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Abstract

Objectives

Physical activity–an important determinant of health and function in old age–may vary

according to the life-space area reached. Our aim was to study how moving through greater

life-space areas is associated with greater physical activity of community-dwelling older

people. The association between objectively measured physical activity and life-space area

reached on different days by the same individual was studied using one-week longitudinal

data, to provide insight in causal relationships.

Methods

One-week surveillance of objectively assessed physical activity of community-dwelling

70–90-year-old people in central Finland from the “Life-space mobility in old age” cohort

substudy (N = 174). In spring 2012, participants wore an accelerometer for 7 days and com-

pleted a daily diary including the largest life-space area reached (inside home, outside

home, neighborhood, town, and beyond town). The daily step count, and the time in moder-

ate (incl. walking) and low activity and sedentary behavior were assessed. Differences in

physical activity between days on which different life-space areas were reached were tested

using Generalized Estimation Equation models (within-group comparison).

Results

Participants’mean age was 80.4±4.2 years and 63.5% were female. Participants had

higher average step counts (p < .001) and greater moderate and low activity time (p < .001)

on days when greater life-space areas were reached, from the home to the town area. Only

low activity time continued to increase when moving beyond the town.

Conclusion

Community-dwelling older people were more physically active on days when they moved

through greater life-space areas. While it is unknown whether physical activity was a
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motivator to leave the home, intervention studies are needed to determine whether facilita-

tion of daily outdoor mobility, regardless of the purpose, may be beneficial in terms of pro-

moting physical activity.

Introduction
Outdoor physical activity, particularly walking, plays a key role in maintaining health and
mobility in old age [1–3]. Physical activity refers to activities performed in daily life and
includes activities such as those related to occupation, leisure-time, housework and transporta-
tion. The majority of moderate intensity physical activity in older adults occurs outside of the
individual’s home [4,5]. Furthermore, a higher frequency of leaving the home is beneficial for
maintaining health and function [6–8], and being able to go beyond the own neighborhood has
been associated with positive health outcomes, such as higher physical and cognitive function
[6–9].

Moving through a greater life-space area, that is, a spatial area in which a person commonly
acts, enables an individual to participate in meaningful activities in the society [9–11]. These
activities may include physical activities or exercise, which may explain at least part of the asso-
ciation found between higher physical activity and higher life-space mobility [9,12]. Life-space
mobility reflects the spatial area an individual moves through, the frequency of movement and
their need for assistance [13]. Optimal mobility of an individual may involve motorized trans-
port in addition to walking [14], which is a physical activity. When moving through greater
life-space areas, an individual is more likely to use a car or other forms of motorized transpor-
tation [9,15,16]. Therefore, it is not known whether moving through greater life-space areas,
such as the town or beyond, is associated with higher physical activity.

Individuals going outdoors less frequently or moving through smaller life-space areas likely
have poorer health and function, and coexisting lower levels of physical activity [6–8,17]. It is
not known whether the association between life-space mobility and physical activity [9] is
merely explained by accumulation of poor outcomes within an individual (between-subject
variation) or whether moving through greater life-space areas increases an individual’s physical
activity on that day (within-subject variation). The aim of the current study was to determine
whether going outdoors and moving through greater life-space areas is associated with greater
physical activity of community-dwelling older individuals. Instead of exploring associations by
comparing groups with different characteristics, one-week longitudinal data (within-subject
analyses) were used to study the relationship between objectively assessed physical activity and
life-space areas reached on different days by the same individual, in order to provide further
insight in potential causal relationships.

Materials and Methods

Study design and recruitment
One-week surveillance of objectively assessed physical activity as part of the substudy of the
“Life-space mobility in old age” (LISPE) cohort study in community-dwelling, 75–90-years-
old people, living in the municipalities of Muurame and Jyväskylä in central Finland. Study
methods were published previously [18]. Baseline data were collected during an interview in
the participants’ homes (N = 848). Eligibility for participation (living independently, able to
communicate, residing in the recruitment area and willing to participate) was determined dur-
ing an initial phone interview. FromMarch 26th to June 15th, 2012, a tri-axial accelerometer

Life-Space Area and Physical Activity

PLOS ONE | DOI:10.1371/journal.pone.0135308 August 7, 2015 2 / 12

and TR. The funders had no role in study design,
data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.



was offered to a subgroup of participants, of whom 190 agreed to participate [18]. Participants
signed a written informed consent form. LISPE was approved by the Ethical Committee of the
University of Jyväskylä, Finland, in October 2011.

Accelerometer and diary
An accelerometer (Hookie, tri-axial, “AM20 Activity Meter”, Hookie Technologies Ltd, Espoo,
Finland) was provided with detailed written and oral instructions. The accelerometer was worn
on the right hip for 7 consecutive days following the face-to-face interview and returned by
prepaid mail or if necessary picked up. Participants were instructed to wear the accelerometer
daily from waking up to going to sleep, removing it for water activities only.

