Appendix 2]

J Med Internet Res 2024 | vol. 26 | e50075 | p. 12https://www.jmir.org/2024/1/e50075
(page number not for citation purposes)

Xiao et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app1.xlsx&filename=7d34045ddbfdff0600e7481803f9d329.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app1.xlsx&filename=7d34045ddbfdff0600e7481803f9d329.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app2.xlsx&filename=0128adb5efc44073354a6bac7c052f37.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app2.xlsx&filename=0128adb5efc44073354a6bac7c052f37.xlsx
http://www.w3.org/Style/XSL
http://www.renderx.com/


Multimedia Appendix 3
Characteristics of the study population for week-to-week associations.
[XLSX File (Microsoft Excel File), 12 KB-Multimedia Appendix 3]

Multimedia Appendix 4
The independent associations of daily step volume and daily walking distance with blood pressure (systolic blood pressure,
diastolic blood pressure, mean arterial pressure, and pulse pressure).
[XLSX File (Microsoft Excel File), 13 KB-Multimedia Appendix 4]

Multimedia Appendix 5
The joint associations of physical activity (daily steps and walking distance) volume and variability with blood pressure (systolic
blood pressure, diastolic blood pressure, mean arterial pressure, and pulse pressure).
[XLSX File (Microsoft Excel File), 11 KB-Multimedia Appendix 5]

Multimedia Appendix 6
Stratified analyses for the independent associations of daily step volume and daily walking distance with blood pressure (systolic
blood pressure, diastolic blood pressure, mean arterial pressure, and pulse pressure).
[XLSX File (Microsoft Excel File), 14 KB-Multimedia Appendix 6]

Multimedia Appendix 7
Stratified analyses for the joint associations of physical activity (daily steps and walking distance) volume and variability with
blood pressure (systolic blood pressure, diastolic blood pressure, mean arterial pressure, and pulse pressure).
[XLSX File (Microsoft Excel File), 18 KB-Multimedia Appendix 7]

Multimedia Appendix 8
Estimated changes (95% CIs) in blood pressure (BP; systolic BP, diastolic BP, mean arterial pressure, and pulse pressure) related
to daily walking distance in different lag days and week averages, joint effects of daily walking distance and variability, and
weekly average daily step volume and walking distance across gender, the presence of hypertension, and chronic disease status.
[DOCX File , 700 KB-Multimedia Appendix 8]

Multimedia Appendix 9
Stratified analyses for the independent associations of daily step volume and daily walking distance with blood pressure (systolic
blood pressure, diastolic blood pressure, mean arterial pressure, and pulse pressure), categorized according to the tertiles of the
whole population.
[XLSX File (Microsoft Excel File), 14 KB-Multimedia Appendix 9]

Multimedia Appendix 10
Stratified analyses for the joint associations of physical activity (daily steps and walking distance) volume and variability with
blood pressure (systolic blood pressure, diastolic blood pressure, mean arterial pressure, and pulse pressure), categorized according
to the tertiles of the whole population.
[XLSX File (Microsoft Excel File), 17 KB-Multimedia Appendix 10]

Multimedia Appendix 11
Independent associations of daily step volume and daily walking distance with blood pressure (systolic blood pressure, diastolic
blood pressure, mean arterial pressure, and pulse pressure) in week-to-week association patterns.
[XLSX File (Microsoft Excel File), 19 KB-Multimedia Appendix 11]

Multimedia Appendix 12
Joint associations of physical activity (daily steps and walking distance) volume and variability with blood pressure (systolic
blood pressure, diastolic blood pressure, mean arterial pressure, and pulse pressure) in week-to-week association patterns.
[XLSX File (Microsoft Excel File), 28 KB-Multimedia Appendix 12]

References

J Med Internet Res 2024 | vol. 26 | e50075 | p. 13https://www.jmir.org/2024/1/e50075
(page number not for citation purposes)

