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Background : Walking is a fundamental daily activity representing health status and physical condition. The 

number of steps taken in a given time period is widely used in research areas such as aging, geriatrics, gerontol- 

ogy, public health, and preventive medicine. However, the underlying mechanisms of step counts are not well 

understood. 

Objectives : To investigate daily step counts associated with temperature, transportation, and marital status. 

Design : Time series analysis of daily steps using built-in healthcare applications on smartphones. 

Setting : Government-designated, well-developed urban cities in Japan: Fukuoka, Kawasaki, Kobe, Kyoto, and 

Saitama. 

Participants : Respondents totaled 622 40- to 79-year-olds, comprising 370 males and 252 females. 

Measurements : The mean period of our retrospective data was 2,344 days. 

Results : Seasonal-trend decomposition using loess was applied to time series steps. With the high coefficient of 

determination R2 : 0.798, an absolute value function was fitted between temperature and the mean daily steps of 

the seasonal component. Furthermore, ordinary train usage in Saitama, Kawasaki, and Fukuoka was significantly 

greater than that in Kobe and Kyoto by 14.1 points ( 𝑝 = 0 . 001 ). Moreover, married and divorced or bereaved males’ 

mean daily step counts were significantly larger than those of females’ by 1,832 ( 𝑝 = 0 . 001 ) and 2,480 ( 𝑝 = 0 . 001 ), 
respectively. By contrast, the difference in the mean daily step counts for unmarried males and females was only 

100. 

Conclusions : This study presents significant associations between mean daily steps and the factors of tempera- 

ture, transportation, and marital status. These associations can alleviate biases in step research by area and season 

to facilitate better step count comparisons in many research fields. 
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. Introduction 

.1. Background 

Walking is a fundamental daily activity that represents health status

1] and physical condition [2] . Step counts are widely used in various

elds such as aging [3] , geriatrics [4] , gerontology [5] , public health

6] , and preventive medicine [7–9] . Step analysis has the advantage of

enerality; that is, most people walk daily, regardless of age, sex, or

esidential area. Furthermore, steps are typically measured using non-

nvasive methods such as pedometers. Analyzing daily steps accurately

nd over time, however, has remained challenging owing to the need to

ollect steps in daily life for several contiguous years. 

Japan has the most aging population globally, with life expectancy at

irth of 81.5 years in males and 86.9 years in females as of 2019 [10] .
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he predominant causes of mortality in Japan are non-communicable

iseases (chronic diseases), specifically malignant neoplasms, cardiovas-

ular disease, and cerebrovascular disease [11] . This trend is common

mong high-income countries, where increased life expectancy has led

o a higher prevalence of chronic diseases [12] . To reduce chronic dis-

ases requires people to take care of themselves daily. 

Preventive medicine plays a critical role in maintaining the public’s

ealth; its aim is to preserve health by preventing diseases from inter-

upting our daily lives. The relationships between health and daily step

ounts have been studied extensively. A sedentary lifestyle, character-

zed by fewer than 5,000 daily steps, is significantly associated with

levated risks of all-cause mortality, cardiovascular mortality, cancer

ortality, and type 2 diabetes mellitus [13] . One meta-analysis [14] re-

orted an inverse association between daily steps and all-cause mor-

ality: a 15 % decreased risk of all-cause mortality associated with a
y 2025 
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,000-step increment. Therefore, increasing step counts in daily life is

undamental in preventive medicine. Importantly, however, while the

elationship between steps and longevity is important for aging and

reventive medicine, walking is sensitive to climates and natural en-

ironments, as evidenced by seasonal changes observed in step counts.

hese changes have historically prevented longitudinal analysis of step

hanges. 

.2. Related work 

Large-scale step data have been analyzed using questionnaires or

martphones to improve public health and address aging. From 2009 to

019, the Japanese government annually conducted one of the largest

tep surveys in Japan with 4,591 participants, which included questions

bout physical activities and nutrition [15] . This survey reported that

he mean daily step counts were 6,793 and 5,832 for males and females,

espectively. Unfortunately, the survey was discontinued because of the

OVID-19 pandemic. Some step studies, such as the survey mentioned

bove, use pedometers to record daily steps, while others use smart-

hone applications for walking [16–18] and tracking physical activity

19] . Importantly, smartphone applications can allow for greater num-

ers of participants because researchers are not required to provide pe-

ometers. 

Seasonal changes in daily step counts have also been examined using

edometers in Japan because aging is a longitudinal process analyzed

sing long-term data; however, seasonal changes affect long-term step

ounts. Although previous work has accounted for seasonal changes, the

articipants were all in their 70s, and the sample sizes were only 41 [20] ,

9 [21] , and 22 [22] . These studies were pioneering but inadequate

ecause of the lack of quantitative analysis [20] and discrete time-series

teps. The intervals of data collection were 3 months and thus did not

eflect the continuous four seasons [21,22] . 