Accelerometer default settings for thresholds and formulas for calculating different parame-
ters supplied by the manufacturer were used (Hookie Technologies Ltd, Espoo, Finland). The
sampling frequency was 100 Hz and the measurement range of the device is ± 15 g0 (gravity of
the earth). Activities were identified based on rhythmic accelerations and intensity [19]. Walk-
ing (rhythmic moderate intensity (±2g)), running (rhythmic higher intensity (>±4g)) and
other activities (without rhythm moderate to higher intensity (>±2.5g)) were identified and
merged into one category “moderate activity”, due to little running and other activity time.
Additionally, low activity (without rhythm low intensity (<±2.5g)) and sedentary behavior (no
activity detected for�5s) were identified. Total time in moderate and low activity or sedentary
behavior, and total step count of each day were analyzed.

The total daily wear time of the accelerometer was calculated from the self-report diary
data. Participants were asked to keep a diary in which they registered the time when the accel-
erometer was put on and taken off as well as potential breaks in which the accelerometer was
taken off. To retain as many participants in the analyses as possible, missing accelerometer
wear time values were imputed with the average wear time of that respective individual (if
missing 1 or 2 days; N = 15) or the group average of each day (if missing for all days; N = 1).
Sensitivity analyses did not reveal a marked effect of the imputation. In addition imputation is
justified, as previous literature shows that wear time mainly affects sedentary time and not
activity time [20, 21]. Participants also recorded daily in the diary the greatest life-space area
they moved through (1) home, 2) outside home, 3) neighborhood, 4) town, 5) beyond; in
accordance with the Life-Space Assessment [13]). Unfortunately, no information regarding
trips, duration in each life-space area or mode of transportation used was available. The num-
ber of days moving beyond the neighborhood (that is, reaching the town or beyond town area)
during the assessment week was calculated and categorized in tertiles; 0–3, 4–5, and 6–7 days.

To ensure that the variation in physical activity in older populations was captured [22],
participants were excluded if there were less than 4 valid accelerometer days (N = 11) or>1
days in-between consecutive measurement days (N = 1) [18]. A valid day was defined as a day
with�10 hours of accelerometer wear time. Few days were omitted due to technical errors of
the accelerometer (N = 3) or loss of the accelerometer in the mail (N = 1) [18]. In total, data of
174 participants were analyzed.

Other measures
The demographic variables age and gender were derived from the national register. Type of
neighborhood (urban vs. rural) and housing (apartment block, row house, and semi-detached
or detached house) were determined based on observation by the interviewers. Other variables
were obtained using self-report questionnaires. The frequency of use of transportationmodes
(car driving, car passenger, public transportation, or taxi or Special Transportation Service)
was assessed and dichotomized into at least few times a month vs. less frequently / never. The
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number of self-reported chronic diseases was calculated from a list of 22 physician diagnosed
chronic diseases and an additional open-ended question about any other physician diagnosed
chronic conditions [23]. Perceived difficulty in walking 2 km (no vs. some / a great deal of diffi-
culty / unable) was assessed, reflecting an individual’s abilities in relation to the environment
he or she moves through.

Statistical analysis
Day totals of each assessment day and overall day averages were computed for physical activity
measures: (sum / number of valid days). Sedentary time was corrected for accelerometer non-
wear time; (total wear time–(moderate + low activity time)). In addition, time proportions in
each physical activity were computed: (time in activity / total wear time)�100%. Within-subject
variation in physical activity was calculated as relative ratio ((minimal / maximal)�100%) and
within-subject variation in life-space area as absolute difference (greatest–smallest life-space
area reached). Spearman correlation coefficients of the within-subject variation in physical
activity and life-space area were computed.

Differences in participant characteristics in the groups according to the number of days that
a participant moved beyond the neighborhood during one week were tested with Kruskal Wal-
lis- and Chi-square-tests. Factors with a statistically significant difference between the groups
were considered potential confounders in subsequent analyses.

Group differences in physical activity measures between participantsmoving beyond the
neighborhood on 0–3, 4–5, or 6–7 days were tested with Generalized Linear Models (between-
subject variation). Physical activity measures were transformed using log link transformation,
due to skewed distribution. Analyses estimating step counts, moderate and low activity time,
and sedentary time were adjusted for accelerometer wear time. Analyses on time proportions
in moderate and low activity or sedentary behavior were unadjusted. All analyses were repeated
and further adjusted for age and gender, and potential confounders.

Statistical significance of the day-to-day variation (within-subject) in physical activity mea-
sures due to differences in life-space area reached was tested; within each individual, days on
which the same life-space area was reached were clustered. The variation in physical activity
(dependent variable with log link transformation) according to the life-space area (between-
subject factor) reached on that respective day was tested using General Estimating Equation
(GEE) models with unstructured working correlation matrix. Day of assessment was included
as within-subject factor. All participants moving through at least two different life-space areas
during the assessment week (N = 150) were included in the analyses. GEE modeling was con-
ducted with and without multivariate imputation by chained equations (MICE) procedure [24]
in SPSS (version 20.0; IBM, Armonk, NY, USA). The results of these analyses were similar;
only the imputed data are reported. Analyses estimating step counts, moderate and low activity
time, and sedentary time were adjusted for accelerometer wear time. Subsequently, the analyses
were further adjusted for age, sex, and potential confounders. The life-space area “neighbor-
hood” was used as reference group in the analyses as this area most likely encompasses activi-
ties that contribute to the accumulation of physical activity. Of the 150 participants included in
these analyses, 59% visited this area at least once during the assessment week. Supplementary
analyses were conducted using the life-space area “inside only” as the reference group; 20% of
the included participants restricted their life-space area at least once to the home. Finally, for
each individual, the physical activity scores were determined for the life-space areas reached
(means in case of recurrence) and used to calculate the median score and interquartile range of
the physical activity in the different life-space areas. Statistical significance was set at P< .05.

