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Abstract

Background Uncertainty remains about the optimum step count per day for health promotion.

Objective We aimed to investigate the association between step count per day and all-cause mortality risk.

Methods PubMed, Scopus, and ISI Web of Science were searched to January 2021 to find prospective cohort studies of the
association between device-based step count per day and all-cause mortality risk in the general population. Two reviewers
extracted data in duplicate and rated the certainty of evidence using the GRADE approach. Study-specific hazard ratios
(HRs) were pooled using a random-effects model.

Results Seven prospective cohort studies with 175,370 person-years and 2310 cases of all-cause mortality were included.
The HR for each 1000 steps per day was 0.88 (95% CI 0.83-0.93; I>=79%, n=7) in the overall analysis, 0.87 (95% CI
0.78-0.97; ’=59%, n= 3) in adults older than 70 years, and 0.92 (95% CI 0.89-0.95; P=37%,n= 2) in studies controlled
for step intensity. Dose-response meta-analysis indicated a strong inverse association, wherein the risk decreased linearly
from 2700 to17,000 steps per day. The HR for 10,000 steps per day was 0.44 (95% CI 0.31-0.63). The certainty of evidence
was rated strong due to upgrades for large effect size and dose-response gradient.

Conclusions Even a modest increase in steps per day may be associated with a lower risk of death. These results can be used
to develop simple, efficient and easy-to-understand public health messages.

The optimum step count per day for health promotion
has not been yet determined.

1 Introduction

Being physically active is a healthy lifestyle considered a
core part of the health promotion recommendations in both
general and diseased populations [1]. There is convincing
evidence that higher physical activity, measured with valid
There was an inverse linear association within step tools, is associated with a lower risk of all-cause mortality
counts of 2700 to 17,000 steps per day. [2, 3] and in contrast, sitting time and sedentary lifestyle
are associated with unfavorable adverse events [4—6]. Inter-
ventional studies suggested that increasing physical activity
can improve levels of traditional cardiometabolic risk fac-
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walking is a core feature of exercise recommendations that
can be easily performed by people [11, 12]. However, the
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Sciences, P. O. Box 14155/6117, Tehran, Iran lines Advisory Committee stated that there is not sufficient
evidence regarding the dose—response association of step
count per day with multiple health outcomes [13]. The report

The present meta-analysis suggested evidence of high
certainty for a strong inverse association between step
count per day and risk of mortality.
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asserted that step count per day is a simple public health
message that can be easily translated to develop simple and
effective public health recommendations [13]. There is a
public health message that recommends people achieve a
goal of 10,000 steps per day, but there is not sufficient sci-
entific evidence behind this recommendation [14].

A recent systematic review indicated that a greater num-
ber of steps per day was associated with a lower risk of all-
cause mortality and cardiometabolic events and abnormali-
ties [15]. However, a dose-response association between
step counts per day and all-cause mortality risk was not
determined. In addition, two population-based prospec-
tive cohort studies have published new findings [16, 17].
We therefore aimed to perform a systematic review and
dose-response meta-analysis of prospective cohort studies
investigating the association between step count per day,
measured by device-based approaches, and the risk of all-
cause mortality in the general population.

2 Methods

This systematic review has been reported according to the
Meta-analysis Of Observational Studies in Epidemiology
(MOOSE) checklist [18].

2.1 Data Sources and Searches

The systematic search was conducted by one author using
pre-defined search terms in PubMed, Scopus, and Web of
Science to December 2020, with an updated search to Janu-
ary 2021. Keywords used for the systematic search were
[“step count” OR “step per day” OR “steps per day” OR
“step/day” OR “‘steps/day” OR “step/d” OR steps/d”] AND
[mortality OR death OR deaths OR survival]. Titles and
abstracts were screened according to the pre-defined inclu-
sion and exclusion criteria to identify potential eligible stud-
ies. In the next step, full texts were retrieved and indepen-
dently assessed for eligibility by two review authors (AJ and
SSB). Any disagreements were resolved by consensus. Ref-
erence lists of all relevant articles and reviews were checked
to find potentially relevant studies. We restricted the system-
atic search to articles written in English. We did not include
abstracts or unpublished data in the present meta-analysis.