.3. Research objectives 

Previous studies have shown that walking behavior is influenced by

oth environmental and lifestyle factors. However, comprehensive anal-

ses of these factors have been limited by the lack of long-term step data

nd reliable participants. Although temperature effects on walking have

een observed [20] , their detailed mechanisms remain unclear. Simi-

arly, walkability has been shown to affect daily steps [19] , but the role

f transportation modes in daily steps has not been examined. Further-

ore, previous studies [15,19] have reported daily steps by sex without

ccounting for marital status, despite evidence that marriage influences

ifestyle patterns among females in Japan [23] . Therefore, this study

ims to investigate the associations between daily step counts and three

ey factors in urban cities: temperature as a fundamental environmen-

al condition, transportation modes as city characteristics, and marital

tatus as a lifestyle factor. 

. Methods 

.1. Study cities 

Previous step studies have been conducted in a city [17,18,20–22] ,

 county [15] , and multiple countries [16] ; however, they did not re-

ort the impact on daily steps of differences among cities. It is im-

ortant to understand these differences because public health and city

lanning often focus on city communities. We selected government-

esignated cities in Japan —cities that possess equal authority over pre-

ectures —to create alignment in economic development across the sam-

le and thereby minimize potential obstacles that might prevent res-

dents from walking or being active outdoors. The Japanese govern-

ent enables cities with populations of 500,000 or more, excluding

okyo, to have swift administrative responses because some prime cities

re comparable to prefectures, as indicated in the Local Autonomy Act
2

24] . These cities have well-developed infrastructure: streets, sidewalks,

ridges, parks, public facilities, and public transportation. 

From twenty government-designated cities in Japan as of Decem-

er 26, 2024, we selected five cities: Fukuoka City, Fukuoka Prefecture;

awasaki City, Kanagawa Prefecture; Kobe City, Hyogo Prefecture; Ky-

to City, Kyoto Prefecture; and Saitama City, Saitama Prefecture. These

ities have humid subtropical climates with four distinct seasons, but it

arely snows in winter. The geographical features of the cities primarily

omprise flat land. By selecting cities with similar climates and devel-

pment levels, we aimed to investigate the influence of transportation

odes on walking behavior while controlling for other urban environ-

ental factors. The populations of the five selected cities in this study,

s shown in Table 1 (a), were continuously ranked from fifth to ninth

n the list of 20 government-designated cities. Thus, these cities have

pproximately equal populations. Furthermore, mean temperatures for

he four seasons differ less than 3 °C among the five cities. As shown in

able 1 (a), we calculated the distance between each study city and its

earest large city (either a government-designated city or one of the 23

ards of Tokyo) using city locations [25] , considering their connections

hrough transportation networks such as trains and cars. 

.2. Data collection and study participants 

We obtained step data using a built-in healthcare application in Ap-

le iPhone smartphones to analyze time series step counts for several

ears. Apple’s step-counting algorithm is proprietary, and the details

re not disclosed. However, step counts measured by Apple iPhone

martphones demonstrated strong concordance with pedometer mea-

urements across various walking speeds (slow, self-selected, and fast),

ielding coefficients of determination R2 of 0.98, 0.98, and 0.99, re-

pectively [26] . The healthcare application is active by default and au-

omatically stores steps counted by a part of the operating system using

martphone acceleration sensors. The steps are recorded with standard

ime stamps, and we could aggregate the steps using arbitrary periods,

uch as steps per day. Furthermore, healthcare data are recorded even

f users change phone models, as long as user accounts are not changed.

To minimize selection bias, we recruited extensively (via the inter-

et), between April 28, 2024 and October 21, 2024, people who al-

ays carry their Apple iPhone smartphones. Internet-based recruitment

n Japan is an effective method, particularly given the high internet

enetration rates among adults: 97.7 % (ages 40–49), 95.2 % (ages 50–

9), 84.4 % (ages 60–69), and 59.4 % (ages 70–79) as of 2021 [27] .

his recruitment strategy helped minimize potential biases by reaching

 broader geographical distribution within each city. Our retrospective

ata consisted of adults aged 40 to 79 years living in the five selected

ities in Japan. Although we only recruited iPhone smartphone users,

he potential selection bias was negligible: as of 2021, 95 % of Japanese

eople aged 13 to 69 years use smartphones, and Apple iPhone dom-

nated 46.6 % market share based on the number of devices in Japan

28] . We also obtained the following participant information through

uestionnaires at the time of recruitment to complete our analysis: age,

ex, height, weight, residential areas, marital status, and daily trans-

ortation modes. Following [19] , we used these most recent recorded

alues for our analysis, although this limited our ability to conduct longi-

udinal analyses incorporating transportation modes and marital status.

