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This study examined the changes in accelerometer-measured physical activity by GPS-measured contexts among
Finnish retirees (n = 45 (537 measurement days)) participating in a physical activity intervention. We also
assessed whether residential greenness, measured with Normalized Difference Vegetation Index, moderated the
changes. Moderate-to-vigorous physical activity (MVPA) increased at home by 7 min/day, (P < 0.001) and
during active travel by 5 min/day (P = 0.03). The participants with the highest vs. lowest greenness had 25 min/
day greater increase in MVPA over the follow-up (P for Time*Greenness interaction = 0.04). In conclusion,
retirees participating in the intervention increased their MVPA both at home and in active travel, and more so if
they lived in a greener area.

1. Introduction

participants (subgroup of 60–85 years) (Holliday et al., 2017).
Regarding the characteristics of the physical activity contexts, a study
from Belgium (Dewulf et al., 2016) using accelerometer and GPS data
combined with land use information, suggested that the time spent in
green areas (vs. non-green areas) was associated with more physical
activity among late middle-aged adults (58–65 years). Another study
from the United States (James et al., 2017), based on accelerometer and
GPS data linked with Normalized Difference Vegetation Index (NDVI),
observed that a higher level of physical activity was related to higher
greenness among women (22–82 years), and that the relationship was
stronger among those who were white, had higher incomes, and were
middle-aged.
While prior studies underline the importance of context for physical
activity, longitudinal studies examining the changes in physical activity
and across the contexts are lacking. To address this gap, this study uses
accelerometer-measured physical activity data linked with GPSmeasured contexts from a 1-year physical activity intervention, groun
ded on the use of a commercial activity tracker, aiming at increasing
physical activity and reducing sedentary time among recent retirees.

Physical activity reduces the risk of various physical and mental
diseases as well as mortality among older adults (Cunningham et al.,
2020). In addition, a physically active lifestyle maintains physical and
cognitive functioning as well as quality of life with advancing age
(Cunningham et al., 2020). Physical activity occurs in various contexts
(Jansen et al., 2016) and their characteristics may have an effect not
only on physical activity itself (Van Holle et al., 2012), but also on how
physical activity may change as a result of interventions promoting
physical activity (Kerr et al., 2010) or when followed over time
(Sugiyama et al., 2013).
Concerning the contexts of physical activity, studies from the
Netherlands (Jansen et al., 2016) and the United States (Holliday et al.,
2017) have observed, using accelerometer and Global Positioning Sys
tem (GPS) devices, that activities at home location (Jansen et al., 2016)
and on roads (Holliday et al., 2017; Jansen et al., 2016) are particularly
important contributors to moderate-to-vigorous physical activity
(MVPA) among middle aged (45–65 years) (Jansen et al., 2016) or older
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The aim of this study was to examine in which contexts, specifically
regarding locations (home vs. non-home) and in travel mode (active vs.
passive), changes in physical activity take place. In addition, we exam
ined whether residential greenness modified the changes in physical
activity.

and thus did not provide any data. The follow-up data was missing from
seven participants due to dropping out of the intervention (n = 4),
problems with the device (n = 2) or problems in data processing (n = 1).
We further excluded the participants who did not have at least two valid
measurement days (≥600 min of wear time) in both baseline and followup (n = 8), because at least 600 min of wear-time per day is a commonly
used threshold when measuring physical activity with accelerometers
(Aadland and Ylvisåker, 2015).
We used an algorithm developed by BrØnd et al. (2017) to convert
raw accelerometer data to ActiGraph equivalent counts (for details see
the ‘activityCounts’ package in R (Brondeel et al., 2019a)). We aggre
gated the counts per second to counts per minute and applied commonly
used thresholds for light physical activity (>100 and ≤ 2020 counts/
minute) and MVPA (>2020 counts/minute) (Troiano et al., 2008). Wear
time was defined using Choi-algorithm, which flags as non-wear time
any measure within a 90-min time window of consecutive zero counts,
allowing 2-min interval of non-zero counts with the up or downstream in
30 min consecutive zero counts window (Choi et al., 2011, 2018).
The final analytic sample consisted of 45 participants who provided
537 valid days in total. From all valid days, 8% were completed in
spring, 7% in summer, 45% in autumn and 40% in winter.