Life-Space Area and Physical Activity

PLOS ONE | DOI:10.1371/journal.pone.0135308 August 7, 2015 4 / 12



Results

Between-subject analyses
Participants were on average 80.4 ± 4.2 years-old and 63.5% was female. Table 1 shows that a
higher weekly frequency of moving beyond the neighborhood was associated with younger age.
Men, participants without walking difficulty, those driving a car at least monthly, or those
using taxi or Special Transportation Services were overrepresented in the groups with a higher
weekly frequency of moving beyond the neighborhood. Accordingly, subsequent analyses were
adjusted for age, sex, walking difficulty, and monthly car driving. Use of taxi or Special Trans-
portation Services was not adjusted due to relatively low numbers of participants.

Table 2 shows that participants moving beyond the neighborhood more frequently reached
higher step counts, greater moderate activity and lesser sedentary time. After adjustment for
accelerometer wear time, age, sex, walking difficulty, and monthly car driving the group differ-
ences were somewhat attenuated, and for sedentary behavior the associations did not remain
statistically significant.

Fig 1 shows that nearly all participants (94%) reached the town area at least once in the
assessment week, but the majority of them on multiple days of the week. Eighteen percent of
the participants stayed within the home on at least one day.

All physical activity measures showed large within-subject variation. Larger within-subject
variation in life-space area was associated with larger variation in step counts (Rs = -.35, p<
.001) and moderate activity time (Rs = -.28, p< .001). There was no association between
within-subject variation in life-space area and the variation in low activity time (Rs = -.11, p =
.139) or sedentary time (Rs = .11, p = .130).

Table 1. Participant Characteristics according to the Number of Days Moving beyond the Neighborhood during OneWeek.

0–3 days (N = 53) 4–5 days (N = 49) 6–7 days (N = 72)

Median IQR Median IQR Median IQR Pa

Age (yrs) 81.8 (7.1) 79.6 (7.2) 78.0 (5.5) .001

Chronic diseases (n) 4.0 (3) 4 (3.5) 4 (4) .636

Accelerometer wear time (hr) 13.6 (2.0) 13.7 (2.5) 14.3 (1.9) .035

% n % n % n P b

Gender (female) 81 (43) 65 (32) 50 (36) .002

Walk difficulty 2km (yes) 57 (30) 27 (13) 15 (11) < .001

Car driver (yes) 19 (10) 53 (26) 82 (40) < .001

Car passenger (yes) 70 (37) 61 (30) 60 (43) .484

Public transport (yes) 38 (20) 39 (19) 39 (28) .990

Taxi (yes) 66 (18) 10 (5) 11 (8) .001

Neighborhood (Urban) 94 (50) 92 (45) 96 (69) .650

Housing .693

(Apartment block) 55 (29) 49 (24) 46 (33)

(Row house) 13 (7) 20 (10) 24 (17)

Semi-detached / detached house) 32 (17) 31 (15) 31 (22)

IQR = interquartile range.
a Kruskal Wallis.
b Chi-square tests.

doi:10.1371/journal.pone.0135308.t001
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Within-subject analyses
Fig 2 showed that on days when a participant moved through a greater life-space area more
physical activity was detected. Table 3 shows the results of the GEE models. Compared to a day
when a participant stayed within their own neighborhood, staying inside the home was associ-
ated with lower physical activity and going to the town area was associated with greater physi-
cal activity in all measures. However, when moving beyond the town, step count and moderate
activity time were not different from moving in the neighborhood only. Yet, low activity time
was statistically significantly greater and sedentary time significantly lower when moving
beyond the town. When the GEE models were further adjusted for age, sex, walking difficulty
and car driving, differences in physical activity associated with the life-space areas were attenu-
ated but the overall trend remained statistically significant (p< .001). Compared to a day
when a participant stayed inside the home, going outside was associated with significantly
greater physical activity (p�.033), except for low activity time (p = .091).

Discussion
This study expands the current knowledge on the association between life-space mobility and
physical activity [9] and the importance of leaving the home frequently in old age [1,6–8]. To
our knowledge this is the first study utilizing a longitudinal design that provides new insights
in potential causal relationships. This study demonstrated that community-dwelling older peo-
ple were more physically active on days when they go outdoors, and moving through greater
life-space areas further increased their physical activity. Moving beyond the own town, how-
ever, did not increase step count or moderate activity time, probably because passive modes of
transportation are used [9,16,25], but low activity time still increased. Conversely, the amount
of sedentary time progressively decreased with each greater life-space area. From a public
health perspective it is important to note that greater amount of time engaged in physical activ-
ity [3,26,27], even at low intensity, and lesser sedentary time [26,27] provide important benefits
for maintaining health and function in old age.