.3. Data processing and study variables 

.3.1. Data processing and quality control 

For the data cleansing process, we first aggregated daily steps us-

ng each participant’s healthcare data. We selected the analysis period

etween January 1, 2016, and May 26, 2024, based on two factors: 1)

ata availability, as 196 participants had continuous recordings from

anuary 1, 2016, providing a substantial initial sample, and 2) the end

ate corresponded to the earliest data submission date among recruited

articipants. Second, we removed any data showing zero daily steps; this
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Table 1 

(a) Demographics of study cities. 

Fukuoka Kawasaki Kobe Kyoto Saitama 

Population (103 ) [34] 1612 1538 1525 1464 1324 

Area (km2 ) [38] 343.47 142.96 556.93 827.83 217.43 

Distance between cities (km)∗ 54.6 3.6 28.1 42.8 13.5 

Location (degree) [25] 

Latitude 33.590 35.531 34.689 35.012 35.862 

Longitude 130.402 139.703 135.196 135.768 139.646 

Mean temperature (°C) [39] 

Spring (March–May) 16.4 15.5 15.7 15.3 14.8 

Summer (June–August) 27.1 25.6 26.7 26.9 25.8 

Autumn (September–November) 20.1 19.1 20.1 19.0 18.0 

Winter (December–February) 8.4 7.8 7.6 6.3 5.7 

∗ Distance between a study city and the nearest government-designated cities or the 23 wards of Tokyo [25] . 

Table 2 

(b) Demographics of study participants stratified by age as mean (standard deviation) or counts (%). 

40–49 50–59 60–69 70–79 All 

( n = 274 ) ( n = 225 ) ( n = 101 ) ( n = 22 ) ( n = 622 ) 

Sex, male (%) 123 (44 %) 153 (68 %) 76 (75 %) 18 (81 %) 370 (59 %) 

Height (cm) 164.1 (8.8) 167.5 (8.7) 167.7 (7.3) 166.4 (6.7) 166.0 (8.6) 

Weight (kg) 61.3 (13.4) 64.9 (12.7) 65.4 (13.4) 64.2 (12.0) 63.4 (13.2) 

BMI (kg·m-2 ) 22.6 (4.0) 23.0 (3.6) 23.1 (3.7) 23.1 (3.5) 22.9 (3.8) 

Residential city (n) 

Fukuoka 39 (14 %) 37 (16 %) 13 (12 %) 6 (27 %) 95 

Kawasaki 54 (19 %) 61 (27 %) 22 (21 %) 5 (22 %) 142 

Kobe 65 (23 %) 39 (17 %) 19 (18 %) 4 (18 %) 127 

Kyoto 62 (22 %) 41 (18 %) 31 (30 %) 5 (22 %) 139 

Saitama 54 (19 %) 47 (20 %) 16 (15 %) 2 (9 %) 119 

Marital status (n) 

Married 181 (41 %) 162 (37 %) 82 (19 %) 18 (4 %) 443 

Unmarried 27 (39 %) 27 (39 %) 12 (17 %) 3 (4 %) 69 

Divorced or bereaved 66 (60 %) 36 (33 %) 7 (6 %) 1 (1 %) 110 

Step data 

Period (days) 2379 (715) 2404 (729) 2449 (702) 2287 (840) 2344 (721) 

“n ” denotes the number of participants. 
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ikely indicated that the participant had forgotten to carry their phone

ith them (we had previously confirmed that participants always car-

ied their smartphones throughout the questionnaires). Third, we ap-

lied the Smirnov-Grubbs test [29] to each participant’s data. This test

as selected because previous research demonstrated that daily step

ounts follow an approximately normal distribution with a single peak

cross multiple countries, including Japan [19] . The test excluded out-

ier steps using a 5 % significance level, providing a statistically rigorous

ethod for identifying outliers within each participant’s walking pat-

ern. Finally, we calculated the mean 𝜇 and standard deviation 𝜎 for the

ean daily steps of all participants, and then eliminated 36 participants

5.5 % of initial 658 participants) whose mean daily steps exceeded the

hreshold of 𝜇 + 1 . 645 𝜎: 13,750 daily steps. This threshold selection was

ased on two considerations: 1) it corresponded to the upper 5 % par-

icipants on the normal distribution assumption, and 2) it aligned with

revious large-scale research of 20,386 Japanese participants showing

hat daily steps above 14,000 were rare in the Japanese population [19] .