2.2 Study Selection and Eligibility Criteria

Published prospective cohort studies with all of the follow-
ing criteria were considered eligible for inclusion in the pre-
sent meta-analysis: prospective observational studies that
(i) included a general population aged 18 years or older; (ii)
reported device-based step count per day as exposure; (iii)
considered all-cause mortality as the outcome; (iv) reported

relative risk, hazard ratio (HR) or rate ratio with 95% con-
fidence intervals (CIs) for three or more quantitative cat-
egories of step count per day; and (v) reported the numbers
of cases and noncases or person-years in each category of
step count. Studies reporting continuous estimation from the
associations (e.g., for each 1000 steps per day) were also
eligible. Review studies, interventional studies, and studies
conducted in diseased populations were excluded.

2.3 Data Extraction

Two independent researchers (AJ and SSB) recorded the
following data from each prospective cohort study: first
author’s name, date of publication, country, age range, sex,
number of participants and cases, duration of follow-up,
baseline daily step count, and variables used for statistical
control in the multivariable model. The following data were
also extracted for data analysis: median point of each cat-
egory of step count per day, number of events (mortality)
and person-years, and the reported effect estimates for each
category.

2.4 Risk of Bias (Quality) Assessment

Quality of prospective cohort studies included in the meta-
analysis was evaluated by using a 9-point Newcastle-Ottawa
Scale [19]. Accordingly, studies with 1-3, 4-6, and 7-9
points were rated low, moderate, and high quality, respec-
tively. Two independent investigators (AJ and SSB) per-
formed the quality assessment to determine whether there
was evidence of bias in each included study. Potential disa-
greements were resolved through consensus.

2.5 Data Synthesis and Analysis

We selected the HR and its 95% CI as the effect size in
the present meta-analysis. We performed a dose—response
meta-analysis to estimate the HRs of all-cause mortality
for each 1000 steps per day increase in each prospective
cohort study [20, 21]. For this purpose, median points,
the number of cases and person-years, and corresponding
HRs and their 95% CIs across categories of step count
per day in each study were extracted. For studies report-
ing step count per day in each category as a range, we
considered the midpoint of the upper and lower bounds.
Open-ended categories were considered to have the same
widths as the closest category. Study-specific HRs were
meta-analyzed by a random-effects model [22]. Sensitiv-
ity analysis was performed by step-by-step exclusion of
each study from the main analysis. Subgroup analyses
were conducted according to geographical location, fol-
low-up duration, age, number of participants, adjustment
for step intensity, and devices used for counting steps.
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The Cochrane Q [23] and I? statistics [24] were used to
test for heterogeneity. Potential publication bias was not
checked due to the low number of studies (n < 10) [23].
We also tested for a non-linear dose—response associa-
tion by using a one-stage weighed mixed effects meta-
analysis, which is a more precise, flexible, and efficient
method than the traditional two-stage method [25]. The
analyses were performed using STATA software ver-
sion 15.0. P values < 0.05 were considered statistically
significant.

2.6 Grading the Evidence

The certainty of the evidence was assessed by using the
Grading of Recommendations, Assessment, Development
and Evaluations (GRADE) tool [26]. This tool rates the evi-
dence as high, moderate, low, or very low quality. Prospec-
tive cohort studies start as low-quality evidence. Several pre-
specified criteria have been considered for downgrading or
upgrading the evidence. The criteria used to downgrade the
evidence include study limitations, inconsistency, indirect-
ness, imprecision, and publication bias. The criteria used to
upgrade the certainty of the evidence include a large mag-
nitude of association, a dose-response gradient, and attenu-
ation by plausible confounding.

)

3 Results

The systematic search and study selection processes are
outlined in Fig. 1. The systematic search initially found
8118 records; of those, 2158 records were duplicates. We
screened titles and abstracts of 5960 remaining records and
found 5914 records were not eligible. We read full texts of
the remaining 46 articles and, ultimately, seven population-
based prospective cohort studies with 28,141 participants,
175,370 total person-years, and 2310 cases of all-cause
mortality were included in the present meta-analysis [16,
17,27-31].

