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ABSTRACT

Background: Daily step count is the simplest measure of physical activity. However, little is known about how daily step count
related to time spent in different intensities of physical activity (PA) and sedentary behavior (SB).

Methods: These cross-sectional data were derived from 450 older Japanese adults (56.7% men; mean age, 74.3 years) who were
randomly selected from three communities and responded a survey. Daily step count and time spent in moderate-to-vigorous PA
(MVPA), light-intensity PA (LPA), and SB were measured using a validated wearable technology (HJA-350IT). Associations of
daily step count with time spent in measured behaviors were examined using linear regression models with isometric log-ratio
transformations of time-use composition, adjusting for gender, age, and residential area.

Results: Participants averaged 5,412 (standard deviation, 2,878) steps=d and accumulated MVPA, LPA, and SB corresponding
to 4.0%, 34.8%, and 61.2% of daily waking time, respectively. Daily step count significantly increased with increase in time
spent in MVPA relative to other behaviors (ie, LPA and SB) and in the ratio of LPA to SB after allowing for MVPA. After
stratification, daily step count was significantly related to the ratio of LPA to SB in those taking <5,000 steps=d, but not in those
taking 5,000–7,499 and ≥7,500 steps=d.

Conclusions: Higher daily step count can be an indicator of not only larger relative contribution of time spent in MVPA, but
also higher ratio between LPA and SB, particularly among those who are the least physically active.
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INTRODUCTION

Walking is the most popular form of aerobic physical activity.1

Evidence on walking and health outcomes shows higher daily
step count to be associated with a lower risk of all-cause
mortality2–5 and better cardiovascular and bone health.6,7 A recent
meta-analysis of 37 randomized controlled trials concluded that
there are consistently favorable effects of walking interventions
on cardiovascular disease risk factors among inactive healthy
adults.8 Increasing walking provides a readily-accessible means
of promoting health benefits.9

Daily step count is a simple and direct measure of physical
activity volume, and is also associated with time spent in
moderate-to-vigorous physical activity (MVPA).10 However, little
is known how daily step count is related with time in the other
behaviors, including light-intensity physical activity (LPA) and
sedentary behavior (SB), which can be important for health. A

body of literature indicates beneficial effects of LPA and
determinantal effects of SB.11–13 Higher daily step count may
coexist with a physically active lifestyle associated with more time
spent in LPA and less time spent in SB.14 Another possibility
is that individuals are more likely to be sitting (and therefore
accumulating more time in SB) to take a rest if they do a lot of
walking. There is a need to see if daily step count can be used for
indirect estimates of time spent in SB and different intensities
of physical activity to communicate these behavior data. One
previous study has shown adult’s daily step count has strong
associations with LPA and moderate-intensity physical activity
and a moderate association with SB.10 However, this study did not
fully consider the compositional nature of time-use data.

Time is finite. If time spent in one behavior is changed, it will
necessarily influence the time spent in other behaviors. Composi-
tional data analysis (CoDa) allows consideration of the inherent
dependency of time spent in all behaviors arising within a day or
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part of a day.15,16 Therefore, the present study examined how
daily step count is related to time spent in different intensities
of physical activity and SB during the day, using the CoDa
approach. Our hypothesis is that daily step count is related not
only to the relative proportion of time spent in MVPA, but also to
time spent in more LPA and less SB, after controlling for time
spent in all behaviors.

METHODS

Study sample and data collection
This secondary data analyses was based on cross-sectional data
collected in 2015. Participants included a subset of older adults who
responded to a population-based survey in 2010. Briefly, in 2010, a
total of 2,700 residents living in Japanese cities (Bunkyo [urban],
Fuchu [suburban], and Oyama [rural]) were recruited using
stratified random sampling from a resident registry. The sampling
process and recruitment strategy for the 2010 survey and char-
acteristics of each area are described elsewhere.17 In 2015, 1,210
participants (70–79 years of age) who agreed to participate received
a mailed questionnaire, and 988 completed and returned the
survey.18 Of these respondents, 478 agreed to wear an accel-
erometer. Accelerometers with written instructions were delivered
and returned via mail. The Tokyo Medical University Ethics
Committee (No. 2898) granted ethical approval prior to the survey.
Written informed consent was obtained from all participants.