2. Methods
2.1. Study population
In this study, a subsample of the intervention participants from the
‘Enhancing physical activity and healthy aging among recent retirees –
Randomized controlled in-home physical activity trial (REACT)’ was
used. The REACT study population was comprised of 231 former Finnish
public sector workers, who retired between January 2016 and December
2018. The participants were randomized to intervention (n = 117) and
control (n = 114) groups. The REACT study aimed to examine the
effectiveness of a 1-year wearable technology-based intervention on
physical activity among recent retirees. The present study uses data
merely from the participants of the intervention group, because GPS
measurements were conducted only in this group. Due to delay related
to the delivery of the devices, only 61 of the intervention participants
were included in the present study. The devices were given to the par
ticipants when the devices were available.
In the REACT study, participants in the intervention group were
asked to wear a commercial activity tracker Polar Loop 2 (Polar,
Finland) on their non-dominant wrist, during days and nights for one
year, and to aim for their personal daily activity goal. Details of the
intervention are described elsewhere (Leskinen T., Suorsa K., Tuominen
M., Pulakka A., Pentti J., Löyttyniemi E., Heinonen I., Vahtera J.,
Stenholm, 2021). Briefly, during each day, the tracker provided an
instant view on the screen of how much activity was still needed to reach
the activity goal. Activities at higher intensities filled up the daily goal
faster than activities at lower intensities. A higher goal was suggested by
the researcher if the participant had frequently exceeded their goal. The
control group received no intervention.
The REACT study has been conducted in accordance with the
guidelines for good scientific practice set by the National Advisory Board
on Research Ethics in Finland and the Declaration of Helsinki, and the
study was approved by the Ethics Committee of the Hospital District of
Southwest Finland (107/1801/2017). The study’s ClinicalTrials.gov
registration number is NCT03320746. Written informed consent was
obtained from all REACT participants after they were informed about
the study protocol and the voluntariness of the participation.

2.3. Identification of locations and trips
We used an algorithm developed by Thierry et al. (Kestens et al.,
2018; Thierry, 2018; Thierry et al., 2013) to identify the locations and
trips from raw GPS data. The algorithm operates globally by computing
a kernel density surface from the GPS points, then derives stop locations
by identifying local maxima. Finally, the track is segmented into stop
and trip bouts by allocating GPS points to either a local peak or a trip
segment. For further details and validity statistics, see Thierry et al.
(2013) and Kestens et al. (2018), which further documents convergent
validity of GPS activity locations with self-reported VERITAS map-based
questionnaire locations. The time spent in physical activity was aggre
gated for each location and trip on a day-to-day basis using the collected
bedtime from the diaries. The GPS identified location nearest to and
within 100 m of the residential address of the participant was defined as
home location. All other identified locations were defined as non-home
locations. Average speed for each trip (km/h) was calculated based on
the length and duration of the trip. The variable indicating the mode of
travel was created by dichotomizing the trips based on average speed as
active (<20 km/h) vs. passive (≥20 km/h). Among older adults, cycling
is expected to be included in the slower speed category (Aittasalo et al.,
2019; Oja et al., 1998). There are good sidewalks almost everywhere in
urban areas in Finland, and cycling and walking are among the most
popular forms of exercise among adults (Heino, 2019). Thus, walkability
and possibilities for active travel in the neighborhoods where the study
participants live is likely to be very high. We used ArcGIS (version
10.3.1) and Postgresql (version 11.1) with PostGIS extension to identify
the GPS based locations and trips.

2.2. Accelerometer and GPS measurements
Waist-worn SenseDoc 2.0 device (Mobysens Technologies Inc, Can
ada) was used to collect accelerometer and GPS data. A study nurse
instructed the use of the device during a clinical examination visit.
Participants were asked to wear the device during waking hours for
seven consecutive days, except when bathing or during water sports. The
participants were also asked to keep a daily diary, where they provided
information about their bedtimes. After the measurement week, the
device and the diary were returned by mail.
The SenseDoc 2.0 device includes a high-sensitivity GPS receiver and
a tri-axial accelerometer. More detailed description of the capabilities of
this device has been reported earlier (Brondeel et al., 2019b). We
initialized the devices to record GPS coordinates every second and
accelerometer data at 80 Hz sampling rate. Raw accelerometer and GPS
data were extracted from the SenseDoc 2.0 with SenseAnalytics (ver
sions 1.9 and 1.10) before being aggregated into counts at 1-min epochs.
We used the following software to process the raw accelerometer and
GPS data: Python (version 3.6.6), R (version 3.5.3), ArcGIS (version
10.3.1) and Postgresql (version 11.1) with PostGIS extension.
At baseline, one participant confronted problems with the device,