Previous studies have shown large inter-individual and intra-individual variation of physical
activity in older populations [22,28]. The current findings demonstrate that total variation in
physical activity was at least partly related to moving through different life-space areas. In

Table 2. Group Comparisons of Physical Activity according to the Number of Days Moving beyond the Neighborhood.

0–3 days (N = 53) 4–5 days (N = 49) 6–7 days (N = 72)

M 95%CI M 95%CI M 95%CI Pa Pb Pc

Step counts (1000*n) 1.7 1.3–2.2 2.1 1.5–2.7 4.1 3.2–5.2 < .001 < .001 .001

Moderate activity time (min) 16.7 13.2–21.2 19.6 15.3–25.0 36.6 29.8–44.8 < .001 < .001 .001

Moderate activity (%) d 2.0 1.6–2.6 2.4 1.9–3.0 4.4 3.6–5.4 < .001 < .001 .002

Low activity time (hr) 2.4 2.2–2.7 2.6 2.4–2.9 2.8 2.6–3.0 .060 .068 .490

Low activity (%) d 18.0 16.4–19.7 19.1 17.4–21.0 20.3 18.7–21.9 .205 .201 .734

Sedentary time (hr) 10.8 10.5–11.1 10.6 10.3–10.9 10.1 9.9–10.4 .003 .004 .085

Sedentary (%) d 79.4 77.2–81.7 77.1 74.8–79.4 72.7 70.9–74.5 .008 .018 .181

M = Mean, 95%CI = 95% confidence interval.
a Generalized Linear Models adjusted for accelerometer wear time.
b Generalized Linear Models adjusted for accelerometer wear time + age + sex.
c Generalized Linear Models adjusted for accelerometer wear time + age + sex + walking difficulty + monthly car driving.
d Not adjusted for accelerometer wear time in any model.

doi:10.1371/journal.pone.0135308.t002
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addition, individuals moving more frequently in the town area or beyond were more physically
active. More frequent trips in greater life-space areas may indicate better general health and
functioning [6–8], yet, adjusting the analyses did not mitigate the associations found. Com-
bined with the results of the General Estimating Equation models, our results suggest that
leaving the home and moving through greater life-space areas may increase physical activity.
While other studies have shown that activities such as shopping are associated with higher lev-
els of physical activity [29], physical exercise may also be the purpose for an individual to leave
the home [5,29]. Consequently, intervention studies are needed to confirm the causal relation-
ship and to determine whether facilitation of outdoor mobility may be beneficial in terms of
promoting physical activity, regardless of the purpose when leaving the home.

Activities attended by an individual may differ according to the life-space area. For example,
when moving around the home, outside or in the neighborhood, an individual is likely to use
walking or other active forms of transportation to move oneself [9,15,16], thus activities that
likely include moderate physical activity. This is in accordance with our findings that the

Fig 1. Proportion of Participants according to Greatest Life-Space Area and Frequency of Reaching Respective Area (N = 174).NOTE: Moving in the
life-space areas inside (n = 1), outside (n = 1), neighborhood (n = 2) or beyond town (n = 2) for 6–7 days a week.

doi:10.1371/journal.pone.0135308.g001
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amount of physical activity increased with each greater life-space area reached, from the home
up to the town area. Walking, for transportation and recreational purposes, accounts for a
major part of the daily physical activity in older individuals [2,3,26]. Only low activity, that
accumulates in activities of daily living and comprises the main portion of physical activity in
older people [3], continued to increase also when moving beyond the town area [9,16,25]. This
seems in line with previous studies showing that being able to drive and using public transpor-
tation was associated with higher physical activity in older adults [5,30].

Fig 2. Median (and Interquartile Range) Physical Activity according to the Life-Space Area Reached by the Participant on the Same Day (N = 150).
NOTE: Includes only data from participants who reached at least two different life-space areas during the assessment week, the number of people reaching
each area is indicated.

doi:10.1371/journal.pone.0135308.g002
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Intervention strategies targeting an increase in physical activity may improve health and
functioning [27,31], but environmental design may also provide opportunities to increase
physical activity in older individuals [32,33]. A growing number studies shows that attractive
(e.g. greens spaces and esthetics) and walking friendly environments (e.g. including sidewalks
and safe road crossings) are associated with higher physical activity in older people [34,35],
and more frequent trips outside of the home [36–38]. Thus increasing outdoor mobility may
provide a means to increase physical activity in older people. Yet, also the purpose and destina-
tion of the trip contribute to the mode of transportation chosen [15,16] and total amount of
physical activity [5,29]. Unfortunately, we did not have data on where exactly the physical
activity took place, the number of trips our participants made during any day, the travel mode
used or the time spent in each life-space area. Thus it remains unknown how and in which life-
space area the physical activity actually accumulated.

Strengths of this study include the use of objective measures of physical activity [28], that
were available for at least 4 days, but in the majority of participants for 7 days. At least 4 days is
necessary to capture the variation in physical activity in older populations, while more days are
preferable [22]. The use of a tri-axial accelerometer allowed for comparisons of step counts and
intensity-specific physical activity measures [28]. Although the study participants represent
rather well-functioning older people, which is a commonly recognized limitation in aging
research [39], there is large heterogeneity in the sample regarding age and sex as well as mobil-
ity function [18].