Xiao et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app3.xlsx&filename=142e11344537941ddfb0c4ef09ca52de.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app3.xlsx&filename=142e11344537941ddfb0c4ef09ca52de.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app4.xlsx&filename=eb86141a751640764f8d0bab04b7304a.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app4.xlsx&filename=eb86141a751640764f8d0bab04b7304a.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app5.xlsx&filename=e645175914ce87418c6803a6a40a95b0.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app5.xlsx&filename=e645175914ce87418c6803a6a40a95b0.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app6.xlsx&filename=926b621e5bc4d27024a1aac060ad1335.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app6.xlsx&filename=926b621e5bc4d27024a1aac060ad1335.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app7.xlsx&filename=ce8883a35745d6ee4dd2901f73a23790.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app7.xlsx&filename=ce8883a35745d6ee4dd2901f73a23790.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app8.docx&filename=9008c8810e2118185574be7344890e14.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app8.docx&filename=9008c8810e2118185574be7344890e14.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app9.xlsx&filename=6cdbd5fd08e744db130341f131db0db4.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app9.xlsx&filename=6cdbd5fd08e744db130341f131db0db4.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app10.xlsx&filename=dfc25c1f68eaa11518b6d51842b486af.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app10.xlsx&filename=dfc25c1f68eaa11518b6d51842b486af.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app11.xlsx&filename=cdc76f7875aa785386d023890ad0b284.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app11.xlsx&filename=cdc76f7875aa785386d023890ad0b284.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app12.xlsx&filename=42b1b3748b600fffd357998e9a799de2.xlsx
https://jmir.org/api/download?alt_name=jmir_v26i1e50075_app12.xlsx&filename=42b1b3748b600fffd357998e9a799de2.xlsx
http://www.w3.org/Style/XSL
http://www.renderx.com/


1. Benetos A, Petrovic M, Strandberg T. Hypertension management in older and frail older patients. Circ Res. Mar 29,
2019;124(7):1045-1060. [FREE Full text] [doi: 10.1161/CIRCRESAHA.118.313236] [Medline: 30920928]

2. Lin H, Sardana M, Zhang Y, Liu C, Trinquart L, Benjamin EJ, et al. Association of habitual physical activity with
cardiovascular disease risk. Circ Res. Oct 23, 2020;127(10):1253-1260. [FREE Full text] [doi:
10.1161/CIRCRESAHA.120.317578] [Medline: 32842915]

3. Börjesson M, Onerup A, Lundqvist S, Dahlöf B. Physical activity and exercise lower blood pressure in individuals with
hypertension: narrative review of 27 RCTs. Br J Sports Med. Mar 19, 2016;50(6):356-361. [doi:
10.1136/bjsports-2015-095786] [Medline: 26787705]

4. Bravata DM, Smith-Spangler C, Sundaram V, Gienger AL, Lin N, Lewis R, et al. Using pedometers to increase physical
activity and improve health: a systematic review. JAMA. Nov 21, 2007;298(19):2296-2304. [doi: 10.1001/jama.298.19.2296]
[Medline: 18029834]

5. Dwyer T, Ponsonby AL, Ukoumunne OC, Pezic A, Venn A, Dunstan D, et al. Association of change in daily step count
over five years with insulin sensitivity and adiposity: population based cohort study. BMJ. Jan 13, 2011;342(Jan 13 1):c7249.
[doi: 10.1136/bmj.c7249] [Medline: 21233153]

6. Ewald B, McEvoy M, Attia J. Pedometer counts superior to physical activity scale for identifying health markers in older
adults. Br J Sports Med. Aug 14, 2010;44(10):756-761. [doi: 10.1136/bjsm.2008.048827] [Medline: 18625631]

7. Master H, Annis J, Huang S, Beckman JA, Ratsimbazafy F, Marginean K, et al. Association of step counts over time with
the risk of chronic disease in the All of Us Research Program. Nat Med. Nov 2022;28(11):2301-2308. [FREE Full text]
[doi: 10.1038/s41591-022-02012-w] [Medline: 36216933]

8. Piercy KL, Troiano RP, Ballard RM, Carlson SA, Fulton JE, Galuska DA, et al. The physical activity guidelines for
Americans. JAMA. Nov 20, 2018;320(19):2020-2028. [FREE Full text] [doi: 10.1001/jama.2018.14854] [Medline: 30418471]

9. Mañas A, Del Pozo Cruz B, Ekelund U, Losa Reyna J, Rodríguez Gómez I, Carnicero Carreño JA, et al. Association of
accelerometer-derived step volume and intensity with hospitalizations and mortality in older adults: a prospective cohort
study. J Sport Health Sci. Sep 2022;11(5):578-585. [FREE Full text] [doi: 10.1016/j.jshs.2021.05.004] [Medline: 34029758]