2.4. Measurement of residential greenness
The level of residential greenness was obtained by calculating NDVI
from Landsat 8 Operational Land Imager (OLI) satellite images (Rhew
et al., 2011; Su et al., 2019), using images with a maximum of 30% of
cloud cover during the maximum vegetation greenness period (June,
July, and August). Thus, we combined images from three consequent
years (2017–2019) to generate cloud-free composite maps of median
NDVI values for the whole study region. Residential mean NDVI-values
were calculated within a square buffer of 1250 m × 1250 m around the
GPS based home location of the participant. The same NDVI value was
used for both activity measurement points. The variable indicating
residential greenness was categorized into three classes, using inter
quartile ranges Q1 and Q3 as cut-off points: low (NDVI <0.60), mod
erate (NDVI 0.60–0.70) and high (NDVI >0.70).
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2.5. Covariates

Table 1
Characteristics of the study population at baseline (n = 45).

The covariates included age, gender, occupational status, neighbor
hood socioeconomic disadvantage, Body Mass Index (BMI), and mobility
limitations, because these factors have been associated with the level of
physical activity (Althoff et al., 2017; Doherty et al., 2017; Halonen
et al., 2020; Portegijs et al., 2017; Pulakka et al., 2020). We also adjusted
all our analyses with device wear time and measurement season. We
obtained the information about the date of birth, gender and occupa
tional status from Register of pension insurance institute for the
municipal sector in Finland. As an indicator of socioeconomic status, we
used participants’ last occupational status and neighborhood socioeco
nomic disadvantage score. Occupational status was categorized
following the International Classification of Occupations (ISCO): ISCO
classes 1–4 were categorized as non-manual (e.g. physicians, teachers,
registered nurses and secretaries) and ISCO-classes 5–9 as manual oc
cupations (e.g. practical nurses, cooks, maintenance workers and
cleaners) (Statistics Finland, 2020). The neighborhood socioeconomic
disadvantage score was obtained from Statistics Finland and it is based
on the proportion of adults with low education, the unemployment rate,
and the median household income in the 250 × 250 m map grid of the
home address. Higher scores on the continuous standardized index
denote greater disadvantage (Halonen et al., 2020). Body weight and
height were measured during a clinic visit at baseline and were used to
calculate BMI (weight in kg/height in meters squared). Mobility limi
tation was defined using the validated RAND-36 Health Survey (iden
tical with the Short Form SF-36) (Aalto et al., 1995, 1999; Hays et al.,
1993) as difficulties in walking 2 km and dichotomized into no limita
tions (no difficulties) and limitations (some and marked difficulties).

Variable
Age mean (SD)
Gender n (%)
Men
Women
Body Mass Index (BMI) mean (SD)
Occupational category n (%)
Non-manual
Manual
Mobility limitation n (%)
No limitations
Limitations
Greenness n (%)
Low
Moderate
High
Neighborhood disadvange mean (SD)
Valid days (≥600 min wear time/day) mean (SD)
Baseline
1-year follow-up
Wear time (min/day) mean (SD)
Baseline
1-year follow-up

64.8 (1.2)
6 (13.3)
39 (86.7)
28.2 (4.1)
30 (66.7)
15 (33.3)
40 (88.9)
5 (11.1)
11 (24.4)
22 (48.9)
12 (26.7)
0.1 (1.0)
6.0 (1.4)
5.9 (1.6)
844 (125)
836 (119)

Table 2
Mean daily total physical activity (Total PA), light intensity physical activity
(Light PA) and moderate-to-vigorous intensity physical activity (MVPA) (mi
nutes) at baseline and at 1-year follow-up by context.
All contexts
Total PA