While a growing amount of studies have used accelerometers to measure physical activity
also in older people, some concerns remain, especially regarding the sensitivity of accelerome-
ters in detecting steps and activity in those walking at lower walking speed [28,40,41]. This
likely leads to a slight underestimation of the total physical activity, but it is reasonable to
assume that activity detected by accelerometers is likely to be beneficial for health [40]. The
fact that we did not take into account duration of individual bouts of physical activity on the
other hand may lead to a slight overestimation of the moderate activity time. This limitation
may not be as obvious in older people, who generally display a pattern of intermittent and
unstructured physical activity [28]. Accelerometer wear time in our study was self-reported.
While a recall bias may be troublesome in studies of older people, we as well as other research-
ers [21] have confidence that the values are accurate. Determining wear time based on acceler-
ometer data is also prone to bias, especially in older people who have longer periods of

Table 3. Within-Subject Comparison of Days on which a Participant Reached Different Life-Space Areas (N = 150).

Inside only Outside Neighborhood Town Beyond town

b 95%CI b 95%CI b b 95%CI b 95%CI P

Step counts (1000*n) a -.63 -.80 –- .45 -.31 -.42 –- .19 0 .20 .10 – .28 .06 -.11 – .23 < .001

Moderate activity time (min) a -1.23 -1.55 –- .91 -.47 -.66 –- .28 0 .29 .16 – .41 .10 -.12 – .32 < .001

Moderate activity (%) -1.24 -1.57 –- .91 -.46 -.65 –- .27 0 .28 .15 – .41 .09 -.12 – .31 < .001

Low activity time (hr) a -.16 -.27 –- .04 -.05 -.11 – .01 0 .05 .01 – .10 .12 .05 – .19 < .001

Low activity (%) -.16 -.27 –- .05 -.04 -.10 – .03 0 .05 .00 – .10 .10 .04 – .17 < .001

Sedentary time (hr) a .05 .02 – .07 .02 .003 – .03 0 -.02 -.03 –- .01 -.03 -.05 –- .01 < .001

Sedentary (%) .05 .02 – .07 .02 .00 – .03 0 -.02 -.03 –- .01 -.02 -.04 –- .00 < .001

NOTE: General Estimating Equation models including participants who reached at least two different life-space areas during the assessment week.

Statistically significant differences (p < .05) from average day “neighborhood” are indicated in bold.

b = regression coefficient, 95%CI = 95% confidence interval.
a Adjusted for accelerometer wear time.

doi:10.1371/journal.pone.0135308.t003
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inactivity [20,21]. Furthermore, accelerometer wear time estimates affect mainly the time in
sedentary behavior and less the time in activity [20,21]. Finally, most participants reached two
to three life-space areas and consequently the within-subject analyses results need to be inter-
preted with caution.

Conclusions
Community-dwelling older people are more physically active on days that they go outdoors,
and moving through the neighborhood and town further increases their level of physical activ-
ity. However, once an individual moves beyond their town, only low activity time continues to
increase, which may still have important health benefits. While it is unknown whether physical
activity was a motivator for participants to leave the home, intervention studies are needed
to determine whether facilitation of the frequency of leaving the home and moving through
greater life-space areas may be beneficial in terms of promoting physical activity in older peo-
ple. More detailed analyses, e.g. on individual trips made and travel modes, may provide insight
into mechanisms underlying the accumulation of physical activity in older people in relation to
the environment and life-space.

Acknowledgments
We thank the participants for their time and effort to participate in our study. Gerontology
Research Center is a joint effort between the University of Jyväskylä and the University of
Tampere.

Author Contributions
Conceived and designed the experiments: EP LTT TRMR. Analyzed the data: EP. Wrote the
paper: EP LTT TRMR. Acquisition of subjects and data: EP LTT TRMR.

References
1. Simonsick EM, Guralnik JM, Volpato S, Balfour J, Fried LP. Just get out the door! importance of walking

outside the home for maintaining mobility: Findings from the women's health and aging study. J Am
Geriatr Soc. 2005; 53:198–203. PMID: 15673341

2. Brach JS, Simonsick EM, Kritchevsky S, Yaffe K, Newman AB. Health, Aging and Body Composition
Study Research Group. The association between physical function and lifestyle activity and exercise in
the health, aging and body composition study. J Am Geriatr Soc. 2004; 52:502–509. PMID: 15066063

3. Varma VR, Tan EJ, Wang T, Xue QL, Fried LP, Seplaki CL, et al. Low-intensity walking activity is asso-
ciated with better health. J Appl Gerontol. 2014; 33:870–887. doi: 10.1177/0733464813512896 PMID:
24652915

4. Kerr J, Sallis JF, Saelens BE, Cain KL, Conway TL, Frank LD, et al. Outdoor physical activity and self
rated health in older adults living in two regions of the U.S. Int J Behav Nutr Phys Act. 2012; 9:89. doi:
10.1186/1479-5868-9-89 PMID: 22846594