Accelerometer-assessed activity measures
Daily step count and time in different intensities of physical
activity and SB was measured using the Active style Pro HJA-
350IT (Omron Healthcare, Kyoto, Japan). Participants were asked
to wear an accelerometer on their waist for 7 consecutive days
while awake except for water-based activities (eg, swimming).
Active style Pro is a validated accelerometer19–21 that provides
data comparable to the devices most commonly used in studies
conducted in Western countries.22,23 Its measurement algorithm
has been described in detail elsewhere.19,20 We used 1-minute
epoch data and obtained time spent in categories bound by
estimated metabolic equivalents (METs) values. A METs-based
cutoff was used to determine intensity of activities: ≤1.5 METs
for SB, 1.6–2.9 METs for LPA, and ≥3.0 METs for MVPA.24,25

No acceleration signal detected for longer than 60 consecutive
minutes was defined as “non-wear”, and only records from
participants wearing the accelerometer for at least 10 hours per
day were considered valid.26 Participants with data from at least 4
valid days27,28 were included in the analysis.

Questionnaire data
Gender and age were obtained from the original resident registry.
Participants reported their height, weight, living arrangement,
working status, physical limitations, and self-rated health. Body
mass index (BMI) was calculated from height and weight (kg=m2).
Perceived health and physical limitation were evaluated with items
from the SF-8 (Japanese version).29 Responding to the question;
“Overall, how would you rate your health during the past 4
weeks?”, participants chose the answer that most accurately
described their health on a 6-point scale: excellent, very good,
good, fair, poor, and very poor.29 The answers were classified into
“good” (excellent, very good, and good) and “poor” (fair, poor,
and very poor). Responding to the question; “During the past 4
weeks, howmuch did physical health problems limit your physical

activities (such as walking or climbing stairs)?”, participants chose
the answer that most accurately described their physical limitation
on a 5-point scale: not at all, very little, somewhat, quite a lot, and
could not do physical activities.29 The answers were classified into
“no” (not at all and very little) and “yes” (somewhat, quite a lot,
and could not do physical activities).

Statistical analyses
R version 3.5.3 (R Foundation for Statistical Computing, Vienna,
Austria) was used to perform all statistical analyses; a P-value of
<0.05 was regarded to be a statistically significant difference. The
“Compositions” package was used to analyze data.

We characterized time spent in different intensities of physical
activity and SB, based on previously suggested graduated cate-
gories for daily step counts: <5,000, 5,000–7,499, and ≥7,500
steps=d.30 A ternary diagram was used to describe sample
distributions of time spent in different intensities of physical
activity and SB. Multivariate analysis of variance was performed
to test whether timed-stamped intensities differed according to
daily step count categories.

To investigate how daily step count relate to time-stamped
intensities, we performed CoDa, as detailed in previous
research.15,16 First, geometric (compositional) means were
calculated so that all contributing categories ultimately added
up to 100%, representing accelerometer wear time. We chose not
input non-wear time into the composition as a means of focusing
on the waking day and avoiding introducing more noise in the
models. Composition does not have to be on an invariant fixed
sum.31 Variability in the data, in terms of variability of each
behavior relative to the variability of other behaviors, was
described through a variation matrix. Second, we conducted
isometric log-ratio (ilr) transformation to introduce the full
composition into the models and adequately adjust the models for
time spent in the other behaviors. The log-ratio methodology
allows us to apply compositional data to standard statistical
methods. No statistical process was required to handle zero
values, as all participants spent some time in every time-stamped
intensity category. Below are formulas of ilr transformation
where MVPA time segments are considered first. The ilr
coordinate1 presents the ratio of MVPA time to time spent in
all other intensities of physical activity and SB, whereas ilr
coordinate2 expresses the ratio of LPA time to SB time.

ilr coordinate1 ¼
ffiffiffiffi
2

3

r
ln

MVPAffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LPA � SB

p

ilr coordinate2 ¼
ffiffiffiffi
1

2

r
ln
LPA
SB

Linear regression models were used to examine 1) the
relationships between daily step count and time spent in time-
stamped intensity categories (R2adj = 0.62), and 2) how daily
step count is predicted by the specific time-stamped intensity
categories contributing to the composition and then 3) map area
of daily step count on a ternary diagram to show what categorical
component of the composition is likely to be related to daily step
count, adjusting for age, gender and city of residence.