10. Del Pozo Cruz B, Ahmadi MN, Lee IM, Stamatakis E. Prospective associations of daily step counts and intensity with
cancer and cardiovascular disease incidence and mortality and all-cause mortality. JAMA Intern Med. Nov 01,
2022;182(11):1139-1148. [FREE Full text] [doi: 10.1001/jamainternmed.2022.4000] [Medline: 36094529]

11. Hamaya R, Fukuda H, Takebayashi M, Mori M, Matsushima R, Nakano K, et al. Effects of an mHealth app (Kencom) with
integrated functions for healthy lifestyles on physical activity levels and cardiovascular risk biomarkers: observational
study of 12,602 users. J Med Internet Res. Apr 26, 2021;23(4):e21622. [FREE Full text] [doi: 10.2196/21622] [Medline:
33900203]

12. Hamaya R, Mori M, Miyake K, Lee IM. Association of smartphone-recorded steps over years and change in cardiovascular
risk factors among working-age adults. J Am Heart Assoc. Jul 19, 2022;11(14):e025689. [FREE Full text] [doi:
10.1161/JAHA.121.025689] [Medline: 35861838]

13. Bull FC, Al-Ansari SS, Biddle S, Borodulin K, Buman MP, Cardon G, et al. World Health Organization 2020 guidelines
on physical activity and sedentary behaviour. Br J Sports Med. Dec 2020;54(24):1451-1462. [FREE Full text] [doi:
10.1136/bjsports-2020-102955] [Medline: 33239350]

14. El Fatouhi D, Delrieu L, Goetzinger C, Malisoux L, Affret A, Campo D, et al. Associations of physical activity level and
variability with 6-month weight change among 26,935 users of connected devices: observational real-life study. JMIR
Mhealth Uhealth. Apr 15, 2021;9(4):e25385. [FREE Full text] [doi: 10.2196/25385] [Medline: 33856352]

15. Zhang N, Zhou M, Li M, Ma G. Effects of smartphone-based remote interventions on dietary intake, physical activity,
weight control, and related health benefits among the older population with overweight and obesity in China: randomized
controlled trial. J Med Internet Res. Apr 28, 2023;25:e41926. [FREE Full text] [doi: 10.2196/41926] [Medline: 37115608]

16. Cai Y, Wang Z, Zhang W, Kong W, Jiang J, Zhao R, et al. Estimation of heart rate and energy expenditure using a smart
bracelet during different exercise intensities: a reliability and validity study. Sensors (Basel). Jun 21, 2022;22(13):4661.
[FREE Full text] [doi: 10.3390/s22134661] [Medline: 35808157]

17. Troiano RP, Berrigan D, Dodd KW, Mâsse LC, Tilert T, McDowell M. Physical activity in the United States measured by
accelerometer. Med Sci Sports Exerc. Jan 2008;40(1):181-188. [doi: 10.1249/mss.0b013e31815a51b3] [Medline: 18091006]

18. El Fatouhi D, Héritier H, Allémann C, Malisoux L, Laouali N, Riveline JP, et al. Associations between device-measured
physical activity and glycemic control and variability indices under free-living conditions. Diabetes Technol Ther. Mar 01,
2022;24(3):167-177. [FREE Full text] [doi: 10.1089/dia.2021.0294] [Medline: 34648353]

19. Matura LA, Shou H, Fritz JS, Smith KA, Vaidya A, Pinder D, et al. Physical activity and symptoms in pulmonary arterial
hypertension. Chest. Jul 2016;150(1):46-56. [FREE Full text] [doi: 10.1016/j.chest.2016.02.633] [Medline: 26892602]

20. Boehme MW, Buechele G, Frankenhauser-Mannuss J, Mueller J, Lump D, Boehm BO, et al. Prevalence, incidence and
concomitant co-morbidities of type 2 diabetes mellitus in South Western Germany--a retrospective cohort and case control
study in claims data of a large statutory health insurance. BMC Public Health. Sep 03, 2015;15(1):855. [FREE Full text]
[doi: 10.1186/s12889-015-2188-1] [Medline: 26334523]

J Med Internet Res 2024 | vol. 26 | e50075 | p. 14https://www.jmir.org/2024/1/e50075
(page number not for citation purposes)