3.1 Characteristics of Prospective Cohort Studies

All studies were published after 2015. Two prospective
cohort studies were conducted in the US [17, 30], two in the
UK [28, 29], and three studies in Japan [31], Norway [16],
and Australia [27]. One study was conducted in men [29],
one in women [30], and the remainder in both sexes [16, 17,
27, 28, 31]. One study was a pooled analysis of three pro-
spective cohort studies in Australia [27]. Three studies were
conducted in older adults aged > 70 years [28, 29, 31], one
in women older than 60 years [30], and three other studies
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in the general population of adults [16, 17, 27]. Three stud-
ies had follow-up durations of <5 years [28-30], one had a
follow-up duration of 9 years [16], and three other studies
continued for 10 years [17, 27, 31].

All studies controlled for body mass index. All but one
study [28] controlled for smoking status and alcohol drink-
ing, and all studies controlled for comorbidities except for
one study conducted in Australia [27]. One study in Japa-
nese older adults did not control for age in the multivariable
analyses [31]. To measure step count per day, five studies
used an accelerometer [16, 17, 28-30] and two studies used
a pedometer [27, 31]. All studies used waist- or hip-mounted
devices. All studies measured baseline steps per day, except
for one study that made two repeated measurements [27].
Six studies measured step count per day on 7 consecutive
days [16, 17, 28-31], and one study measured step count for
a duration of <7 days [27]. Two studies controlled for step
intensity in their multivariable analyses [17, 30], and five
other studies did not control for step intensity [16, 27-29,
31]. Three studies were rated as being of high quality [17,
30, 31], and four other studies were rated moderate qual-
ity [16, 27-29] (Electronic Supplementary Material [ESM]
Table S1). Detailed procedures used to measure steps per
day in each study are described in ESM Table S2. Charac-
teristics of the studies included in the present meta-analysis
are indicated in Table 1.

3.2 Meta-analysis

The HR of all-cause mortality for each 1000 steps per day
increase was 0.88 (95% CI 0.83-0.93), with substantial het-
erogeneity, > =79%, Preterogencity <0.001 (Fig. 2). All studies
reported significant inverse association, except for one study
that reported a non-significant inverse association [31]. The
significant inverse association ranged from 0.87 (95% CI
0.81-0.93) to 0.90 (95% CI 0.86—0.94), with step-by-step
exclusion of each cohort study from the analysis.

The HR was 0.87 (95% CI 0.78-0.97, I?=59%, n=3)
in adults older than 70 years, and 0.88 (95% CI 0.82-0.95;
I?=86%, n=4) in the general population of adults (p sub-
group difference=0.11). The association was weaker
in studies that continued for 10 years (HR 0.93, 95% CI
0.92-0.94; >=0%, n=3) compared with studies with fol-
low-up < 10 years (HR 0.83, 95% CI 0.80-0.87,; >=8%,
n=4) (p subgroup difference <0.001). The HRs across geo-
graphical location were 0.85 (95% CI 0.78-0.92; I*=19%,
n=3) in European countries, 0.88 (95% CI 0.77-0.99;
I’=95%, n=2) in the US, and 0.91 (95% CI 0.86-0.97;
P=0%, n=2) in Asia (p subgroup difference =0.04). The
HR was 0.81 (95% CI 0.56-1.15; I’=74%) in two stud-
ies with < 1000 participants, compared with 0.88 (95% CI
0.82-0.93; I>=84%) in five studies with > 1000 participants

(p subgroup difference =0.77). In addition, the association
was relatively stronger in studies that used an accelerometer
(HR 0.86, 95% C10.79-0.93; I*=86%, n=>5) than in studies
that used a pedometer (HR 0.91, 95% CI 0.86-0.97; P=0%,
n=2) for steps assessment (p subgroup difference =0.71).
A subgroup analysis by adjustment for step intensity indi-
cated that the HR was 0.86 (95% CI 0.82-0.91; F=50%,
n=>5) in studies that did not take step intensity into account,
compared with 0.92 (95% CI 0.89-0.95; I*’=37%, n=2) in
studies that controlled for step intensity (p subgroup dif-
ference < 0.001). Geographical location, devices used for
measuring step counts, and age were the potential sources
of the heterogeneity.