RESULTS

Participant characteristics
In total, 450 participants (56.7% men) with a mean age of 74.3
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(standard deviation [SD], 2.9) years provided valid data and were
included in these analyses. The majority reported being living
with others (85.8%), and in good perceived health (80.7%) and no
physical limitation (77.3%) (Table 1). Significant differences
between graduated daily step count categories were observed by
gender, city of residence, working status, physical limitations, and
perceived health.

Descriptive statistics
Overall, mean accelerometer wear time was 874 (SD, 90.4) min=d.
Participants averaged 5,412 (SD, 2,878; range, 25–6,119) steps=d
and accumulated MVPA, LPA, and SB corresponding to 4.0%,
34.8%, and 61.2% of daily waking time, respectively. There was a
significant difference in the composition of time spent in different
intensities of physical activity and SB between groups defined by
graduated daily step counts (Pillai’s Trace, P < 0.001). The
ternary diagram presents these compositions (Figure 1). Table 2
presents the variation matrix indicating the dispersion of each
component. The largest variability was observed in ratio of MVPA
to SB.

Linear regression models
Results of linear regression models with ilr coordinates are
presented in Table 3. Daily step count was higher with elevated
in time spent in MVPA relative to other time-stamped com-
ponents (β = 2,974, P < 0.001) and the ratio between LPA and
SB (β = 1,008, P < 0.001) allowing for MVPA in overall
sample. The relative contribution of time spent in MVPA was
significantly related to daily step count, regardless of graduated
daily step count category. However, the ratio between LPA and
SB had a significant relationship with daily step count in those
taking <5,000 steps=d, but not in those taking 5,000–7,499 and
≥7,500 steps=d. Figure 2 shows a ternary diagram for estimated

Table 1. Characteristics of study participants and time spent in intensities of physical activity and sedentary behavior by step-based
categories

Overall <5,000 steps=d 5,000–7,499 steps=d ≥7,500 steps=d
P-value(n = 450) (n = 224) (n = 121) (n = 105)

n (%)=mean (SD) n (%)=mean (SD) n (%)=mean (SD) n (%)=mean (SD)

Gender, men 255 (56.7%) 114 (50.9%) 77 (63.6%) 64 (61.0%) 0.045a

Age, years, mean (SD) 74.3 (2.9) 74.3 (2.9) 74.7 (2.7) 74.0 (2.9) 0.119b

City of residence, urban 142 (31.6%) 66 (29.5%) 32 (26.4%) 44 (41.9%) 0.028a

Working status, yes 131 (29.1%) 51 (22.9%) 47 (38.8%) 33 (31.7%) 0.006a

Living arrangement, with others 386 (85.8%) 191 (85.7%) 109 (90.1%) 86 (81.9%) 0.207a

Body mass index, kg=m2, mean (SD) 22.5 (3.0) 22.4 (3.2) 22.9 (2.8) 22 (12.6) 0.104b

Perceived health, good 363 (80.7%) 165 (73.7%) 102 (84.3%) 96 (91.4%) 0.005a

Physical limitation, no 348 (77.3%) 160 (72.7%) 97 (80.8%) 91 (87.5%) 0.006a

Step count, steps=d, mean (SD) 5,412 (2,878) 3,106 (1,222) 6,124 (707) 9,512 (1,714)
Accelerometer wear time, min=d,+ mean (SD) 873.9 (90.4) 865.4 (91.0) 872.8 (90.7) 893.3 (87.5) 0.031b

SB, min=d, mean (SD) 521.7 (119.5) 552.7 (113.7) 496.4 (120.0) 484.9 (114.4) <0.001b

LPA, min=d, mean (SD) 307.4 (102.0) 287.7 (102.3) 324.6 (93.5) 329.5 (103.6) <0.001b