Xiao et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://www.ahajournals.org/doi/abs/10.1161/CIRCRESAHA.118.313236?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1161/CIRCRESAHA.118.313236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30920928&dopt=Abstract
https://www.ahajournals.org/doi/abs/10.1161/CIRCRESAHA.120.317578?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1161/CIRCRESAHA.120.317578
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32842915&dopt=Abstract
http://dx.doi.org/10.1136/bjsports-2015-095786
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26787705&dopt=Abstract
http://dx.doi.org/10.1001/jama.298.19.2296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18029834&dopt=Abstract
http://dx.doi.org/10.1136/bmj.c7249
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21233153&dopt=Abstract
http://dx.doi.org/10.1136/bjsm.2008.048827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18625631&dopt=Abstract
https://europepmc.org/abstract/MED/36216933
http://dx.doi.org/10.1038/s41591-022-02012-w
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36216933&dopt=Abstract
https://europepmc.org/abstract/MED/30418471
http://dx.doi.org/10.1001/jama.2018.14854
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30418471&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2095-2546(21)00052-1
http://dx.doi.org/10.1016/j.jshs.2021.05.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34029758&dopt=Abstract
https://europepmc.org/abstract/MED/36094529
http://dx.doi.org/10.1001/jamainternmed.2022.4000
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36094529&dopt=Abstract
https://www.jmir.org/2021/4/e21622/
http://dx.doi.org/10.2196/21622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33900203&dopt=Abstract
https://www.ahajournals.org/doi/abs/10.1161/JAHA.121.025689?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1161/JAHA.121.025689
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35861838&dopt=Abstract
http://bjsm.bmj.com/lookup/pmidlookup?view=long&pmid=33239350
http://dx.doi.org/10.1136/bjsports-2020-102955
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33239350&dopt=Abstract
https://mhealth.jmir.org/2021/4/e25385/
http://dx.doi.org/10.2196/25385
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33856352&dopt=Abstract
https://www.jmir.org/2023//e41926/
http://dx.doi.org/10.2196/41926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37115608&dopt=Abstract
https://www.mdpi.com/resolver?pii=s22134661
http://dx.doi.org/10.3390/s22134661
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35808157&dopt=Abstract
http://dx.doi.org/10.1249/mss.0b013e31815a51b3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18091006&dopt=Abstract
https://europepmc.org/abstract/MED/34648353
http://dx.doi.org/10.1089/dia.2021.0294
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34648353&dopt=Abstract
https://europepmc.org/abstract/MED/26892602
http://dx.doi.org/10.1016/j.chest.2016.02.633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26892602&dopt=Abstract
https://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-015-2188-1
http://dx.doi.org/10.1186/s12889-015-2188-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26334523&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


21. Bowling CB, Sloane R, Pieper C, Luciano A, Davis BR, Simpson LM, et al. Association of sustained blood pressure control
with multimorbidity progression among older adults. J Am Geriatr Soc. Sep 05, 2020;68(9):2059-2066. [FREE Full text]
[doi: 10.1111/jgs.16558] [Medline: 32501546]

22. Emberson MA, Lalande A, Wang D, McDonough DJ, Liu W, Gao Z. Effectiveness of smartphone-based physical activity
interventions on individuals' health outcomes: a systematic review. Biomed Res Int. 2021;2021:6296896. [FREE Full text]
[doi: 10.1155/2021/6296896] [Medline: 34409104]

23. Hajna S, Ross NA, Dasgupta K. Steps, moderate-to-vigorous physical activity, and cardiometabolic profiles. Prev Med.
Feb 2018;107:69-74. [FREE Full text] [doi: 10.1016/j.ypmed.2017.11.007] [Medline: 29126915]

24. Sagawa N, Rockette-Wagner B, Azuma K, Ueshima H, Hisamatsu T, Takamiya T, et al. Physical activity levels in American
and Japanese men from the ERA-JUMP Study and associations with metabolic syndrome. J Sport Health Sci. Mar
2020;9(2):170-178. [FREE Full text] [doi: 10.1016/j.jshs.2019.09.007] [Medline: 32099725]

25. Sardana M, Lin H, Zhang Y, Liu C, Trinquart L, Benjamin EJ, et al. Association of habitual physical activity with home
blood pressure in the electronic Framingham Heart Study (eFHS): cross-sectional study. J Med Internet Res. Jun 24,
2021;23(6):e25591. [FREE Full text] [doi: 10.2196/25591] [Medline: 34185019]