.3.2. Study population characteristics 

To the best of our knowledge, we are the first researchers to directly

nalyze step data stored in the built-in healthcare application on Apple

Phone smartphones. The participants’ demographics, after data cleans-

ng, are shown in Table 2 (b). The 622 participants comprised 370 males

nd 252 females aged 40 to 79 years. The number of participants in

ach city was at least 95. The mean period of data collection among all

articipants was 2,344 days, encompassing repeated seasons. 

.4. Statistical analysis 

Our analysis comprised two main components: a longitudinal study

xamining the relationship between temperature and step counts over
3

ime, and cross-sectional studies investigating the associations of trans-

ortation modes and marital status with step counts. 

.4.1. Longitudinal study 

We considered the period of the COVID-19 pandemic as part of the

esearch period because the pandemic’s impact was notable enough to

ffect analysis of the time series steps over a long period. COVID-19

ases in Japan trended in seven waves, each displaying a rapid increase

n cases [30] . The Japanese government officially implemented mea-

ures in response to the COVID-19 pandemic, and although they did not

nforce lockdowns, citizens were strongly recommended to obey the

eclaration of the state of emergency on April 7, 2020, and the quasi-

tate of emergency on April 21, 2022. Following [31] , we defined the

eriod of the COVID-19 pandemic in Japan as April 7, 2020 to April 21,

022. Hence, the numbers of participants before and after the COVID-19

andemic were 541 and 622, respectively. 

To examine the relationship between temperature and step counts,

e first focused on the time series step counts to process long-term

rends. We employed Seasonal-Trend decomposition using Loess (STL)

32] because it effectively separates time series data into trend, seasonal,

nd remainder components while being robust to outliers. The STL

ethod was particularly suitable for our analysis as it can handle non-

tationary seasonal patterns commonly observed in long-term step count

ata. We determined the STL parameters according to [32] : 𝑛( 𝑝 ) = 365
ays for the number of observations in each yearly cycle of the seasonal

omponent, and 𝑛( 𝑙) = 367 (the smallest odd number larger than 𝑛( 𝑝 ) ) for

he low-pass filter. Standard STL parameters were used for the remain-

ng values: 𝑛( 𝑖 ) = 5 for inner loop iterations, 𝑛( 𝑜 ) = 0 for outer loop iter-

tions, 𝑛( 𝑠 ) = 7 for seasonal smoothing, and 𝑛( 𝑡 ) = 1 . 5 ⋅ 𝑛( 𝑝 ) ∕(1 − 1 . 5∕ 𝑛( 𝑠 ) )
or trend smoothing. The input for STL was a time series of the mean

aily steps among participants. 
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Fig. 1. Results of STL for mean daily steps among par- 

ticipants throughout all time periods. From top to bot- 

tom: input daily steps and the seasonal, trend, and remain- 

der components. Cyan lines represent 30-day moving aver- 

ages. Two dashed brown lines indicate the beginning and 

end dates of the COVID-19 pandemic on April 7, 2020, and 

March 21, 2022, respectively. The remainder component 

has peaks caused by typhoons and the declarations of the 

state or quasi-state of emergency. 
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We then analyzed the relationship between temperature and the sea-

onal component of the STL result. Based on the hypothesis that step

ounts decrease at both high and low temperatures, we introduced 𝑇𝑜𝑝𝑡 
s the optimal temperature for walking. We plotted the seasonal com-

onent against | 𝑇 𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 − 𝑇𝑜𝑝𝑡 | and calculated a regression line,

here 𝑇𝑜𝑝𝑡 was determined by maximizing the coefficient of determina-

ion R2 . 

.4.2. Cross-sectional study 

For transportation analysis, we compared mean daily steps across the

ve study cities after the COVID-19 pandemic. We examined ordinary

ransportation modes to compare two groups: cities with higher mean

aily steps and those with lower mean daily steps. The analysis focused

n the post-pandemic period to improve consistency in transportation

odes. 

For marital status analysis, we classified the participants into three

ategories based on questionnaire responses: married, unmarried, and

ivorced or bereaved. We compared mean daily steps among these cat-

gories by sex. In both transportation and marital status analyses, we

sed the t -test and z -test with the Hedges’ effect size 𝑔 to evaluate dif-

erences [33] . 

. Results 

.1. Longitudinal study results 

.1.1. Participant characteristics and comparisons 

The mean daily steps were 7524 ± 163 steps for males, 5874 ± 117

teps for females, and 6855 ± 150 steps for all participants (mean ± SE).

he mean daily steps in our study were significantly higher than those

eported in the 2019 Japanese government survey (6054 ± 58 steps; two-

ided t -test, 𝑝 = 0 . 001 , Hedges’ 𝑔 = 0 . 204 ) [15] . Our results were also
4

igher than those reported in a previous study using different smart-

hone application data (Azumio Argus) in Japan (6,010 steps) [19] . 