5. Davis MG, Fox KR, Hillsdon M, Coulson JC, Sharp DJ, Stathi A, et al. Getting out and about in older
adults: The nature of daily trips and their association with objectively assessed physical activity. Int J
Behav Nutr Phys Act. 2011; 8:116. doi: 10.1186/1479-5868-8-116 PMID: 22018626

6. Jacobs JM, Cohen A, Hammerman-Rozenberg R, Azoulay D, Maaravi Y, Stessman J. Going outdoors
daily predicts long-term functional and health benefits among ambulatory older people. J Aging Health.
2008; 20:259–272. doi: 10.1177/0898264308315427 PMID: 18332184

7. Shimada H, Ishizaki T, Kato M, Morimoto A, Tamate A, Uchiyama Y, et al. How often and how far do
frail elderly people need to go outdoors to maintain functional capacity? Arch Gerontol Geriatr. 2010;
50:140–146. doi: 10.1016/j.archger.2009.02.015 PMID: 19356806

8. Fujita K, Fujiwara Y, Chaves PH, Motohashi Y, Shinkai S. Frequency of going outdoors as a good pre-
dictors for incident disability of physical function as well as disability recovery in community-dwelling
older adults in rural japan. J Epidemiol. 2006; 16:261–270. PMID: 17085876

Life-Space Area and Physical Activity

PLOS ONE | DOI:10.1371/journal.pone.0135308 August 7, 2015 10 / 12

http://www.ncbi.nlm.nih.gov/pubmed/15673341
http://www.ncbi.nlm.nih.gov/pubmed/15066063
http://dx.doi.org/10.1177/0733464813512896
http://www.ncbi.nlm.nih.gov/pubmed/24652915
http://dx.doi.org/10.1186/1479-5868-9-89
http://www.ncbi.nlm.nih.gov/pubmed/22846594
http://dx.doi.org/10.1186/1479-5868-8-116
http://www.ncbi.nlm.nih.gov/pubmed/22018626
http://dx.doi.org/10.1177/0898264308315427
http://www.ncbi.nlm.nih.gov/pubmed/18332184
http://dx.doi.org/10.1016/j.archger.2009.02.015
http://www.ncbi.nlm.nih.gov/pubmed/19356806
http://www.ncbi.nlm.nih.gov/pubmed/17085876


9. Sawyer P, Allman RM. Resilience in mobility in the context of chronic disease and aging: Cross-sec-
tional and prospective findings from the university of alabama at birmingham (UAB) study of aging. In:
Fry PS, Keyes CLM, editors. Frontiers of resilient aging: life-strengths and wellness in late life. Cam-
bridge University Press: New York; 2010. pp. 310–339.

10. Rosso AL, Taylor JA, Tabb LP, Michael YL. Mobility, disability, and social engagement in older adults. J
Aging Health. 2013; 25:617–637. doi: 10.1177/0898264313482489 PMID: 23548944

11. Barnes LL, Wilson RS, Bienias JL, de Leon CF, Kim HJ, Buchman AS, et al. Correlates of life space in
a volunteer cohort of older adults. Exp Aging Res. 2007; 33:77–93. PMID: 17132565

12. Tsai LT, Portegijs E, Rantakokko M, Viljanen A, Saajanaho M, Eronen J, et al. The association between
habitual physical activity and life-space mobility in older people. Scan J Med Sci Sports. 2015 (in
press).

13. Baker PS, Bodner EV, Allman RM. Measuring life-space mobility in community-dwelling older adults. J
Am Geriatr Soc. 2003; 51:1610–1614. PMID: 14687391

14. SatarianoWA, Guralnik JM, Jackson RJ, Marottoli RA, Phelan EA, Prohaska TR. Mobility and aging:
New directions for public health action. Am J Public Health. 2012; 102:1508–1515. doi: 10.2105/AJPH.
2011.300631 PMID: 22698013

15. Barnett A, Cerin E, Cheung MC, ChanWM. An in-depth pilot study on patterns, destinations, and pur-
poses of walking in hong kong older adults. J Aging Phys Act. 2015; 23:144–152. doi: 10.1123/japa.
2013-0026 PMID: 24589509

16. Millward H, Spinney J, Scott D. Active-transport walking behavior: Destinations, durations, distances. J
Transport Geography. 2013; 28:101–110.

17. Peel C, Sawyer Baker P, Roth DL, Brown CJ, Brodner EV, Allman RM. Assessing mobility in older
adults: The UAB study of aging life-space assessment. Phys Ther. 2005; 85:1008–1019. PMID:
16180950

18. Rantanen T, Portegijs E, Viljanen A, Eronen J, Saajanaho M, Tsai LT, et al. Individual and environmen-
tal factors underlying life space of older people—study protocol and design of a cohort study on life-
space mobility in old age (LISPE). BMC Public Health. 2012; 12:1018. doi: 10.1186/1471-2458-12-
1018 PMID: 23170987

19. Parkka J, Ermes M, Antila K, van Gils M, Manttari A, Nieminen H. Estimating intensity of physical activ-
ity: A comparison of wearable accelerometer and gyro sensors and 3 sensor locations. Conf Proc IEEE
Eng Med Biol Soc. 2007; 2007:1511–1514. PMID: 18002254