MVPA, min=d, mean (SD) 44.8 (31.3) 25.0 (17.9) 51.8 (24.7) 78.9 (27.6) <0.001b

Proportion of accelerometer wear time
SB, % 61.2 65.4 57.4 55.0

<0.001cLPA, % 34.8 32.4 37.1 36.4
MVPA, % 4.0 2.3 5.6 8.7

Values reported as n (%) unless otherwise noted.
LPA, light-intensity physical activity; MVPA, moderate-to-vigorous physical activity; SB, sedentary behavior; SD, standard deviation.
aChi-squared test.
bAnalysis of variance.
cMultivariate analysis of variance.
+Arithmetic mean.
Missing value: working status; n = 2, living arrangement; n = 1, and physical limitation; n = 6.

Figure 1. Ternary diagrams of the compositions of time spent
in intensities of physical activity and sedentary
behaviors by step-based categories. LPA, light-
intensity physical activity; MVPA, moderate-to-
vigorous physical activity; SB, sedentary behavior.

Table 2. Variation matrix of time spent in sedentary, light-intensity
and moderate-to-vigorous physical activity

SB LPA MVPA

SB 0
LPA 0.275 0
MVPA 0.903 0.531 0

LPA, light-intensity physical activity; MVPA, moderate-to-vigorous
physical activity; SB, sedentary behavior.
A value close to zero implies that the times spent in the two behaviors
involved in the ratio are highly proportional.
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daily step count in proportion of time spent in MVPA, LPA, and
SB. The relative contribution of time spent in MVPA was
strongly related to daily step count.

DISCUSSION

Accounting for the co-dependence of time spent in all activity
behaviors, higher daily step count was related to higher ratio of
LPA to SB as well as to a greater relative proportion of time spent
in MVPA, particularly among those taking <5,000 steps=d. The
present study appears to be the first to examine how daily step
count related to time spent in SB and LPA, after controlling for

time spent in all behaviors. We also found that the relationships
between daily step count and time spent in different intensities
of physical activity and SB differed according to step-based
categories.

Daily step count was strongly associated with MVPA, and
those who accumulated more steps during the day also
accumulated less time spent in LPA and SB. In general,
ambulatory activities (walking or running) require moderate or
higher intensity (ie, ≥3.0 METs) except in the case of very slow
speeds.21,32 Slow walking, often observed in older people, may be
captured by accelerometers as LPA. Another problem is that step
count function decreases at slow walking speeds. Accelerometers
used in this study have relatively accurate daily step count
functions regardless of walking speed in healthy older people.21

However, in physically vulnerable people (therefore often less
active), daily step count can be under-estimated.21

There have been several attempts to classify active=inactive
population groups using daily step count data.30,33 To date, only
one study investigated how daily step count related with time-
stamped intensity patterns including LPA and SB.14 This previous
study by actigraphy demonstrated that daily step count explained
25% of the variation in SB, 69% of time in LPA, and 63% of time
in moderate physical activity among adults (mean age, 47 years).
The differences in associations of different intensities of physical
activity and SB with daily step count between these previous
results and our findings may be due to methodological differences
(eg, statistical methods and activity classification) and target
study population. It may be difficult to directly compare findings
obtained by conventional statistical analysis with those obtained
by CoDa, our findings are consistent with previous study in
terms daily step count is well-related with time spent in MVPA.
Future research using CoDa approach is required to examine the
generalizability of the present results.

There is a growing body of evidence on effects of daily step
count on health outcomes.2–4 Recent findings from the Women’s
Health Study reported dose-response relationships, with a decline
in hazard ratios of mortality with more accumulated daily step
count.4 The slope was steeper among those with accumulated
lower daily step count. This is probably because they receive
health benefits from increased LPA as well as MVPA along with
increasing daily step count.