Dose-response meta-analysis indicated a strong inverse
association between step count per day and all-cause mor-
tality risk (Ppon-inearity = 0-24, Pose—response < 0-001; Fig. 3).
In the non-linear dose—response meta-analysis, the HRs for
10,000 and 16,000 steps per day were, respectively, 0.44
(95% C1 0.31-0.63) and 0.34 (95% CI 0.29-0.39) compared
with 2700 steps per day (Table 2).

3.3 Grading the Evidence

The certainty of evidence was rated strong with upgrades
for large effect size (HR <0.50) and dose—response gradient
(Table 3).

4 Discussion

In the present meta-analysis of seven prospective cohort
studies, we found that each 1000 steps per day increment
was associated with a 12% lower risk of all-cause mortal-
ity in the general adult population, and a 13% lower risk in
adults older than 70 years. The inverse association persisted
in the subgroups defined by age, geographical location, fol-
low-up duration and devices used for counting steps, as well
as after adjustments were made for important confounders
including body mass index, alcohol drinking, smoking sta-
tus, step intensity, and pre-existing comorbidities. The asso-
ciation was still significant, albeit of lesser magnitude, in
two studies that controlled for step intensity. Dose—response
meta-analysis indicated a strong inverse association between
step count per day and all-cause mortality risk. The certainty
of evidence was rated strong on the basis of the GRADE
approach. The strong evidence found in the present meta-
analysis suggests that there can be considerable confidence
that the estimated effect is similar to the true effect and
further research is unlikely to change the confidence in the
effect estimate.

The findings of the present meta-analysis are in accord-
ance with those of previous systematic reviews that reported
similar inverse associations [13, 15, 32]. However, the
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Author Year Country

Dwyer et al. [27] 2015 Australia

Fox et al. [28] 2015 UK L
Yamamoto et al. [31] 2018 Japan

Jefferis et al. [29] 2018 UK

Lee et al. [30] 2019 US

Saint-Maurice etal. [17] 2020 US

Hensen et al. [16] 2020 Norway

Overall (l-squared = 79.2%, p = 0.000)

NOTE: Weights are from random effects analysis

%

HR (95% Cl)

Weight

0.90 (0.83, 0.97) 15.72

0.64 (0.44,0.91) 214

0.93 (0.85, 1.01) 14.71

0.86 (0.80, 0.93) 16.05

0.82(0.78, 0.87) 18.62

0.93 (0.92, 0.94) 22.47

0.86 (0.75, 0.97) 10.29

0.88 (0.83, 0.93) 100.00

I
0.5

-

Fig.2 Hazard ratio of all-cause mortality for each 1000 steps per day. HR hazard ratio

1.2 A
1 4

.8

Hazard ratio
»
1

T
0 2500 5000 7500 10,000 12,500 15,000 17,500 20,000
Steps per day

Fig.3 Dose-response association between step count per day and
risk of all-cause mortality. Solid line represents non-linear dose
response and broken lines represent 95% confidence interval. Circles
represent hazard ratio point estimates for steps per day categories
from each study with circle size proportional to inverse of standard
error. Small vertical black lines are baseline steps per category in
each study

existing evidence has not been quantitatively synthesized.
In addition, two population-based prospective cohort studies
have published new findings. We therefore updated the evi-
dence and rated the certainty of evidence, which indicated

Table 2 Hazard ratios (95% CI) of all-cause mortality in the general
population from non-linear dose—response analysis according to steps
per day

Step count per day All-cause mortality

2700 0

4000 0.84 (0.74-0.94)
6000 0.77 (0.75-0.80)
8000 0.52 (0.37-0.74)
10,000 0.44 (0.31-0.63)
12,000 0.41 (0.30-0.51)
14,000 0.38 (0.32-0.45)
16,000 0.34 (0.29-0.39)

that there was strong evidence for beneficial effects of walk-
ing on health. Other prospective cohort studies have also
indicated that greater number of steps per day was associated
with a lower risk of cardiovascular events [33—36] and type
2 diabetes mellitus [37-39]. Another cohort study indicated
that greater number of steps per day was associated with bet-
ter insulin sensitivity [40]. These findings were supported by
the findings of intervention studies wherein increasing steps
per day resulted in significant improvement in cardiometa-
bolic risk factors [41, 42].

