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Table 1: Timing and results of measurements of physical activity and Body Mass Index 

 Baseline Follow-up 

 boys  girls boys  girls 

First period T0 (n = 150) T0 (n=147)  T1 (n=150) T1 (n=147) 

% time spent in light: mean (SD) 46.19 (5.42) 44.37 (4.53) - - 

% time spent in MVPA: mean (SD) 7.97 (2.73) 7.19 (2.38) - - 

Age at measurement: mean (SD) 4.86 (0.34) 4.86 (0.31) 7.22 (0.38) 7.22 (0.35) 

BMI z-score: mean (SD) * -0.07 (0.84) 0.02 (0.92) -0.26 (0.94) -0.20 (0.93) 

 Second period T1 (n=133) T1 (n=145) T2 (n=133) T2 (n=145) 

% time spent in light: mean (SD) 39.88 (5.04) 39.19 (3.90) - - 

% time spent in MVPA: mean (SD) 8.00 (2.49) 7.32 (2.34) - - 

Age at measurement: mean (SD) 7.21 (0.47) 7.12 (0.39) 9.09 (0.67) 9.04 (0.65) 

BMI z-score: mean (SD) * -0.26 (0.99) -0.16 (0.90) -0.03 (0.97) -0.07 (0.96) 

Values are presented as mean 
G SD. *: standardized against the age and gender specific reference values of the 
Fourth Dutch Growth Study (11). 

Longitudinal relationship between PA behavior and BMI development 
First, the effect of potential effect modifiers (age x PA, gender x PA and period x PA) was 
checked. We found that interaction with PA was not statistically significant for age and 
period (p > 0.05 for all PA categories). Gender significantly interacted with PA in heavier 
children (p < 0.05 for all PA categories except MVPA), and normal weight children (p < 
0.05 for MVPA). Consequently, we decided to perform both pooled (top part of Table 2) 
and stratified GEE analyses for gender, and identify significant gender interactions with a 
dagger (see Table 2). 
 
In heavier children, a 5% increment of MVPA was associated with a 0.16 decrease in BMI 
z-score, and this was of similar size in boys (0.17) and girls (0.14), and statistically 
significant in both (Table 2). In heavier boys, a 5% increment of light PA was also related 
to a statistically significant decrease of 0.13 BMI z-scores per year. When combining light 
PA and MVPA into total PA, this amounted to a 0.11 BMI decrease in heavier boys for a 
5% increment in total PA. In normal weight boys, only MVPA was associated with a 
decrease of BMI z-score. Girls generally did not show any decrease in BMI related to PA in 
the adjusted models, except for MVPA in heavier girls (similar to boys as noticed above). 
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Table 1: Distribution of physical activity and weather variables across the school terms 
Daily level (n=4599 days of measurement) School Term 1 

(summer) 

School Term 2 

(autumn) 

School Term 3 

(winter) 

School Term 4 

(spring) 

Number of children included (% from total) 238 (77.5%) 212 (69.1%) 269 (87.6%) 272 (88.6%) 

Accelerometer weartime (daily minutes), mean (SD) 780.0 (212.3) * 807.0 (224.6) 1 4 826.3 (214.9) 1 814.7 (208.8) 1 

Sedentary time (daily minutes), mean (SD) 467.1 (174.6) 2 3 492.2 (191.8) 1 4 492.8 (181.3) 1 4 473.8 (176.1) 3 

Light physical activity (daily minutes), mean (SD) 253.2 (70.8) 4 249.5 (71.9) 3 4 258.2 (66.4) 2 4 267.7 (73.1) *  

Moderate physical activity (daily minutes), mean (SD) 43.7 (21.0) 3 4 45.9 (22.2) 3 4 50.8 (20.6) 1 2 51.8 (22.3) 1 2 

Vigorous physical activity (daily minutes), mean (SD) 16.7 (14.4) * 19.5 (15.2) * 25.1 (18.4) * 21.4 (16.0) * 

Moderate physical activity (daily average in %), mean (SD) 5.8 (2.8) 3 4 5.9 (2.9) 3 4 6.4 (2.6) 1 2 6.5 (2.8) 1 2 

Vigorous physical activity, (daily average in %), mean (SD) 2.2 (1.9) * 2.5 (2.1) 1 3 3.2 (2.5) * 2.7 (2.0) 1 3 

     

Rainfall (number of days) (%) * * * * 

 No rainfall 591 (60.5) 446 (50.8) 532 (36.4) 846 (66.0) 