2.6. Statistical analysis

Light PA

The characteristics of the participants are reported as mean values
with standard deviation (SD) for continuous variables, and as fre
quencies and percentages for categorical variables. To examine the
changes in physical activity by context and by level of residential
greenness, we used linear regression analysis with generalized esti
mating equations (GEE) and exchangeable correlation structure. The
GEE models take into account the intra-individual correlation between
repeated measurements. The GEE method fits a marginal model to
longitudinal data. The regression parameters in the marginal model are
interpreted as population-averaged (Liang and Zeger, 1986). The models
were adjusted first for age, gender, wear time and measurement season
(Model 1), then adding occupational status and neighborhood socio
economic disadvantage (Model 2), and finally BMI and mobility limi
tations (Model 3).
In order to further examine the association between residential
greenness and changes in physical activity, we also tested how the re
sults replicated using continuous residential greenness.
Because we required merely two valid days for each time point in our
data selection, we conducted a sensitivity analyses to test if the effect
size remains on the same level as in the main analyses, when changing
the requirement of valid days to four (Supplemental Fig. 1 and Sup
plemental Table 1).
We used SAS statistical software, version 9.4 (SAS Institute, Inc.
Cary, North Carolina) to perform our analysis.

MVPA
Home
Total PA
Light PA
MVPA
Non-home
Total PA
Light PA
MVPA
Active travel
Total PA
Light PA
MVPA
Passive travel
Total PA
Light PA
MVPA

3. Results

Mean

95% CL

P

Baseline
1-year
Baseline
1-year
Baseline
1-year

297.8
295.7
272.5
258.1
25.3
37.9

276.4
275.7
253.3
240.5
18.2
29.2

319.3
315.8
291.7
275.6
32.4
46.5

0.74

Baseline
1-year
Baseline
1-year
Baseline
1-year

181.1
191.9
174.2
178.2
6.9
13.7

158.6
165.5
152.6
153.5
3.5
9.2

203.6
218.2
195.7
202.9
10.3
18.2

0.22

Baseline
1-year
Baseline
1-year
Baseline
1-year

86.6
73.5
80.3
66.9
6.3
6.6

72.6
55.3
66.8
49.4
3.9
4.0

100.6
91.7
93.7
84.4
8.6
9.2

0.09

Baseline
1-year
Baseline
1-year
Baseline
1-year

20.8
22.1
9.5
5.7
11.3
16.5

15.9
16.1
6.9
3.7
7.1
11.0

25.7
28.1
12.1
7.6
15.4
21.9

0.59

Baseline
1-year
Baseline
1-year
Baseline
1-year

9.4
8.8
8.6
7.7
0.8
1.2

6.9
6.3
6.2
5.4
0.3
0.5

11.9
11.3
10.9
9.9
1.3
1.9

0.58

0.04
<0.001

0.62
<0.001

0.06
0.73

0.01
0.03

0.24
0.46

Adjusted for age, gender, wear time and measurement season.

Baseline characteristics of the study population are shown in Table 1.
The mean age of the participants was 64.8 (SD 1.2) and majority of them
were women (87%). Participants provided valid measurement data for
an average of 6.0 (SD 1.4) days at baseline, and 5.9 (SD 1.6) days at 1year follow-up. The average wear time was 844 min per day at baseline
and 836 min per day at 1-year follow-up.
Table 2 presents average minutes of daily total physical activity, light

intensity physical activity and MVPA at baseline and at 1-year follow-up
for all contexts as well as by context. Over the 1-year follow-up, for all
contexts, no change was observed in total physical activity, but light
intensity physical activity declined from 272 to 258 min/day (P = 0.04)
and MVPA increased from 25 to 38 min/day (P < 0.001). At home
3
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location, MVPA increased from 7 to 14 min/day (P < 0.001) with no
change in daily total or light intensity physical activity. At non-home
locations, light intensity physical activity decreased from 80 to 67
min/day (P = 0.06). During active travel, MVPA increased from 11 to
16 min/day (P = 0.03) while light intensity physical activity decreased
from 10 to 6 min/day (P = 0.01). No changes in physical activity during
passive travel was observed.
Fig. 1 illustrates the changes (adjusted for age, gender, wear time and
measurement season) in mean daily total physical activity, light in
tensity physical activity and MVPA by participants’ residential green
ness. At baseline, the low greenness group had a lower level of daily total
physical activity (P = 0.0007) and light intensity physical activity (P =
0.0041) compared to the high greenness group. After the 1-year followup, differences between the groups persisted, and the high greenness
group increased their daily MVPA more than low and moderate green
ness groups. The differences were maintained after accounting for other
potential confounders (Table 3). Daily MVPA increased most in the high
greenness group (mean change +28 min/day over the 1-year follow-up)
compared to the moderate greenness group (mean change +14 min/
day) and particularly to the low greenness group (mean change +4 min/
day) (Model 3, P for interaction Time*Greenness = 0.04). The sensitivity
analyses using a requirement of four valid days instead of two in both
time points, replicated the results of the main analysis (Supplemental
Fig. 1 and Supplemental Table 1), as did the results of the analysis using
the continuous residential greenness as an exposure (Supplemental
Table 2).