20. Tudor-Locke C, JohnsonWD, Katzmarzyk PT. U.S. population profile of time-stamped accelerometer
outputs: Impact of wear time. J Phys Act Health. 2011; 8:693–698. PMID: 21734315

21. Hutto B, Howard VJ, Blair SN, Colabianchi N, Vena JE, Rhodes D, et al. Identifying accelerometer non-
wear and wear time in older adults. Int J Behav Nutr Phys Act. 2013; 10:120. doi: 10.1186/1479-5868-
10-120 PMID: 24156309

22. Togo F, Watanabe E, Park H, Yasunaga A, Park S, Shephard RJ, et al. Howmany days of pedometer
use predict the annual activity of the elderly reliably? Med Sci Sports Exerc. 2008; 40:1058–1064. doi:
10.1249/MSS.0b013e318167469a PMID: 18461001

23. Portegijs E, Rantakokko M, Mikkola TM, Viljanen A, Rantanen T. Association between physical perfor-
mance and sense of autonomy in outdoor activities and life-space mobility in community-dwelling older
people. J AmGeriatr Soc. 2014; 62:615–621. doi: 10.1111/jgs.12763 PMID: 24655124

24. Azur MJ, Stuart EA, Frangakis C, Leaf PJ. Multiple imputation by chained equations: What is it and how
does it work? Int J Methods Psychiatr Res. 2011; 20:40–49. doi: 10.1002/mpr.329 PMID: 21499542

25. Shah RC, Maitra K, Barnes LL, James BD, Leurgans S, Bennett DA. Relation of driving status to inci-
dent life space constriction in community-dwelling older persons: A prospective cohort study. J Gerontol
A Biol Sci Med Sci. 2012; 67:984–989. doi: 10.1093/gerona/gls133 PMID: 22546958

26. Buman MP, Hekler EB, Haskell WL, Pruitt L, Conway TL, Cain KL, et al. Objective light-intensity physi-
cal activity associations with rated health in older adults. Am J Epidemiol. 2010; 172:1155–1165. doi:
10.1093/aje/kwq249 PMID: 20843864

27. Nelson ME, Rejeski WJ, Blair SN, Duncan PW, Judge JO, King AC, et al. Physical activity and public
health in older adults: Recommendation from the american college of sports medicine and the american
heart association. Med Sci Sports Exerc. 2007; 39:1435–1445. PMID: 17762378

28. Kowalski K, Rhodes R, Naylor PJ, Tuokko H, MacDonald S. Direct and indirect measurement of physi-
cal activity in older adults: A systematic review of the literature. Int J Behav Nutr Phys Act. 2012; 9:148.
doi: 10.1186/1479-5868-9-148 PMID: 23245612

29. Tsai LT, Rantakokko M, Viljanen A, Saajanaho M, Eronen J, Rantanen T, et al. Associations between
reasons to go outdoors and objectively measured walking activity in various life-space areas among
older people. J Aging Phys Act. 2015 (in press).

Life-Space Area and Physical Activity

PLOS ONE | DOI:10.1371/journal.pone.0135308 August 7, 2015 11 / 12

http://dx.doi.org/10.1177/0898264313482489
http://www.ncbi.nlm.nih.gov/pubmed/23548944
http://www.ncbi.nlm.nih.gov/pubmed/17132565
http://www.ncbi.nlm.nih.gov/pubmed/14687391
http://dx.doi.org/10.2105/AJPH.2011.300631
http://dx.doi.org/10.2105/AJPH.2011.300631
http://www.ncbi.nlm.nih.gov/pubmed/22698013
http://dx.doi.org/10.1123/japa.2013-0026
http://dx.doi.org/10.1123/japa.2013-0026
http://www.ncbi.nlm.nih.gov/pubmed/24589509
http://www.ncbi.nlm.nih.gov/pubmed/16180950
http://dx.doi.org/10.1186/1471-2458-12-1018
http://dx.doi.org/10.1186/1471-2458-12-1018
http://www.ncbi.nlm.nih.gov/pubmed/23170987
http://www.ncbi.nlm.nih.gov/pubmed/18002254
http://www.ncbi.nlm.nih.gov/pubmed/21734315
http://dx.doi.org/10.1186/1479-5868-10-120
http://dx.doi.org/10.1186/1479-5868-10-120
http://www.ncbi.nlm.nih.gov/pubmed/24156309
http://dx.doi.org/10.1249/MSS.0b013e318167469a
http://www.ncbi.nlm.nih.gov/pubmed/18461001
http://dx.doi.org/10.1111/jgs.12763
http://www.ncbi.nlm.nih.gov/pubmed/24655124
http://dx.doi.org/10.1002/mpr.329
http://www.ncbi.nlm.nih.gov/pubmed/21499542
http://dx.doi.org/10.1093/gerona/gls133
http://www.ncbi.nlm.nih.gov/pubmed/22546958
http://dx.doi.org/10.1093/aje/kwq249
http://www.ncbi.nlm.nih.gov/pubmed/20843864
http://www.ncbi.nlm.nih.gov/pubmed/17762378
http://dx.doi.org/10.1186/1479-5868-9-148
http://www.ncbi.nlm.nih.gov/pubmed/23245612