26. Clemes SA, Matchett N, Wane SL. Reactivity: an issue for short-term pedometer studies? Br J Sports Med. Jan
2008;42(1):68-70. [doi: 10.1136/bjsm.2007.038521] [Medline: 18178685]

27. Sesso HD, Stampfer MJ, Rosner B, Hennekens CH, Gaziano JM, Manson JE, et al. Systolic and diastolic blood pressure,
pulse pressure, and mean arterial pressure as predictors of cardiovascular disease risk in men. Hypertension. Nov
2000;36(5):801-807. [doi: 10.1161/01.hyp.36.5.801] [Medline: 11082146]

28. Park S, Rink LD, Wallace JP. Accumulation of physical activity leads to a greater blood pressure reduction than a single
continuous session, in prehypertension. J Hypertens. Sep 2006;24(9):1761-1770. [doi: 10.1097/01.hjh.0000242400.37967.54]
[Medline: 16915025]

29. Eicher JD, Maresh CM, Tsongalis GJ, Thompson PD, Pescatello LS. The additive blood pressure lowering effects of
exercise intensity on post-exercise hypotension. Am Heart J. Sep 2010;160(3):513-520. [doi: 10.1016/j.ahj.2010.06.005]
[Medline: 20826261]

30. Saint-Maurice PF, Troiano RP, Bassett DRJ, Graubard BI, Carlson SA, Shiroma EJ, et al. Association of daily step count
and step intensity with mortality among US adults. JAMA. Mar 24, 2020;323(12):1151-1160. [FREE Full text] [doi:
10.1001/jama.2020.1382] [Medline: 32207799]

31. Conen D, Bamberg F. Noninvasive 24-h ambulatory blood pressure and cardiovascular disease: a systematic review and
meta-analysis. J Hypertens. Jul 2008;26(7):1290-1299. [doi: 10.1097/HJH.0b013e3282f97854] [Medline: 18550999]

32. Law MR, Morris JK, Wald NJ. Use of blood pressure lowering drugs in the prevention of cardiovascular disease:
meta-analysis of 147 randomised trials in the context of expectations from prospective epidemiological studies. BMJ. May
19, 2009;338:b1665. [FREE Full text] [doi: 10.1136/bmj.b1665] [Medline: 19454737]

33. Grossman E. Blood pressure: the lower, the better: the con side. Diabetes Care. May 2011;34 Suppl 2(Suppl 2):S308-S312.
[FREE Full text] [doi: 10.2337/dc11-s245] [Medline: 21525474]

34. Wang A, Liu X, Xu J, Han X, Su Z, Chen S, et al. Visit-to-visit variability of fasting plasma glucose and the risk of
cardiovascular disease and all-cause mortality in the general population. J Am Heart Assoc. Nov 29, 2017;6(12):e006757.
[FREE Full text] [doi: 10.1161/JAHA.117.006757] [Medline: 29187392]

35. Nwabuo CC, Yano Y, Moreira HT, Appiah D, Vasconcellos HD, Aghaji QN, et al. Association between visit-to-visit blood
pressure variability in early adulthood and myocardial structure and function in later life. JAMA Cardiol. Jul 01,
2020;5(7):795-801. [FREE Full text] [doi: 10.1001/jamacardio.2020.0799] [Medline: 32293640]

36. Morales-Ghinaglia N, Larsen M, He F, Calhoun SL, Vgontzas AN, Liao J, et al. Circadian misalignment impacts the
association of visceral adiposity with elevated blood pressure in adolescents. Hypertension. Apr 2023;80(4):861-871. [FREE
Full text] [doi: 10.1161/HYPERTENSIONAHA.122.20398] [Medline: 36876501]

37. Scott H, Lechat B, Guyett A, Reynolds AC, Lovato N, Naik G, et al. Sleep irregularity is associated with hypertension:
findings from over 2 million nights with a large global population sample. Hypertension. May 2023;80(5):1117-1126. [doi:
10.1161/HYPERTENSIONAHA.122.20513] [Medline: 36974682]

38. Gabriel BM, Zierath JR. Circadian rhythms and exercise - re-setting the clock in metabolic disease. Nat Rev Endocrinol.
Apr 2019;15(4):197-206. [doi: 10.1038/s41574-018-0150-x] [Medline: 30655625]

39. Smolensky MH, Hermida RC, Portaluppi F. Circadian mechanisms of 24-hour blood pressure regulation and patterning.
Sleep Med Rev. Jun 2017;33:4-16. [doi: 10.1016/j.smrv.2016.02.003] [Medline: 27076261]