We cannot be sure, why the increase in MVPA took place at home;
however, the qualitative interviews conducted in our project may bring
more information about this when these data are analysed. Regarding
active travel, the light intensity physical activity decreased roughly the
same amount of minutes as MVPA increased, which suggests that some
of the active travel has been done at a higher intensity than at baseline.
Such enhancement of the physical activity intensity is beneficial and in
line with the 24-h movement guidelines, assembled by the Consensus
Panel of the Canadian Society for Exercise Physiology, that emphasize
reallocating time from sedentary time and light intensity physical ac
tivity to more strenuous activities (Ross and Tremblay, 2020).
Concerning the results by residential greenness, prior studies using
device-based measures for physical activity have reported more physical
activity related to higher level of greenness exposure among adults
(Dewulf et al., 2016; James et al., 2017). We similarly observed higher
total physical activity and light intensity physical activity among par
ticipants residing in the greenest areas compared to those residing in the
least green areas. The increase in MVPA over the 1-year follow-up, seen
in our results, was higher for the participants residing in the greenest
areas. Thus, the effectiveness of the intervention may vary spatially. It
may be that greenness provides an attractive living environment that
promotes more physical activity, which can also moderate the impacts of
a physical activity intervention. However, there is a lack of earlier
device-based longitudinal studies investigating the relationship between
residential greenness and physical activity change. Future studies should
continue to investigate the effect of greenness on physical activity also
beyond the spatially fixed buffers around merely residential locations, in
which our research was limited to. An example of such methodology is
the research of Tamura et al. (2019), where they used small buffers
around GPS points. They also observed higher level of greenness being
associated with higher level of physical activity; however, our results
cannot be directly compared because their study population was
younger than ours.
This study has various strengths. Physical activity is a rather constant
behavior during adult life, but we were able to collect our data before
and after a physical activity intervention, which enabled us to examine
the contexts of physical activity in a setting that aimed to increase
physical activity. Our data were collected using a device providing both
the accelerometer and GPS capabilities, allowing simultaneous mea
surement of the intensity and the contexts of physical activity, and thus
ensuring the synchronization of sensors. Furthermore, our measures for
residential greenness were precise, because greenness was assessed
using a satellite-based vegetation index NDVI.
There are also limitations that should be acknowledged. First, while
our results suggest that residential greenness was related to higher in
crease in MVPA, we are not able to tell whether the activity tracker
intervention had an impact on the observed change, because we had no
GPS measurements from the control group due to a lack of devices.
Second, in present study we analyse the impact of residential greenness
(using 1250 m square buffer around the residential address) on physical

4. Discussion
This study examined the changes in accelerometer-measured phys
ical activity by context (home vs. non-home and active vs. passive
travel) and by residential greenness among recent retirees who partici
pated in a 1-year physical activity intervention. Overall, the daily total
physical activity remained constant, but we observed that light intensity
physical activity had decreased and MVPA had increased over time. The
increase in MVPA occurred at home and during active travel, while the
decrease in light intensity physical activity was observed in active travel.
Moreover, residential greenness moderated the changes in physical ac
tivity. The participants residing in the highest greenness areas had a
higher level of physical activity at baseline, and their daily MVPA
increased more over the 1-year follow-up, compared to those residing in
the lowest greenness areas.
The observed increases in MVPA at home location and during active
travel are in line with previous cross-sectional studies showing that both
home location and active travel (Holliday et al., 2017; Jansen et al.,
2016) are important contexts of physical activity among middle aged
and older adults. A study from Canada (Winters et al., 2015), using
travel diaries and accelerometers, reported that active travel can be a
dominant mode of travel among older adults residing in highly walkable
neighborhoods, as two thirds of the trips were made by active modes.