Daily step count is easy to measure and understand for general
public. Studies over recent decades have provided important
information on the national level of step-determined physical
activity and its trends from around the world.33,34 The National
Health and Nutrition Survey of Japan, for example, reported
pedometer-determined daily step count in a nationally represen-
tative sample since 1995.35,36 Emerging evidence highlighted the
potential for analyzing daily step counts automatically collected
by smartphone applications for monitoring physical activity37–39

and for international activity comparisons37 with a single method.
With the growing popularity of smartphones worldwide, using
smartphones for physical activity and public health research may
have large scale utility. Although accelerometers can provide
more detailed activity patterns regarding frequency, duration, and
intensity, they might be inadequate for collecting big data due to
relatively high cost and low response rate from the target popula-
tion (ie, selection bias). Large scale step-determined physical
activity indices based on data from smartphones has considerable
potential for future international comparisons. Our findings,
relating daily step count to accelerometer-determined different

Table 3. Compositional regression analysis of the relationships
of sedentary and physically active behaviors with daily
step count categories

β SE t-value P-value

Overall sample
ilr coordinate1 2973.96 128.17 23.20 <0.001
ilr coordinate2 1007.87 270.23 3.73 <0.001
<5,000 steps=d

ilr coordinate1 1210.69 91.22 13.27 <0.001
ilr coordinate2 857.95 187.81 4.57 <0.001

5,000–7,499 steps=d
ilr coordinate1 416.58 166.92 2.50 0.014
ilr coordinate2 119.54 220.76 0.54 0.589

≥7,500 steps=d
ilr coordinate1 3188.61 479.17 6.65 <0.001
ilr coordinate2 −2.67 450.98 −0.01 0.995

B, unstandardized regression coefficient estimate; ilr, isometric log-ratio;
LPA, light-intensity physical activity; MVPA, moderate-to-vigorous
physical activity; SB, sedentary behavior; SE, standard error.
Note: Isometric log-ratio transformation was used in compositional
regression analyses. The regression estimate corresponds to one increase
ilr coordinates. The ilr coordinate1 presents the ratio of MVPA time to time
spent in LPA and SB, whereas ilr coordinate2 expresses the ratio of LPA
time to SB time. Models adjusted for age, gender, and city of residence.

Figure 2. Estimated step count in proportion of sedentary
behavior, light-intensity physical activity, and
moderate-to-vigorous physical activity. LPA, light-
intensity physical activity; MVPA, moderate-to-
vigorous physical activity; SB, sedentary behavior.
Note: models adjusted for age, gender, and
residence of city.
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intensities of physical activity and SB can help to inform
comparisons between such studies.

Strengths and limitations
Strengths of this study include the use of novel statistical
approach (CoDa), which accounts for the compositional nature
of time-use data. Our study is the novel investigation about
interrelationships between daily step count and time spent in SB
and different intensities of physical activity after controlling for
time spent in all behaviors, which goes beyond a previous study
that did not fully consider the compositional nature of time-use
data.14 However, it has several limitations. Our sample was
restricted to older adults with a narrow age range. Further
research for the broader adult and older adult population are
needed to evaluate the generalizability of these results. Another
limitation is that the accelerometers used in this study do not
detect posture accurately (eg, sitting and standing). Therefore,
LPA and SB may have been over=underestimated. However, it
has been reported that accelerometers used in this study slightly
(25min=d) underestimated SB time compared to inclinometer
(activPAL) as a criterion.22 The algorithm for daily step count and
time spent in different intensities of physical activity and SB can
be different between activity device brands. Future research using
different activity devices is required to test external validity.

In conclusion, higher daily step count can be an indicator of
not only larger relative contribution of time spent in MVPA, but
also higher ratio between LPA and SB, particularly among those
who are the least physically active. This indicates daily step count
can be useful for indirect estimate of sedentary and different
intensities of physical activity patterns. Increasing time spent
stepping should contribute both to reducing SB and increasing
LPA. Our findings are also helpful for interpreting interrelation-
ships between different physical activity research findings, and
for better aligning pedometer-based data with accelerometer-
based data.

ACKNOWLEDGEMENT

We thank the participants for their time and effort in our study.
This work was supported by the Japan Society for the Promotion
of Science (JSPS) KAKENHI (Grants Numbers JP19H03910,
JP20500604, JP16H03249, JP15H02964); and MEXT-Supported
Program for the Strategic Research Foundation at Private
Universities, 2015–2019 from the Ministry of Education, Culture,
Sports, Science and Technology (S1511017). Amagasa is
supported by JSPS Research Fellowships for Young Scientists.
Owen is supported by the National Health and Medical Research
Council of Australia through a Senior Principal Research
Fellowships (#1003960), a NHMRC Centre for Research
Excellence (#1057608) and by the Victorian Government’s
Operational Infrastructure Support Program.