30. Ding D, Sallis JF, Norman GJ, Frank LD, Saelens BE, Kerr J, et al. Neighborhood environment and
physical activity among older adults: Do the relationships differ by driving status? J Aging Phys Act.
2014; 22:421–431. doi: 10.1123/japa.2012-0332 PMID: 24084049

31. Cress ME, Buchner DM, Prohaska T, Rimmer J, BrownM, Macera C, et al. Best practices for physical
activity programs and behavior counseling in older adult populations. J Aging Phys Act. 2005; 13:61–
74. PMID: 15677836

32. McCormack GR, Shiell A. In search of causality: A systematic review of the relationship between the
built environment and physical activity among adults. Int J Behav Nutr Phys Act. 2011; 8:125. doi: 10.
1186/1479-5868-8-125 PMID: 22077952

33. Van Holle V, Deforche B, Van Cauwenberg J, Goubert L, Maes L, Van deWeghe N, et al. Relationship
between the physical environment and different domains of physical activity in european adults: A sys-
tematic review. BMC Public Health. 2012; 12:807. doi: 10.1186/1471-2458-12-807 PMID: 22992438

34. Strath SJ, Greenwald MJ, Isaacs R, Hart TL, Lenz EK, Dondzila CJ, et al. Measured and perceived
environmental characteristics are related to accelerometer defined physical activity in older adults. Int J
Behav Nutr Phys Act. 2012; 9:40. doi: 10.1186/1479-5868-9-40 PMID: 22472295

35. King AC, Sallis JF, Frank LD, Saelens BE, Cain K, Conway TL, et al. Aging in neighborhoods differing
in walkability and income: Associations with physical activity and obesity in older adults. Soc Sci Med.
2011; 73:1525–1533. doi: 10.1016/j.socscimed.2011.08.032 PMID: 21975025

36. Murayama H, Yoshie S, Sugawara I, Wakui T, Arami R. Contextual effect of neighborhood environment
on homebound elderly in a japanese community. Arch Gerontol Geriatr. 2012; 54:67–71. doi: 10.1016/j.
archger.2011.03.016 PMID: 21555159

37. Clarke P, Gallagher NA. Optimizing mobility in later life: The role of the urban built environment for older
adults aging in place. J Urban Health. 2013; 90:997–1009. doi: 10.1007/s11524-013-9800-4 PMID:
23592019

38. Rantakokko M, Iwarsson S, Portegijs E, Viljanen A, Rantanen T. Associations between environmental
characteristics and life-space mobility in community-dwelling older people. J Aging Health. 2015;
27:606–621. doi: 10.1177/0898264314555328 PMID: 25326130

39. Hardy SE, Allore H, Studenski SA. Missing data: A special challenge in aging research. J Am Geriatr
Soc. 2009; 57:722–729. doi: 10.1111/j.1532-5415.2008.02168.x PMID: 19220562

40. Tudor-Locke C, Craig CL, Aoyagi Y, Bell RC, Croteau KA, De Bourdeaudhuij I, et al. Howmany steps/
day are enough? for older adults and special populations. Int J Behav Nutr Phys Act. 2011; 8:80. doi:
10.1186/1479-5868-8-80 PMID: 21798044

41. Pruitt LA, Glynn NW, King AC, Guralnik JM, Aiken EK, Miller G, et al. Use of accelerometry to measure
physical activity in older adults at risk for mobility disability. J Aging Phys Act. 2008; 16:416–434. PMID:
19033603

Life-Space Area and Physical Activity

PLOS ONE | DOI:10.1371/journal.pone.0135308 August 7, 2015 12 / 12

http://dx.doi.org/10.1123/japa.2012-0332
http://www.ncbi.nlm.nih.gov/pubmed/24084049
http://www.ncbi.nlm.nih.gov/pubmed/15677836
http://dx.doi.org/10.1186/1479-5868-8-125
http://dx.doi.org/10.1186/1479-5868-8-125
http://www.ncbi.nlm.nih.gov/pubmed/22077952
http://dx.doi.org/10.1186/1471-2458-12-807
http://www.ncbi.nlm.nih.gov/pubmed/22992438
http://dx.doi.org/10.1186/1479-5868-9-40
http://www.ncbi.nlm.nih.gov/pubmed/22472295
http://dx.doi.org/10.1016/j.socscimed.2011.08.032
http://www.ncbi.nlm.nih.gov/pubmed/21975025
http://dx.doi.org/10.1016/j.archger.2011.03.016
http://dx.doi.org/10.1016/j.archger.2011.03.016
http://www.ncbi.nlm.nih.gov/pubmed/21555159
http://dx.doi.org/10.1007/s11524-013-9800-4
http://www.ncbi.nlm.nih.gov/pubmed/23592019
http://dx.doi.org/10.1177/0898264314555328
http://www.ncbi.nlm.nih.gov/pubmed/25326130
http://dx.doi.org/10.1111/j.1532-5415.2008.02168.x
http://www.ncbi.nlm.nih.gov/pubmed/19220562
http://dx.doi.org/10.1186/1479-5868-8-80
http://www.ncbi.nlm.nih.gov/pubmed/21798044
http://www.ncbi.nlm.nih.gov/pubmed/19033603