Fig. 1. Mean daily total physical activity (Total PA), light intensity physical activity (Light PA) and moderate-to-vigorous intensity physical activity (MVPA) (mi
nutes) at baseline and at 1-year follow-up by residential greenness. Adjusted for age, gender, wear time and measurement season.
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Table 3
Mean change over 1-year follow-up for daily total physical activity (Total PA), light intensity physical activity (Light PA) and moderate-to-vigorous intensity physical
activity (MVPA) (minutes) by residential greenness.
Intensity

Greenness

Baseline mean

Model 1

Model 2

Mean change

95% CL

Model 3

P*

Mean change

95% CL

P*

Mean change

95% CL

Total PA

Low
Moderate
High

257.8
299.9
319.5

2.2
− 6.3
1.0

− 23.4
− 24.6
− 18.2

27.7
12.0
20.2

0.81

1.1
− 10.5
5.0

− 23.8
− 30.4
− 15.5

26.0
9.4
25.5

0.57

1.2
− 10.4
5.0

− 23.6
− 30.5
− 15.4

26.0
9.7
25.4

P*
0.58

Light PA

Low
Moderate
High

236.9
275.4
292.8

− 3.6
− 17.3
− 22.0

− 32.3
− 36.6
− 42.8

25.2
1.9
− 1.2

0.59

− 2.4
− 24.9
− 22.8

− 30.2
− 45.2
− 46.8

25.5
− 4.6
1.1

0.43

− 2.2
− 24.7
− 22.8

− 29.9
− 45.1
− 46.7

25.5
− 4.3
1.1

0.43

MVPA

Low
Moderate
High

20.9
24.6
26.7

5.8
11.1
23.1

− 1.8
3.2
12.5

13.4
18.9
33.7

0.07

3.6
14.5
28.0

− 4.4
7.4
13.9

11.7
21.6
42.1

0.04

3.6
14.4
28.1

− 4.4
7.4
14.0

11.6
21.3
42.3

0.04

Model 1. Adjusted for age, gender, wear time and measurement season.
Model 2. Adjusted for age, gender, wear time, measurement season, occupational status and neighborhood disadvantage.
Model 3. Adjusted for age, gender, wear time, measurement season, occupational status, neighborhood disadvantage, BMI and mobility limitations.
Mean change: 1-year after intervention vs. baseline.
*P for interaction Time*Greenness.

activity that occurs also outside of the exposure area. To push analysis of
residential greenness away from issues of spatial misalignment of
physical activity and greenness, future research should restrict the an
alyses to physical activity that occur within the studied buffer, when
using spatially fixed buffers. This would help to ensure that the impact of
residential greenness on physical activity has been examined within the
actual exposure area measured. Third, our study population was rather
small group of retirees in their 60’s and majority of them were woman,
which limits the generalizability of the findings. Also, due our small
study population we required merely two valid measurement days (min
600 min wear time) instead of four or more, which is more commonly
used in device-based studies. Fourth, our measurements were, for the
most part, completed during autumn and winter, but the NDVI used in
our study to measure residential greenness was based on the information
from summertime. Thus, we may have assessed delayed effects of
greenness on physical activity occurring other times of the year. How
ever, greenness correlates with natural characteristics of the residential
areas, such as open space and parks, which are present throughout the
year. Fifth, we acknowledge the crudeness related to our way to
dichotomize active and passive travel only by the speed of the trips,
which can lead to misclassification of some the trips to wrong category.
Finally, waist-worn accelerometers have an inadequate ability to detect
certain activities, such as cycling, yoga, water sports and strength
training (Schrack et al., 2016), which can lead to underestimation of the
amount of physical activity. In addition, related to raw GPS-data, there
is a possibility for missing GPS-points, as well as for false GPS-points
(Thierry et al., 2013).
In conclusion, our results suggest that the increase observed in MVPA
among recent retirees following a physical activity intervention occurs
both at home and during active travel. Moreover, residential greenness
was associated with both higher baseline level and increase in physical
activity, meaning that those residing in the greenest areas were not only
more active before the intervention, but also they increased their MVPA
more over the follow-up than those residing in less green areas. This
means that actions to increase greenness may contribute to higher level
of physical activity among retirees, but also that the development and
implementation of physical activity interventions should take residen
tial contexts into consideration.
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