40. Manjoo P, Joseph L, Pilote L, Dasgupta K. Sex differences in step count-blood pressure association: a preliminary study
in type 2 diabetes. PLoS One. Nov 22, 2010;5(11):e14086. [FREE Full text] [doi: 10.1371/journal.pone.0014086] [Medline:
21124929]

41. Zou Q, Wang H, Su C, Du W, Ouyang Y, Jia X, et al. Longitudinal association between physical activity and blood pressure,
risk of hypertension among Chinese adults: China Health and Nutrition Survey 1991-2015. Eur J Clin Nutr. Feb 13,
2021;75(2):274-282. [doi: 10.1038/s41430-020-0653-0] [Medline: 32404900]

42. Lee LL, Mulvaney CA, Wong YK, Chan ES, Watson MC, Lin HH. Walking for hypertension. Cochrane Database Syst
Rev. Feb 24, 2021;2(2):CD008823. [FREE Full text] [doi: 10.1002/14651858.CD008823.pub2] [Medline: 33630309]

J Med Internet Res 2024 | vol. 26 | e50075 | p. 15https://www.jmir.org/2024/1/e50075
(page number not for citation purposes)

Xiao et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://europepmc.org/abstract/MED/32501546
http://dx.doi.org/10.1111/jgs.16558
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32501546&dopt=Abstract
https://doi.org/10.1155/2021/6296896
http://dx.doi.org/10.1155/2021/6296896
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34409104&dopt=Abstract
https://europepmc.org/abstract/MED/29126915
http://dx.doi.org/10.1016/j.ypmed.2017.11.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29126915&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2095-2546(19)30120-6
http://dx.doi.org/10.1016/j.jshs.2019.09.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32099725&dopt=Abstract
https://www.jmir.org/2021/6/e25591/
http://dx.doi.org/10.2196/25591
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34185019&dopt=Abstract
http://dx.doi.org/10.1136/bjsm.2007.038521
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18178685&dopt=Abstract
http://dx.doi.org/10.1161/01.hyp.36.5.801
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11082146&dopt=Abstract
http://dx.doi.org/10.1097/01.hjh.0000242400.37967.54
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16915025&dopt=Abstract
http://dx.doi.org/10.1016/j.ahj.2010.06.005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20826261&dopt=Abstract
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/10.1097/HJH.0b013e3282f97854
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18550999&dopt=Abstract
https://europepmc.org/abstract/MED/19454737
http://dx.doi.org/10.1136/bmj.b1665
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19454737&dopt=Abstract
https://europepmc.org/abstract/MED/21525474
http://dx.doi.org/10.2337/dc11-s245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21525474&dopt=Abstract
https://www.ahajournals.org/doi/abs/10.1161/JAHA.117.006757?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1161/JAHA.117.006757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29187392&dopt=Abstract
https://europepmc.org/abstract/MED/32293640
http://dx.doi.org/10.1001/jamacardio.2020.0799
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32293640&dopt=Abstract
https://europepmc.org/abstract/MED/36876501
https://europepmc.org/abstract/MED/36876501
http://dx.doi.org/10.1161/HYPERTENSIONAHA.122.20398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36876501&dopt=Abstract
http://dx.doi.org/10.1161/HYPERTENSIONAHA.122.20513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36974682&dopt=Abstract
http://dx.doi.org/10.1038/s41574-018-0150-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30655625&dopt=Abstract
http://dx.doi.org/10.1016/j.smrv.2016.02.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27076261&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0014086
http://dx.doi.org/10.1371/journal.pone.0014086
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21124929&dopt=Abstract
http://dx.doi.org/10.1038/s41430-020-0653-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32404900&dopt=Abstract
https://europepmc.org/abstract/MED/33630309
http://dx.doi.org/10.1002/14651858.CD008823.pub2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33630309&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


43. Joyner MJ, Charkoudian N, Wallin BG. Sympathetic nervous system and blood pressure in humans: individualized patterns
of regulation and their implications. Hypertension. Jul 2010;56(1):10-16. [FREE Full text] [doi:
10.1161/HYPERTENSIONAHA.109.140186] [Medline: 20497993]

44. Joyner MJ, Wallin BG, Charkoudian N. Sex differences and blood pressure regulation in humans. Exp Physiol. Mar
2016;101(3):349-355. [FREE Full text] [doi: 10.1113/EP085146] [Medline: 26152788]