 0.01 �t 7.8 mm per day 218 (22.3) 217 (24.7) 514 (35.2) 136 (10.6) 

 7.9 �t 46.0 mm per day 168 (17.2) 215 (24.5) 416 (28.5) 300 (23.4) 

Humidity (daily average in percentage), mean (SD) 60.0 (12.6) 2 3 71.2 (13.0) * 67.2 (10.6) * 61.0 (12.3) 2 3  

Day length (total daily minutes), mean (SD) 761.8 (34.2) * 599 (20.3) * 651.3 (21.7) * 851.4 (18.7) * 

Temperature (daily maximum in °C), mean (SD) 27.5 (5.2) * 16.6 (2.8) * 15.2 (2.9) * 22.6 (5.3) * 

Solar Radiation exposure (daily total in MJ/m2), mean (SD) 19.56 (7.23) * 6.99 (2.61) * 10.28 (3.61) * 21.74 (7.59) * 

Differences between school terms for continuous variables were tested using Bonferroni-corrected analyses of variance and for categorical variables using chi-square 
tests : * statistically significant difference between term in column and all other school terms, 1 statistically significant difference between term in column and school 
term 1 (summer), 2 statistically significant difference between term in column and school term 2 (autumn), 3 statistically significant difference between term in column 
and school term 3 (winter), 4 statistically significant difference between term in column and school term 4 (spring).  
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Table 2: Relationship between weather elements and physical activity (n=4599 days, n=307 children) 

 Moderate PA  

std. B (95%CI) 

 Vigorous PA  

std. B (95% CI) 

 -2 restricted log likelihood = 10834   -2 restricted log likelihood = 10759 

Rainfall (0.01�t7.8 mm per day versus no rainfall) 

Rainfall (7.9�t46.0 mm per day versus no rainfall)  

 0.087 (0.029 to 0.145)   0.062 (0.005 to 0.119) 

 -0.065 (-0.152 to 0.022)   -0.007 (-0.093 to 0.078) 

Humidity   -0.070 (-0.108 to 0.033)   -0.085 (-0.122 to -0.048) 

Day length  -0.050 (-0.177 to 0.076)   -0.079 (-0.202 to 0.044) 

Temperature  0.378 (0.177 to 0.579)   0.108 (-0.089 to 0.304) 

Temperature squared  -0.484 (-0.665 to -0.302)   -0.297 (-0.474 to -0.120) 

Solar Radiation exposure  0.079 (0.037 to 0.121)   0.065 (0.024 to 0.106) 

Day type (weekday versus weekend day)  0.438 (0.380 to 0.496)   0.333 (0.276 to 0.389) 

Gender (boys versus girls)  0.523 (0.410 to 0.636)   0.531 (0.397 to 0.665) 

Age in years  -0.118 (-0.178 to -0.058)   -0.051 (-0.122 to 0.019) 

Body Mass Index  0.026 (-0.026 to 0.079)   -0.107 (-0.168 to -0.046) 

Table shows fixed effects (as standardized regression coefficients (std. B) with 95% confidence intervals (CI) from linear mixed models, with a random intercept for each 
child, and a repeated term for each child across each repeated observation, with autoregressive covariance structure. Bolded text indicates significant at p<0.05.
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Figure 1: Relationship between Temperature and Physical Activity. Mean Unstandardized Predicted Values of 
Moderate and Vigorous Physical Activity were adjusted for rainfall, humidity, day length, day type, gender, age, 
and BMI. For Moderate Physical Activity p-value temperature < 0.01; p-value temperature2 < 0.01. For Vigorous 
Physical Activity p-value temperature = < 0.86; p-value temperature2 < 0.01. 

Moderation across weather elements, and between socio-demographics and 
day type 
There was statistically significant moderation for solar radiation in the relationship 
between temperature and MPA and VPA (improvement of the model by including 
interaction-terms p< 0.01 for both MPA and VPA, likelihood ratio test with 2 df). This 
means that the previously computed temperature that corresponded to highest PA, 
depends on the level of solar radiation. We dichotomized solar radiation to graphically 
demonstrate this. It should be noted that during days with low solar radiation, maximum 
temperatures only reached 29.1 degrees Celsius, while in days with high solar radiation, 
temperatures were recorded up to 39.1 degrees Celsius (see Figures SDC2 and SDC3 in 
Appendix 3). Consequently, temperature had a smaller in�(�o�µ���v�������}�v�����Z�]�o���Œ���v�[�•���D�W�������v����
VPA during days with lower solar radiation; while temperatures (above 25 degrees 
Celsius) were strongly associated with lower MPA levels during days with high solar 
radiation (see Figure SDC2 and SDC3 in Appendix 3). This can also be deducted from the 
negative interaction-term solar*temperature, while the interaction-term of the quadratic 
term solar*temperature squared was positive (see Supplemental Table 4 in Appendix 3) 
 