Conflicts of interest: None declared.

REFERENCES

1. Dai S, Carroll DD, Watson KB, Paul P, Carlson SA, Fulton JE.
Participation in types of physical activities among US adults—
National Health and Nutrition Examination Survey 1999–2006.
J Phys Act Health. 2015;12(Suppl 1):S128–S140.

2. Yamamoto N, Miyazaki H, Shimada M, et al. Daily step count and
all-cause mortality in a sample of Japanese elderly people: a cohort
study. BMC Public Health. 2018;18(1):540.

3. Dwyer T, Pezic A, Sun C, et al. Correction: Objectively Measured
Daily Steps and Subsequent Long Term All-Cause Mortality:
The Tasped Prospective Cohort Study. PLoS One. 2015;10(12):
e0146202.

4. Lee IM, Shiroma EJ, Kamada M, Bassett DR, Matthews CE, Buring
JE. Association of step volume and intensity with all-cause mortality
in older women. JAMA Intern Med. 2019;179(8):1105–1112.

5. Saint-Maurice PF, Troiano RP, Bassett DR Jr, et al. Association of
daily step count and step intensity with mortality among US adults.
JAMA. 2020;323(12):1151–1160.

6. Shephard RJ, Park H, Park S, Aoyagi Y. Objective longitudinal
measures of physical activity and bone health in older Japanese: the
Nakanojo Study. J Am Geriatr Soc. 2017;65(4):800–807.

7. Dwyer T, Ponsonby AL, Ukoumunne OC, et al. Association of
change in daily step count over five years with insulin sensitivity and
adiposity: population based cohort study. BMJ. 2011;342:c7249.

8. Oja P, Kelly P, Murtagh EM, Murphy MH, Foster C, Titze S. Effects
of frequency, intensity, duration and volume of walking interven-
tions on CVD risk factors: a systematic review and meta-regression
analysis of randomised controlled trials among inactive healthy
adults. Br J Sports Med. 2018;52(12):769–775.

9. Bull FC, Hardman AE. Walking: a best buy for public and planetary
health. Br J Sports Med. 2018;52(12):755–756.

10. Aoyagi Y, Shephard RJ. Steps per day: the road to senior health?
Sports Med. 2009;39(6):423–438.

11. Chastin SFM, De Craemer M, De Cocker K, et al. How does light-
intensity physical activity associate with adult cardiometabolic
health and mortality? Systematic review with meta-analysis of ex-
perimental and observational studies. Br J Sports Med. 2019;53(6):
370–376.

12. Amagasa S, Machida M, Fukushima N, et al. Is objectively
measured light-intensity physical activity associated with health out-
comes after adjustment for moderate-to-vigorous physical activity in
adults? A systematic review. Int J Behav Nutr Phys Act. 2018;15(1):
65.

13. Katzmarzyk PT, Powell KE, Jakicic JM, Troiano RP, Piercy K,
Tennant B; 2018 PHYSICAL ACTIVITY GUIDELINES
ADVISORY COMMITTEE. Sedentary Behavior and Health:
Update from the 2018 Physical Activity Guidelines Advisory
Committee. Med Sci Sports Exerc. 2019;51(6):1227–1241.

14. Tudor-Locke C, Johnson WD, Katzmarzyk PT. Relationship
between accelerometer-determined steps=day and other accelerom-
eter outputs in US adults. J Phys Act Health. 2011;8(3):410–419.

15. Chastin SFM, Palarea-Albaladejo J, Dontje ML, Skelton DA.
Combined effects of time spent in physical activity, sedentary be-
haviors and sleep on obesity and cardio-metabolic health markers: a
novel compositional data analysis approach. PLoS One. 2015;10(10):
e0139984.

16. Dumuid D, Stanford TE, Martin-Fernández JA, et al. Compositional
data analysis for physical activity, sedentary time and sleep research.
Stat Methods Med Res. 2018;27(12):3726–3738.