45. Mueller PJ. Exercise training and sympathetic nervous system activity: evidence for physical activity dependent neural
plasticity. Clin Exp Pharmacol Physiol. Apr 2007;34(4):377-384. [doi: 10.1111/j.1440-1681.2007.04590.x] [Medline:
17324153]

46. Dimeo F, Pagonas N, Seibert F, Arndt R, Zidek W, Westhoff TH. Aerobic exercise reduces blood pressure in resistant
hypertension. Hypertension. Sep 2012;60(3):653-658. [doi: 10.1161/HYPERTENSIONAHA.112.197780] [Medline:
22802220]

47. Karlamangla A, Tinetti M, Guralnik J, Studenski S, Wetle T, Reuben D. Comorbidity in older adults: nosology of impairment,
diseases, and conditions. J Gerontol A Biol Sci Med Sci. Mar 01, 2007;62(3):296-300. [doi: 10.1093/gerona/62.3.296]
[Medline: 17389727]

48. Barnes PJ. Mechanisms of development of multimorbidity in the elderly. Eur Respir J. Mar 2015;45(3):790-806. [FREE
Full text] [doi: 10.1183/09031936.00229714] [Medline: 25614163]

49. Ho JY, Goggins WB, Mo PK, Chan EY. The effect of temperature on physical activity: an aggregated timeseries analysis
of smartphone users in five major Chinese cities. Int J Behav Nutr Phys Act. Jun 14, 2022;19(1):68. [FREE Full text] [doi:
10.1186/s12966-022-01285-1] [Medline: 35701809]

50. Park J, Ishikawa-Takata K, Tanaka S, Bessyo K, Tanaka S, Kimura T. Accuracy of estimating step counts and intensity
using accelerometers in older people with or without assistive devices. J Aging Phys Act. Jan 2017;25(1):41-50. [doi:
10.1123/japa.2015-0201] [Medline: 27180730]

Abbreviations
BP: blood pressure
DBP: diastolic blood pressure
MAP: mean arterial pressure
mHealth: mobile health
PA: physical activity
PP: pulse pressure
SBP: systolic blood pressure

Edited by S Ma; submitted 19.06.23; peer-reviewed by K Madden, J Claggett, A Angelucci; comments to author 10.03.24; revised
version received 08.04.24; accepted 07.06.24; published 14.08.24

Please cite as:
Xiao H, Zhou Z, Ma Y, Li X, Ding K, Dai X, Chen D
Association of Wearable Device–Measured Step Volume and Variability With Blood Pressure in Older Chinese Adults: Mobile-Based
Longitudinal Observational Study
J Med Internet Res 2024;26:e50075
URL: https://www.jmir.org/2024/1/e50075
doi: 10.2196/50075
PMID:

©Han Xiao, Zechen Zhou, Yujia Ma, Xiaoyi Li, Kexin Ding, Xiaotong Dai, Dafang Chen. Originally published in the Journal
of Medical Internet Research (https://www.jmir.org), 14.08.2024. 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.

J Med Internet Res 2024 | vol. 26 | e50075 | p. 16https://www.jmir.org/2024/1/e50075
(page number not for citation purposes)

Xiao et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://europepmc.org/abstract/MED/20497993
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.140186
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20497993&dopt=Abstract
https://doi.org/10.1113/EP085146
http://dx.doi.org/10.1113/EP085146
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26152788&dopt=Abstract
http://dx.doi.org/10.1111/j.1440-1681.2007.04590.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17324153&dopt=Abstract
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.197780
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22802220&dopt=Abstract
http://dx.doi.org/10.1093/gerona/62.3.296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17389727&dopt=Abstract
http://erj.ersjournals.com/cgi/pmidlookup?view=long&pmid=25614163
http://erj.ersjournals.com/cgi/pmidlookup?view=long&pmid=25614163
http://dx.doi.org/10.1183/09031936.00229714
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25614163&dopt=Abstract
https://ijbnpa.biomedcentral.com/articles/10.1186/s12966-022-01285-1
http://dx.doi.org/10.1186/s12966-022-01285-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35701809&dopt=Abstract
http://dx.doi.org/10.1123/japa.2015-0201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27180730&dopt=Abstract
https://www.jmir.org/2024/1/e50075
http://dx.doi.org/10.2196/50075
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/