In addition to the interaction described above, moderation was also found between day 
type and temperature in the relationship with VPA (see Supplemental Table 5 in Appendix 
3; moderation of weather elements and day type in relationship between weather 
elements and vigorous PA). We found a strong curvilinear relationship between 
temperature and VPA during weekdays; while during weekends temperature was linearly 
related with lower VPA (see Figure SDC6 in Appendix 3). We found no indication for 
moderation by gender, age, and BMI. 
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Discussion 

This study first inves�š�]�P���š���������•�•�}���]���š�]�}�v�•�������š�Á�����v���Á�����š�Z���Œ�����o���u���v�š�•�����v�������Z�]�o���Œ���v�[�•�������]�o�Ç��
PA patterns, and secondly the moderating effects of day of the week (weekdays vs. 
weekend days) and gender, age and BMI on the relationship between these weather 
elements and PA, using an extensive longitudinal design containing measurements across 
four seasons. Temperature and day type (weekdays versus weekends) were the strongest 
variables explaining MPA and VPA; followed by equal contributions from solar radiation 
and humidity. Temperature showed a curvilinear relationship, with highest engagement in 
MPA and VPA levels occurring at 22 and 20 degrees Celsius, respectively. Relative 
humidity was consistently related to lower MPA and VPA, and solar radiation was 
consistently related to higher MPA and VPA. Little rainfall (0.1�t7.8mm) was associated 
with higher MPA compared to no rainfall, but no association was found for heavier rainfall 
(7.9-46.0mm). When compared against sedentary time, results were equally strong but in 
opposite direction, suggesting that the increments observed in MPA and VPA were 
accompanied with a similar decrease in sedentary time. 
 
The curvilinear relationship found between temperature and MPA and VPA was highly 
comparable with results from the study by Lewis et al. (21), which also reported an 
optimal temperature around 20-25 °C related to PA among children in Australia and 
Canada. For light PA however, we did not observe this typical curvilinear relationship. In 
addition, our study found that there was a notable curvilinear relationship between 
temperature and VPA during weekdays. During weekends, we found no evidence for such 
a curvilinear relationship, but still, higher temperatures were related to lower VPA. Lewis 
et al. (21) reported that the influence of weather was stronger on weekdays; while 
Duncan et al. (9) and Atkin et al. (3) in contrast reported that this was generally true for 
weekend days. Inconsistency regarding these findings may be explained by the possibility 
that on weekends with temperatures above 20 °C, more free-time may have been spent in 
water-related activities which likely resulted in misclassification of actual PA behavior as 
children were instructed to not wear the accelerometer during water-activities (21). 
Another explanation may be that the scheduling of structured PA (e.g. team sports) may 
have resulted in fewer PA opportunities in warmer periods of the year (26). However, by 
allowing for an individualized intercept and repeated measures for each participant across 
each day of measurement, it is more conceivable that daily changes in temperature 
influenced PA in our study, rather than the role of potential changes in structured PA. 
 
We found that solar radiation was consistently associated with higher MPA and VPA. 
Duncan et al. also examined solar exposure in their New Zealand study (9), but no 
associations were found with PA (9). This may be due to different definitions of solar 
radiation, as the present study defined solar radiation as the daily total in MJ/m2, while 
Duncan et al. (9) defined solar radiation as the duration of absent cloud cover. As the 
former provides more valid information about the actual intensity of solar radiation, this 
measure may be more likely to be related with PA behavior. In addition, although 
suggested by Duncan et al. (9), this is the first study that has investigated moderation 
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mechanisms between weather elements and their association with PA. Such moderation 
was found for temperature and solar radiation. Apart from the potential influence of 
water-related activi�š�]���•�U���•�µ�v���‰�Œ�}�š�����š�]�}�v���‰�}�o�]���]���•���u���Ç�����o�•�}���Z���À�����]�v�(�o�µ���v�����������Z�]�o���Œ���v�[�•���W����
particularly during the warmer months. At higher intensities of solar radiation (UV-levels  
3), SunSmart protection measures in Australia encourage children to stay in the shade and 
wear protective clothing (e.g. hats and long sleeve tops) during periods of the day with 
extreme UV-�o���À���o�•�X���d�Z�]�•���u���Ç���Z���À�����Z�]�v�����Œ���������Z�]�o���Œ���v�[�•���‰���Œ�š�]���]�‰���š�]�}�v���]�v���}�µ�š���}�}�Œ���W����(18), 
and thus may have contributed to the moderation between temperature and day type in 
the relationship with VPA (see Figure SDC6 in Appendix 3). Similar school policies 
regarding promotion of indoor PA during wet weather conditions (14), may also be 
required during periods of the day with extreme UV-levels. 
 