17. Inoue S, Ohya Y, Odagiri Y, et al. Perceived neighborhood envi-
ronment and walking for specific purposes among elderly Japanese.
J Epidemiol. 2011;21(6):481–490.

18. Amagasa S, Inoue S, Fukushima N, et al. Associations of neigh-
borhood walkability with intensity- and bout-specific physical
activity and sedentary behavior of older adults in Japan. Geriatr
Gerontol Int. 2019;19(9):861–867.

19. Ohkawara K, Oshima Y, Hikihara Y, Ishikawa-Takata K, Tabata I,
Tanaka S. Real-time estimation of daily physical activity intensity
by a triaxial accelerometer and a gravity-removal classification
algorithm. Br J Nutr. 2011;105(11):1681–1691.

20. Oshima Y, Kawaguchi K, Tanaka S, et al. Classifying household
and locomotive activities using a triaxial accelerometer. Gait
Posture. 2010;31(3):370–374.

21. Park J, Ishikawa-Takata K, Tanaka S, Bessyo K, Tanaka S, Kimura
T. Accuracy of estimating step counts and intensity using accel-
erometers in older people with or without assistive devices. J Aging
Phys Act. 2017;25(1):41–50.

22. Kurita S, Yano S, Ishii K, et al. Comparability of activity monitors

Amagasa S, et al.

J Epidemiol 2021 j 5

https://pubmed.ncbi.nlm.nih.gov/26083795
https://pubmed.ncbi.nlm.nih.gov/29685125
https://pubmed.ncbi.nlm.nih.gov/26720147
https://pubmed.ncbi.nlm.nih.gov/26720147
https://pubmed.ncbi.nlm.nih.gov/31141585
https://pubmed.ncbi.nlm.nih.gov/32207799
https://pubmed.ncbi.nlm.nih.gov/27943243
https://pubmed.ncbi.nlm.nih.gov/21233153
https://pubmed.ncbi.nlm.nih.gov/29858464
https://pubmed.ncbi.nlm.nih.gov/29187348
https://pubmed.ncbi.nlm.nih.gov/19453204
https://pubmed.ncbi.nlm.nih.gov/29695511
https://pubmed.ncbi.nlm.nih.gov/29695511
https://pubmed.ncbi.nlm.nih.gov/29986718
https://pubmed.ncbi.nlm.nih.gov/29986718
https://pubmed.ncbi.nlm.nih.gov/31095080
https://pubmed.ncbi.nlm.nih.gov/21487141
https://pubmed.ncbi.nlm.nih.gov/26461112
https://pubmed.ncbi.nlm.nih.gov/26461112
https://pubmed.ncbi.nlm.nih.gov/28555522
https://pubmed.ncbi.nlm.nih.gov/22001543
https://pubmed.ncbi.nlm.nih.gov/31290251
https://pubmed.ncbi.nlm.nih.gov/31290251
https://pubmed.ncbi.nlm.nih.gov/21262061
https://pubmed.ncbi.nlm.nih.gov/20138524
https://pubmed.ncbi.nlm.nih.gov/20138524
https://pubmed.ncbi.nlm.nih.gov/27180730
https://pubmed.ncbi.nlm.nih.gov/27180730


used in Asian and Western-country studies for assessing free-living
sedentary behaviour. PLoS One. 2017;12(10):e0186523.

23. Murakami H, Kawakami R, Nakae S, et al. Accuracy of wearable
devices for estimating total energy expenditure: comparison with
metabolic chamber and doubly labeled water method. JAMA Intern
Med. 2016;176(5):702–703.

24. Haskell WL, Lee IM, Pate RR, et al; American College of Sports
Medicine; American Heart Association. Physical activity and public
health: updated recommendation for adults from the American
College of Sports Medicine and the American Heart Association.
Circulation. 2007;116(9):1081–1093.

25. Pate RR, O’Neill JR, Lobelo F. The evolving definition of
“sedentary”. Exerc Sport Sci Rev. 2008;36(4):173–178.

26. Tudor-Locke C, Camhi SM, Troiano RP. A catalog of rules,
variables, and definitions applied to accelerometer data in the
National Health and Nutrition Examination Survey, 2003–2006. Prev
Chronic Dis. 2012;9:E113.