Dose-response meta-analysis indicated a sharp lin-
ear inverse association, wherein the risk of mortality
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Table3 GRADE evidence table for the association between step
count per day and all-cause mortality risk

Certainty assessment

No of studies 7

Study design Prospective cohort studies
Risk of bias Not serious®
Inconsistency Not serious®

Indirectness Not serious®

Imprecision Not serious?

Other considerations Strong association®
Dose-response gradient!

No of patients

Participants 28,141

Events (%) 2310 (8.2)
Effect

Relative (95% CI) HR 0.88 (0.83-0.93)

Absolute (95% CI) 9 fewer per 1000 (13-6)
Certainty DPHPDP HIGH
Importance CRITICAL

*Five studies did not control for step intensity. However, the subgroup
of studies that controlled for step intensity [17, 30] showed consistent
significant inverse association. Not downgraded

bSerious inconsistency since I*=79%, p heterogeneity <0.001. How-
ever, after exclusion of Lee et al. [30] and Saint-Maurice et al. [17]
studies, the heterogeneity decreased but the direction, magnitude, and
significance of the association remained unchanged (HR 0.88, 95%
CI 0.84-0.93; ?=24%, p heterogeneity =0.26; n=5). Not down-
graded

“Three studies were conducted in adults older than 70 years [28, 29,
31]. However, the analysis of the other four cohort studies [16, 17,
27, 30] indicated a similar significant association (HR 0.88, 95% CI
0.82-0.95, n=4). Not downgraded

dOptimal information size met (events=2310), and the 95% CIs
exclude the null value

¢Upgraded because of the large effect size (HR <0.50), HR for 16,000
step per day 0.34 (0.29-0.39)

"There was evidence of significant dose—response association in
both the linear (HR for each 1000-step-per-day increase 0.88, 95%
CI 0.83-0.93) and the non-linear (p dose-response <0.001) dose—
response meta-analyses. Upgraded

CI confidence interval, HR hazard ratio

decreased proportionally with the increase in steps per
day from 1500 to 17,000. However, there were only three
categories involving 200 cases of all-cause mortality
that reported effect estimates for more than 12,000 steps
per day. In the National Health and Nutrition Examina-
tion Survey [17], compared with 4000 steps per day, the
HRs of mortality were 0.34 (95% CI 0.28-0.45) and 0.34
(95% CI 0.21-0.56) for 14,000 and 16,000 steps per day,
respectively. The Australian Tasped prospective cohort
study reported an HR of 0.38 (95% CI 0.30-0.46) for
17,000 steps per day compared with 2750 steps per day
[27]. Although limited evidence is available for > 12,000
steps per day, the summary HR of all-cause mortality for

12,000 steps per day in our meta-analysis, compared with
2700 steps per day, was 0.41 (95% CI 0.30-0.51), which
was still stronger than the proposed threshold to define
strong association using the GRADE approach (effect esti-
mate < 0.50 or > 2 for binary outcomes).

Our results indicated that even a modest increase in physi-
cal activity, such as an increase of 1000 steps per day, was
associated with a 12% lower risk of all-cause mortality.
Dose-response analysis indicated that low levels of steps
per day, even below the commonly accepted goal of 10,000
steps per day, were associated with a lower risk of mortality
[15]. Dose-response analysis also indicated that the risk of
death decreased proportionally along with the increase in
steps per day. The HR of death, compared with 2700 steps
per day, was 0.44 (95% CI 0.31-0.63) for 10,000 steps per
day and 0.34 (95% CI 0.29-0.39) for 16,000 steps per day,
suggesting that increasing steps per day may confer addi-
tional protection against premature death. However, due to
the low number of participants, the results for 16,000 steps
per day should be interpreted with caution.

There is inter-person variability in step intensity, which
may confound the association between step count and mor-
tality. Of seven studies included in the present review, only
two cohorts controlled for step intensity. The Women’s
Health Study indicated that the association between step
count per day and mortality became weaker after controlling
for step intensity [30], suggesting that step intensity should
be considered when evaluating the association between
step count and mortality. However, subgroup analyses in
two relatively large cohort studies [17, 30] indicated that
step intensity was no longer associated with mortality after
controlling for step count per day, suggesting that step count
per day may be more important than step intensity for health
promotion. Although the subgroup of studies that controlled
for step intensity in our review indicated consistently sig-
nificant inverse association, only two studies were included
in that subgroup, thus highlighting a need for more research
in the field.