While we found consistent associations between relative humidity and lower PA, Lewis et 
al. (21) found no such associations with MVPA (21). Humidity may influence PA in a way 
that the sensation of heat (at higher temperatures) depends on relative humidity (27, 28), 
which suggests a moderating mechanism between temperature and humidity in the 
relationship with PA. However no evidence for interaction was found in our study. 
Therefore regardless of temperature, PA may be more exhausting and uncomfortable for 
children in higher relative humidity, and therefore it may be best to encourage indoor 
activities on days of high humidity. Moreover, no associations were found between 
humidity and light PA. Similar to temperatures above 25 degrees Celsius, increments in 
humidity are especially related to declines in PA at high intensity. This may mean that 
these meteorological circumstances may discourage and/or limit children from 
performing MPA/VPA because of discomfort and/or increased fatigue. 
Except for positive associations in the Canadian sample examined by Lewis et al. (21), five 
studies reported negative associations between rainfall and PA (9, 12, 21). In the current 
study however, results regarding rainfall were mixed. Interestingly, only Duncan et al. (9) 
and Harrison et al. (14, 15) categorized of rainfall due to its skewed distribution (9). Unlike 
the study of Duncan et al. (9) but in line with the studies of Harrison (14, 15), 
categorization of rainfall in our study was based on days with no rainfall, and 
subsequently split into two categories of similar size. When we applied the same 
category-thresholds as Duncan et al. (9) however, results remained unchanged. A 
potential explanation for the mixed rainfall findings in our study may be that children 
performed PA between rain showers, or inside during rainfall. As we had no data on the 
rainfall characteristics (e.g. intensity, duration or timing of rainfall) or indoor/outdoor 
�š�]�u�]�v�P�U���Á���������v�v�}�š���•�‰�����µ�o���š�����Z�}�Á���u�µ���Z���]�v�(�o�µ���v�������Œ���]�v�(���o�o���Z�������}�v�����Z�]�o���Œ���v�[�•�������]�o�Ç���W�����o���À���o�•�X��
In addition, future studies that have access to wind speed data may also investigate 
whether average daily wind speed (or in a moderation mechanism with rainfall) influence 
���Z�]�o���Œ���v�[�•���W���������Z���À�]�}�Œ�X���/�v�š���Œ���•�š�]�v�P�o�Ç�U���}�v�����•�š�µ���Ç���Œ���‰�}�Œ�š���������o�����Œ���������o�]�v���•���]�v���o�µ�v���Z�š�]�u�������v����
after-school PA with increasing rainfall in 9-11 year-old children, but no associations were 
found for 13-14 year-old children (15). Unfortunately our daily rainfall data and limited 
age range do not allow direct comparison with these findings (15). Future studies are 
encouraged to include rainfall characteristics and indoor/outdoor time in their analyses, 
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as preliminary results indicated that children were most active in schools with policies to 
provide opportunities for active indoor activities during wet weather (14). 
 