27. Trost SG, McIver KL, Pate RR. Conducting accelerometer-based
activity assessments in field-based research. Med Sci Sports Exerc.
2005;37(11 Suppl):S531–S543.

28. 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. 2008;40(1):181–188.

29. Tokuda Y, Okubo T, Ohde S, et al. Assessing items on the SF-8
Japanese version for health-related quality of life: a psychometric
analysis based on the nominal categories model of item response
theory. Value Health. 2009;12(4):568–573.

30. Tudor-Locke C, Craig CL, Thyfault JP, Spence JC. A step-defined

sedentary lifestyle index: <5000 steps=day. Appl Physiol Nutr
Metab. 2013;38(2):100–114.

31. Pawlowsky-Glahn V, Buccianti A. Compositional Data Analysis:
Theory and Applications. Wiley; 2011.

32. Ainsworth BE, Haskell WL, Herrmann SD, et al. 2011 Compendium
of Physical Activities: a second update of codes and MET values.
Med Sci Sports Exerc. 2011;43(8):1575–1581.

33. Bassett DR Jr, Toth LP, LaMunion SR, Crouter SE. Step counting: a
review of measurement considerations and health-related applica-
tions. Sports Med. 2017;47(7):1303–1315.

34. Tudor-Locke C, Craig CL, Brown WJ, et al. How many steps=day
are enough? For adults. Int J Behav Nutr Phys Act. 2011;8:79.

35. Takamiya T, Inoue S. Trends in step-determined physical activity
among Japanese adults from 1995 to 2016. Med Sci Sports Exerc.
2019;51(9):1852–1859.

36. Inoue S, Ohya Y, Tudor-Locke C, Tanaka S, Yoshiike N,
Shimomitsu T. Time trends for step-determined physical activity
among Japanese adults. Med Sci Sports Exerc. 2011;43(10):1913–
1919.

37. Althoff T, Sosič R, Hicks JL, King AC, Delp SL, Leskovec J. Large-
scale physical activity data reveal worldwide activity inequality.
Nature. 2017;547(7663):336–339.

38. Howe KB, Suharlim C, Ueda P, Howe D, Kawachi I, Rimm EB.
Gotta catch’em all! Pokémon GO and physical activity among
young adults: difference in differences study. BMJ. 2016;355:i6270.

39. Amagasa S, Kamada M, Sasai H, et al. How well iPhones measure
steps in free-living conditions: cross-sectional validation study.
JMIR Mhealth Uhealth. 2019;7(1):e10418.

Daily Step Counts and Activity Behaviors

6 j J Epidemiol 2021

https://pubmed.ncbi.nlm.nih.gov/29045441
https://pubmed.ncbi.nlm.nih.gov/26999758
https://pubmed.ncbi.nlm.nih.gov/26999758
https://pubmed.ncbi.nlm.nih.gov/17671237
https://pubmed.ncbi.nlm.nih.gov/18815485
https://pubmed.ncbi.nlm.nih.gov/22698174
https://pubmed.ncbi.nlm.nih.gov/22698174
https://pubmed.ncbi.nlm.nih.gov/16294116
https://pubmed.ncbi.nlm.nih.gov/16294116
https://pubmed.ncbi.nlm.nih.gov/18091006
https://pubmed.ncbi.nlm.nih.gov/18783391
https://pubmed.ncbi.nlm.nih.gov/23438219
https://pubmed.ncbi.nlm.nih.gov/23438219
https://pubmed.ncbi.nlm.nih.gov/21681120
https://pubmed.ncbi.nlm.nih.gov/28005190
https://pubmed.ncbi.nlm.nih.gov/21798015
https://pubmed.ncbi.nlm.nih.gov/30933002
https://pubmed.ncbi.nlm.nih.gov/30933002
https://pubmed.ncbi.nlm.nih.gov/21448082
https://pubmed.ncbi.nlm.nih.gov/21448082
https://pubmed.ncbi.nlm.nih.gov/28693034
https://pubmed.ncbi.nlm.nih.gov/27965211
https://pubmed.ncbi.nlm.nih.gov/30626569