.1.2. Time series decomposition 

We analyzed time series daily steps throughout the period between

anuary 1, 2016, and May 26, 2024, to observe year-order trends. The

esults from STL using all participants are shown in Fig. 1 . The trend

omponent observed an increased tendency from 5,551 to 7,105 steps

rom August 16, 2020, to May 26, 2024. The remainder had large de-

iations caused by large-scale events, such as typhoons and the decla-

ations of the state or quasi-state of emergency. Because the trend and

emainder components extracted non-periodic step deviations, the sea-

onal component had zero-center periodic deviation within about ± 1000

teps, representing seasonal changes. Although the seasonal component

ad noise, the 30-day moving average indicated apparent periodicity,

s shown in Fig. 1 . 

.1.3. Temperature-dependent seasonal changes 

The STL results revealed two relationships between temperature and

aily steps. First, seasonal changes in daily steps were observed through-

ut the year. The mean daily steps of seasonal components showed

-shaped changes across months, as shown in Fig. 2 (a). The seasonal

hanges peaked at 282 steps in November (mean temperature: 13.7 °C)

nd reached their lowest point at -328 steps in August (mean temper-

ture: 28.7 °C, the annual maximum). While similar M-shaped changes

ere observed across the four seasons, their peak and trough values dif-

ered from the monthly changes. 

The second relationship emerged from regression analysis. A re-

ression line between the mean daily steps of seasonal components in

onths, 𝑦 , and | 𝑇 𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 − 𝑇𝑜𝑝𝑡 |, 𝑥 , was 𝑦 = −34 . 44 𝑥 + 246 . 59 with

he coefficient of determination R2 : 0.798, as shown in Fig. 2 (b), and

he 14.3 °C of the optimal temperature 𝑇𝑜𝑝𝑡 maximized the R2 . 
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Fig. 2. Seasonal changes in mean daily steps using the STL 

seasonal component results. The error bars are standard er- 

rors. (a) The top is the mean daily steps in months. Red and 

blue lines indicate the mean daily steps for the months and 

four seasons, respectively. The four seasons are defined as fol- 

lows: spring (March–May), summer (June–August), autumn 

(September–November), and winter (December–February). 

The bottom represents the mean temperature in months. (b) 

Mean daily steps for the seasonal component in months de- 

pend on | 𝑇 𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 − 𝑇𝑜𝑝𝑡 |, where 𝑇𝑜𝑝𝑡 is 14.3 °C. The gray 

line indicates the regression line. 

Fig. 3. City comparison of mean daily steps after the 

COVID-19 pandemic. The error bars are standard er- 

rors. The ∗ and ∗ ∗ indicate the significant difference 

of 5 % and 1 % significance levels, respectively. (a) 

The mean daily step counts for the study cities are in- 

dicated from the first to fifth bars. The last two bars 

on the right represent the aggregated cities: the higher 

cities consist of Saitama, Fukuoka, and Kawasaki, and 

the lower cities consist of Kobe and Kyoto. (b) Ordinary 

transportation usage is shown. This usage is based on 

the participant’s questionnaires, and multiple answers 

are permitted. The higher cities and lower cities corre- 

spond to the definition of (a). 
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.2. Cross-sectional study results 

.2.1. City and transportation analysis 

To investigate differences among the cities, we compared the mean

aily step counts after the COVID-19 pandemic because mean daily step

ounts slumped during the pandemic, as shown in Fig. 1 . Mean daily

tep counts were 7493 ± 331, 7439 ± 394, 7238 ± 354, 6407 ± 277, and

920 ± 300 (mean ± SE) in Saitama City, Fukuoka City, Kawasaki City,

obe City, and Kyoto City, respectively, as shown in Fig. 3 (a). Signifi-

ant differences were observed, using a two-sided t -test, in pairs of cities

 p -value, Hedges’ g ): Saitama and Kyoto ( 𝑝 = 0 . 001 , 𝑔 = 0 . 441 ), Fukuoka

nd Kyoto ( 𝑝 = 0 . 001 , 𝑔 = 0 . 415 ), Kawasaki and Kyoto ( 𝑝 = 0 . 003 , 𝑔 =
 . 339 ), Saitama and Kobe ( 𝑝 = 0 . 006 , 𝑔 = 0 . 322 ), and Fukuoka and Kobe