Given our longitudinal design across four school terms, substantial variations in day length 
were recorded in our study; however, no associations between day length and PA were 
observed. Unlike the study of Goodman (12), we entered day length as a continuous 
variable in our models. When we computed tertiles based on equal frequency 
distributions however, some small differences in MPA were found but results were 
inconsistent (data not shown). Initial multi-collinearity statistics provided indications for 
potential multicollinearity between day length, temperature and solar radiation. Hence, 
we investigated this in sensitivity analyses. For example, removing temperature or solar 
radiation from our models led to significant decrease in model fit (p < 0.05 for MPA and 
VPA), while the association between day length and MPA remained unchanged (data not 
shown). Based on these sensitivity analyses, we decided to retain day length in the models 
as we deemed multicollinearity not to have significantly influenced our results. However, 
in line with the present study, previous studies reported that associations between day 
length and PA were only strong during the late afternoon and early evening (12), and only 
small increases in overall daily PA were shown between days with large differences in 
sunset times (i.e. before 5 PM versus after 9 PM) (11). Consequently, day length may 
independently increase PA in late afternoons and evenings, but associations between day 
length and overall PA across the whole day seem to be weak (11).  
According to the results of Goodman et al., this may be due to an increase in light PA 
during late afternoon or early evenings (12). In addition, it is possible that day length 
might have less influence on PA performed as part of organized sports versus 
discretionary PA (e.g. sports facilities may be more likely to be lit than playgrounds). 
Future studies are encouraged to further examine these distinct PA patterns. 

Strengths and weaknesses 
To our knowledge this is the first study to use a longitudinal design to investigate the 
�]�v�(�o�µ���v�������}�(���Á�����š�Z���Œ�����o���u���v�š�•���}�v�����Z�]�o���Œ���v�[�•���]�v�š�Œ��-individual PA patterns. The repeated 
measurements distributed across four school terms within one year ensured variation in 
weather elements and are representative of yearly PA patterns among Australian 
children.  
�d�Z�����‰�Œ���•���v�š���•�š�µ���Ç�[�•�����‰�‰�Œ�}�����Z���}�(���W�����‰���š�š���Œ�v�•���Á�]�š�Z�]�v���]�v���]�À�]���µ���o�•���]�•�����]�(�(���Œ���v�š���(�Œ�}�u�������Œ�o�]���Œ��
studies. These studies typically analyzed between-individual differences, aggregating PA 
over days. Within-individual analyses, such as in our study, are better able to characterize 
day-to-day variation in children, helping us to understand PA patterns in children. 
 
In our study, the lowest average temperature recorded was 10.7 degrees Celsius. 
Therefore, these findings may not be generalised to countries with lower winter 
temperatures. In addition, weather elements also show within-day variability (e.g. short 
periods of heavy rainfall may have a different influence on PA than prolonged light 
rainfall) (12). Future studies are encouraged to also analyze within-day variability of 
weather elements in relation to PA patterns, particularly in regions where the weather is 
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highly variable across the day. Although we accounted for differences between each day 
of measurement within children (as a repeated term) and thus also for potential 
differences in sports participation across school terms, the influence of weather elements 
may still be underestimated by indoor sports participation. Related to this, future studies 
may also investigate whether the relationship between weather elements and PA is 
���}�v�•�]�•�š���v�š���}�À���Œ���š�]�u���X���h�v�����Œ���•�š�]�u���š�]�}�v���}�(���}�µ�Œ���Œ���•�µ�o�š�•���u���Ç�����o�•�}���•�š���u���(�Œ�}�u�����Z�]�o���Œ���v�[�•�����Ç���o�]�v�P��
behavior, which is not well captured by hip-worn accelerometers, but may vary according 
to weather elements (23). One could also argue that despite this study controlling for 
weartime, our results may be influenced by differences in weartime across school terms. 
For example, especially in summer, weartime (and VPA) was lower compared to other 
school terms. However, sensitivity analyses revealed that no notable changes were 
detected when models were repeated for low versus high weartime (data not shown). 
Finally, we were unable to account for the possibility that water-based PA may have 
influenced our results in warmer periods of the year. The use of extensive PA diaries or 
combined Global Positioning System (GPS) and accelerometer methodology in future 
studies may be able to recognize specific types of PA and their context. 

Implications 
This study has important implications for future study methodology. As weather 
influences cannot be controlled, knowledge of its influence on individual PA patterns may 
inform the design, analysis and interpretation of future studies; especially when 
investigating PA across diverse meteorological settings and with long follow-up periods. 
Also, future interventions should not only account for inter-individual-, but also for intra-
individual changes of weather elements in their analyses. This study also has implications 
for countries that often experience high temperatures (>25 degrees Celsius). As this study 
showed substantially lower levels of PA at these high temperatures, researchers are 
encouraged to investigate mechanisms behind this inactivity (e.g. parents/schools keeping 
children insid�����}�Œ�����Z�]�o���Œ���v�[�•���}�Á�v���]�v���o�]�v���š�]�}�v���š�}���������o���•�•�������š�]�À���•�X���W�}�o�]���Ç���u���l���Œ�•���]�v���š�Z���•����
countries are advised to provide infrastructure to promote and support appropriate PA in 
these temperatures, while being cautious about adverse health effects of high solar 
radiation and overheating. 
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Abstract 