Our review has several strengths. For the first time, we
clarified the shape of the dose—response association between
step count per day and all-cause mortality risk, wherein the
risk of mortality decreased proportionally with the increase
in steps per day. This finding confirmed the hypothesis
that more steps per day is better for health. The non-linear
dose-response meta-analysis suggested the HRs of < 0.50
for > 10,000 steps per day, which surpassed the threshold
defined by the GRADE approach (< 0.50 or>2.0) to define
strong association. In addition, our results indicated that
even a modest increase in steps per day was significantly
associated with a lower risk of death. Furthermore, all stud-
ies controlled for body mass index, and six controlled for
age, alcohol drinking, smoking status, and pre-existing
comorbidities. Although six studies measured baseline steps
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per day and did not perform repeated measurements during
follow-up, there is evidence that steps per day remain stable
in short-term follow-up [43, 44]. We included studies con-
ducted in three continents including US, Europe, Asia, and
Australia, thus improving the generalizability of the find-
ings. Finally, of seven studies, five studies used an acceler-
ometer to measure step count per day, which is a valid and
reliable tool for counting steps [45, 46]. Although different
devices are available for counting steps and the number of
steps per day measured by different devices may vary up
to 20% [47, 48], there are still strong correlations between
step volume measured by different tools (> 0.80) [48-50].

There are also limitations for consideration. This is a
meta-analysis of observational studies and thus, the results
are likely to be affected by residual confounding. Lower step
count per day may reflect poor health status and higher pres-
ence of comorbidities, and thus, our effect estimate may have
been overestimated due to reverse causality bias. Although
six studies in the present review controlled for baseline pre-
existing comorbidities, these confounding effects cannot
be completely controlled by statistical control. However,
a subgroup analysis by health status (poor, good, excel-
lent) within the NHANES study indicated that greater steps
per day, regardless of health status, was strongly inversely
associated with a lower risk of death [17]. In addition, a
population-based prospective cohort study in Norway indi-
cated that the results did not change after exclusion of deaths
that occurred in the first 2 years of follow-up [16]. Of seven
studies included in the present review, four studies had a
follow-up duration <5 years [16, 28-30], and two studies
included < 1000 participants [28, 31]. The subgroup analyses
of studies with longer follow-up duration (10 years, n=3)
and higher number of participants (> 1000 participants,
n=15) showed consistent significant associations. However,
there was a limited number of studies in the subgroups. The
results also displayed substantial heterogeneity. However,
of seven studies in the present review, six studies reported
a significant inverse association, and one study showed a
marginally significant inverse association. This suggests that
the observed heterogeneity is due to differences in the mag-
nitude of the associations rather than differences in the direc-
tion of the association. In addition, the association remained
significant in the sensitivity analysis and in all subgroups
apart from studies with < 1000 participants. Furthermore,
three studies in the present review were conducted in indi-
viduals older than 70 years, which limits the generalizability
of the findings. However, the general population of adults
subgroup showed a similar inverse association. A subgroup
analysis by age within the National Health and Nutrition
Examination Survey [17] indicated that the association did
not change materially across categories of age from 40 years
to> 65 years. Steps measured by some accelerometers may
be due to other types of physical activity such as dancing and

housework and thus, the number of steps per day measured
by these tools may have been overestimated. Finally, our
results reflect the association in the general population of
adults and cannot be generalized to diseased populations.
There is some evidence of a U-shaped association between
step count per day and risk of death in patients with a history
of stroke and chronic bronchitis [17].

5 Conclusions

Overall, our findings indicated that greater steps per day was
strongly inversely associated with risk of all-cause mortal-
ity. Even a modest increase in steps per day was associated
with a significantly lower risk of mortality. The risk of death
decreased proportionally with the increase in steps per day,
suggesting that greater steps per day is better for health.
However, there is limited evidence for > 12,000 steps per
day. Steps per day is a simple public health message that is
easy to understand and implement, and thus our results may
help to create effective public health recommendations for
health promotions, taking into account step intensity and
baseline health status.
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