 𝑝 = 0 . 014 , 𝑔 = 0 . 299 ). On the basis of the significant differences in mean

aily step counts, the cities were classified into two categories: higher

nd lower. The higher cities were Saitama, Fukuoka, and Kawasaki, and

he lower cities were Kobe and Kyoto. Their mean daily steps were

377 ± 208 and 6153 ± 205 (mean ± SE) for higher and lower cities, re-

pectively, and the 1,224-step difference in mean daily steps was signif-

cant ( 𝑝 = 0 . 014 , 𝑔 = 0 . 178 ). 
We also examined the association between daily steps and trans-

ortation modes to clarify the difference between the higher and

ower cities. Fig. 3 (b) shows ordinary transportation usage: walking,

rains, cars, bicycles, buses, and taxis. The questionnaire allowed par-

icipants to select multiple answers for transportation mode. The re-

ults showed two significant differences using a two-sided z -test. The

rdinary usage of trains in the higher cities was significantly larger

han that in lower cities by 14.1 points ( 𝑝 = 0 . 001 , 𝑔 = 0 . 283 ). Ad-
 a

5

itionally, the ordinary usage of cars in the higher cities was sig-

ificantly smaller than that in lower cities by 9.0 points ( 𝑝 = 0 . 011 ,
 = 0 . 186 ). 

The train usage and the distance from the nearest large cities in the

igher cities were as follows (usage, distance): Saitama City (55.4 %,

3.5 km), Kawasaki City (57.0 %, 3.6 km), and Fukuoka City (33.7 %,

4.6 km). Although Fukuoka City is more isolated, Saitama City and

awasaki City had comparatively high train usage and short distances.

y contrast, train usage and the distances for lower cities were as fol-

ows: Kobe City (47.2 %, 28.1 km) and Kyoto City (26.1 %, 42.8 km).

verall, the higher cities had more train usage and shorter distances

rom the nearest large cities. 

.2.2. Marital status analysis 

We also studied daily step counts as a function of marital status after

he COVID-19 pandemic because daily steps tended to slump during the

andemic, as illustrated in Fig. 1 . The mean daily step counts associ-

ted with marital status are shown in Fig. 4 . Using a two-sided t -test,

e observed that the mean daily step counts of married and divorced or

ereaved males were significantly greater than those for females of simi-

ar status by 1832 ( 𝑝 = 0 . 001 , 𝑔 = 0 . 490 ) and 2480 ( 𝑝 = 0 . 001 , 𝑔 = 0 . 761 ),
espectively. By contrast, the mean daily steps of unmarried males and

emales were 6705 ± 528 and 6605 ± 383 (mean ± SE), respectively, and

he 100-step difference was nonsignificant. Additionally, the mean daily

teps of all participating males were significantly greater than those of

emales by 1649 ( 𝑝 = 0 . 001 , 𝑔 = 0 . 453 ), which was similar to the results

or married participants because 443 (71 %) participants were married,

s shown in Table 2 (b). 
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Fig. 4. Marital status comparison of mean daily steps after the COVID-19 pan- 

demic. The error bars are standard errors. The ∗ ∗ indicates the significant dif- 

ference of 1 % significance level. 
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. Discussion 

.1. Longitudinal study discussion 

.1.1. Verifying established steps 

To analyze differences in step data across measuring methods, we

ompared our findings with previous studies in Japan. Our partici-

ants showed significantly higher daily steps compared to the 2019

apanese government survey (mean difference: 801 steps) [15] and

he Azumio Argus smartphone application study (mean difference: 845

teps) [19] . This difference might be attributed to the selection of

overnment-designated cities in this study, as opposed to the nation-

ide sampling in previous studies. Previous research [19] demonstrated

 significant association between higher walkability in well-developed

rban areas and increased daily steps, suggesting that urban infras-

ructure may influence walking behavior. While our study did not di-

ectly measure walkability, our study cities are characterized by well-

eveloped infrastructure including streets, sidewalks, parks, and pub-

ic transportation systems, which could contribute to increased walking

pportunities. 

These comparisons validate our measurements obtained using the

uilt-in healthcare application. In step collection, researchers face a

rade-off between the length of study periods and the number of par-

icipants. Questionnaire surveys and non-built-in smartphone applica-

ions can reach many participants; however, these approaches capture

nly limited time ranges, which comprise the study periods. That is,

etroactive step counts cannot be collected before the commencement

f a study. By contrast, using built-in healthcare applications has the ad-

antage of obtaining long-term and accurate step counts comparable to

edometers. Although using the built-in healthcare application is time-

onsuming, only our retrospective data had continuous time-series steps

ver several years. Therefore, our approach is superior to conventional

pproaches that use pedometers and non-built-in smartphone applica-

ions, which were typically used in previous work. 
6

.1.2. Comparing seasonal changes 

We obtained a regression line between the mean daily steps of STL

easonal components, as shown in Fig. 2 (b). Because STL extracts trends

nd noise, the coefficient of determination R2 was 0.798, indicating a

ell-fitted association compared with previous work using older adults.

In gerontology, the step counts of older adults in Japan were mea-

ured as a function of seasonal changes [20–22] ; seasonal changes in

tep counts were reported in combination with temperature and length

f day [20] . This continuous measurement throughout a year was con-

ucted using pedometers attached to 41 older adults (aged 71 ± 4 years)

n Nakanojo Town, Gunma, Japan. Although seasonal changes were

bserved —as presented only in various figures as plots —the quanti-

ative difference between seasons was not reported. To analyze differ-

nces among seasons, step counts were collected from 39 older adults

aged 70.7 ± 3.2 years) in Kahoku City, Ishikawa, Japan, from Summer

005 to Winter 2008 [21] . In the summer-to-winter transition, daily

teps were 8084 ± 3237 in summer and 6098 ± 2625 in winter. In another

tudy, the daily steps of 22 older adults (aged 75.1 ± 7.3 years) were an-

lyzed in Gero City, Gifu, Japan [22] . The daily steps recorded in spring

6242 ± 3229) were significantly higher than those recorded in winter

4918 ± 3173). 

Each of these three studies [20–22] reported seasonal changes as

ewer daily steps in winter; however, seasons and steps were inconsis-

ent among the studies. For example, the data collection procedures in-

icate that location and time periods differed in important ways. Gero

ity is a mountain district, but Nakanojo Town and Kahoku City are

atlands. Furthermore, these three areas have smaller populations than

overnment-designated cities. Specifically, the populations in Nakanojo

own, Kahoku City, and Gero City are 15,386, 34,889, and 30,428, re-

pectively [34] . Therefore, the geographical features and extent of de-

elopment vary among these areas. Consequently, we cannot interpret

easonal changes in steps as a simple association that aligns with previ-

us studies [20–22] . 

Although a quadratic function between daily steps and temperature

as reported [20] , the number of participants and the observation pe-

iod were inadequate to reveal the details of the association, yielding a

mall coefficient of determination 𝑅2 : 0.318. By contrast, we obtained

he association between daily steps and mean temperature as an abso-

ute value function with a high 𝑅2 : 0.798. Our clear association was

erived from STL for time series steps. This STL alleviated year-order

rends and the deviation of daily steps caused by specific events, such

s typhoons and the declaration of a state of emergency. Our associa-

ion between steps and mean temperature indicated that 14.3 °C is the

ptimal temperature 𝑇𝑜𝑝𝑡 : comfortable conditions for walking and out-

ngs. The mean temperature of 14.3 °C approximately corresponds to

pring and autumn in our study cities, and its daytime temperature is

pproximately 20 °C to be suitable for walking and outings. Although

articipants in our study comprised various ages and sexes, the absolute

alue function | 𝑇 𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 − 𝑇𝑜𝑝𝑡 | was commonly the optimal temper-

ture for them. We interpreted the single optimal temperature as similar

o the optimum room temperature for a variety of people; that is, the

referable temperature is generally independent of age and sex. There-

ore, our regression line enables us to alleviate the step-related biases

f temperature for comparisons across various areas and seasons. This

ias reduction will be helpful for vast research fields such as aging, geri-

trics, gerontology, public health, and preventive medicine to facilitate

etter step count comparisons. 

.2. Cross-sectional study discussion 

.2.1. Association between steps and transportation 

Mean daily steps differed significantly between pairs of cities in

he present study, despite the selection of government-designated cities

ith similar populations. As noted earlier, the cities were classified into

igher and lower cities according to their mean daily steps, as shown

n Fig. 3 (a). Participants from the higher cities tended to use trains and
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ot use cars, as shown in Fig. 3 (b). These results indicate that ordinary

ransportation usage affects mean daily step counts. 

One important factor in increasing daily steps is the city environ-

ent [19] . To quantitatively assess city environments, city environ-

ents in the entire US and Canada were assessed using the Walk Score

35] , which represents the extent of the built environment in relation

o walking routes to destinations such as grocery stores, schools, parks,

estaurants, and retail centers. City environments in Japan have also

een assessed, using the Japanese walkability index [36] . However, the

apanese walkability index in our study cities was not provided in [36] ,

nd the index does not include transportation. 

We focused on transportation for our city comparisons because we

ssume that the government-designated cities are equally developed and

rovide adequate amenities. Public transportation in Japan is popular

mong people of various ages, sexes, and income levels because of its

ccurate schedules, safety, and reasonable prices. Train usage data and

he distances from the nearest large cities suggest that neighboring large

ities induce residents to visit them by train. Unlike cars, buses, and

axis, trains do not deliver people to their final destinations, which leads

o increased daily steps. Saitama City and Kawasaki City (two of the

igher cities) are located near Tokyo, the capital of Japan. Train usage

or Saitama City and Kawasaki City in the present study was 55.4 %

nd 57.0 %, respectively, and many residents in the two cities prob-

bly go shopping and commute to Tokyo by train. By contrast, train

sage in Kyoto City was only 26.1 %, and the mean daily step count

as the smallest among the study cities because the distance between

yoto City and its nearest large city is 42.8 km, which is too long a

istance for daily transportation. Furthermore, Kyoto City is one of the

ldest cities in Japan; it was established as an ancient capital in 794 be-

ore trains and cars were invented, and it has maintained its community

nd urban structure, even avoiding severe damage throughout World

ar II. This history implies that residents in Kyoto City tend to go shop-

ing near their houses because they can live comfortably within a small

rea. Therefore, our findings highlight the role of trains in promoting

ean daily steps in Japan, and provide potential insights for preventive

edicine and urban planners. 

.2.2. Association between steps and marital status 

In our comparison of daily steps and their dependence on marital

tatus, we found that married males reported significantly more daily

teps than married females, as shown in Fig. 4 . By contrast, the differ-

nce in mean daily steps between unmarried males and females was

onsignificant. 

Similar to our results, previous studies [15,19] have reported that

ales’ mean daily steps exceeded those of females. Walking is a low-

ntensity exercise and one of the most fundamental daily activities. On

he basis of these features then, we assume that the step-count differ-

nces seen in marital status were primarily caused by lifestyle variations.

n general, unmarried people spend more of their time working and per-

orming their daily lives, and the lifestyle difference between males and

emales in Japan is small [37] . By contrast, the lifestyle of married fe-

ales in Japan changes; for example, 28.8 % of them resigned from

ork, and 6.9 % of them switched from regular employment to non-

egular employment after marriage [23] for parenting and dedicating

hemselves to their family [37] . Additionally, Fig. 4 suggests that di-

orced or bereaved people do not return to their unmarried lifestyles

n terms of mean daily steps. Therefore, while our results are prelim-

nary, they underscore the need for further investigation to determine

he extent to which marital status may influence daily step counts. 

.3. Limitations 

.3.1. Data collection and sample limitations 

Although we only recruited iPhone smartphone users, the potential

election bias was likely minimal given the high smartphone penetra-

ion rate (95 % among Japanese people aged 13 to 69 years) and Ap-
7

le iPhone market share (46.6 %) in Japan as of 2021 [28] , though

nmeasured socioeconomic differences might exist. Some of the step

ata were missing despite participants reportedly always carrying smart-

hones, and the number of participants and cities was limited due to

ime-consuming data collection. Additionally, transportation modes and

arital status were collected only once during recruitment, preventing

ongitudinal analysis of these factors. 

.3.2. Statistical analysis limitations 

Sample size limitations affected multiple aspects of our analysis. The

tep data from 622 participants across five cities and six transportation

odes, combined with multiple mode selections per participant, lim-

ted the statistical power for direct comparisons between transportation

odes. This limitation led to a simplified analysis comparing transporta-

ion modes between cities with higher and lower step counts. Addition-

lly, the sample size prevented multivariate analyses that could have

djusted for potential covariates, such as age and transportation mode,

n the marital status analysis. This limitation restricted our analysis of

he combined influence of marital status and other factors on daily steps.

.3.3. Unexplained trends 

Several aspects of our findings require further investigation. We

ould not explain the steady increase in daily steps (from 5,551 to 7,105)

bserved from August 2020 to May 2024. While the initial decrease in

arly 2020 reflects the declarations of the state of emergency, the subse-

uent increase remains unexplained. This first analysis of long-term step

ata spanning pre-, during-, and post-COVID-19 periods limited our abil-

ty to compare findings with previous research. Our analysis also did not

ccount for several potential factors that might influence daily steps. 

.3.4. Future research directions 

Future studies should validate our results using different cities

nd/or countries, with larger sample sizes to enable detailed analyses

f transportation modes and marital status. Periodic collection of demo-

raphic and behavioral data would enable longitudinal analyses of these

actors. 

. Conclusion 

This study presents significant associations between mean daily step

ounts and the factors of temperature, transportation, and marital sta-

us among a large sample of urban citizens in Japan. Time series step

ata were collected, before and after the COVID-19 pandemic, using a

uilt-in healthcare application on smartphones. Our findings highlight

he trend of step increase and seasonal changes. These changes asso-

iated with temperature can alleviate biases in step research by area

nd season to facilitate better step count comparisons in many research

elds such as aging, geriatrics, gerontology, public health, and preven-

ive medicine. In our comparison of cities, we found that transportation

nvironments significantly affect residents’ daily step counts. This find-

ng underscores the importance of the built environment, which includes

ot only sidewalks and parks but also transportation modes, to promote

aily steps for health. Moreover, our findings on the association between

aily steps and marital status can help us understand some differences

etween males and females that are relevant for subsequent step studies.
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