Introduction: Physical Activity (PA) occurs in several behavioral domains (e.g. sports, 
active transport), and is affected by distinct environmental factors. By filtering objective 
�W�����µ�•�]�v�P�����Z�]�o���Œ���v�[�•���•���Z�}�}�o���•���Z�����µ�o���•�U�������]�o�Ç���W���������v���������•���‰���Œ���š�������]�v�š�}���u�}�Œ�������}�v�����‰�š�µ���o�o�Ç��
meaningful domains. We used an ecological design to investigate associations between 
�^�‰�o���Ç�����]�o�]�š�Ç�_���}�(���î�í���•���Z�}�}�o-environments and ch�]�o���Œ���v�[�•���}���i�����š�]�À���o�Ç���u�����•�µ�Œ���������(�š���Œ-school 
PA. We also examined to what extent distinct time-periods after-school and the distance 
�(�Œ�}�u�����Z�]�o���Œ���v�[�•���Œ���•�]�����v�������š�}���š�Z���]�Œ���•���Z�}�}�o���]�v�(�o�µ���v���������š�Z�]�•�����•�•�}���]���š�]�}�v�X 
Methods: PA was measured in 587 8-11 year-old children by accelerometers, and 
separated in four two-hour time-periods after-school. For each school-environment, 
standardized playability-scores were calculated based on standardized audits within 800 
meters network buffers around each school. Schools and childr���v�[�•���Œ���•�]�����v�����•���Á���Œ����
geocoded, and we classified each child to be residing in 400, 800, 1600, or >1600 meters 
crow-fly buffers from their school. The influence of network-distance buffers was also 
examined using the same approach. 
Results: Playability was associated with light PA and moderate-to-vigorous PA after-
school, especially in the time-period directly after-school and among children who lived 
within 800 meters from their school. Playability explained approximately 30% of the after-
school PA variance �����š�Á�����v���•���Z�}�}�o�•�X���'�Œ�����š���Œ�����]�•�š���v�������(�Œ�}�u�����Z�]�o���Œ���v�[�•���Œ���•�]�����v�������š�}���š�Z���]�Œ��
school weakened the association between playability of the school-environments and 
after-school PA. 
Conclusions: This study demonstrated that relationships between the conceptually 
matched physical environment and PA can be revealed and made plausible with 
increasing specificity in time and distance. 
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Introduction 

The short- and long-term benefits of physical activity (PA) in children are well known. The 
role of attributes of the physical ���v�À�]�Œ�}�v�u���v�š���]�v���Œ���P�µ�o���š�]�}�v���}�(�����Z�]�o���Œ���v�[�•���W���������Z���À�]�}�Œ���Z���•��
been given increasing attention in recent years, but results so far have been mixed (1). 
Although the use of objective measurements is preferred in PA-related research involving 
children (e.g. by accelerometers), investigating relationships between PA and the physical 
environment using objective measurements proves to be challenging (2). 
 
�����(�]�Œ�•�š�����Z���o�o���v�P�����]�•�����•�•���•�•�]�v�P�����Z�]�o���Œ���v�[�•�����Æ�‰�}�•�µ�Œ�����š�}�������š���]�o���������o���u���v�š�•���}�(���š�Z�����‰�Z�Ç�•�]�����o��
environment. Researchers in the disciplines of health sciences, urban planning, and leisure 
studies all contribute to the development of measurements assessing these 
environmental elements (3). In general, three types of measurements can be identified; 
self-administered surveys, systematically completed audits, and GIS-based measures (4). 
In terms of objective measurements, GIS-based measures may currently be more suitable 
for assessing design-related features of neighborhoods on a larger geographic scale. 
Audits, in turn, may be more suitable to assess qualities of environmental elements in 
smaller-scaled environmental settings (4, 5). In studies investigating PA in children, audits 
may thus be favorable in detecting (quality of) small-scaled environmental opportunities 
that may potentially influence leisure time PA (e.g. attractiveness and quality of public 
spaces or playgrounds). Recently, an instrument assessing detailed playground 
characteristics using systematic in-person audits of environments have been introduced 
���•�������^�‰�o���Ç�����]�o�]�š�Ç���]�v�����Æ�_��(6). This index stems from the Environmental Assessment of Public 
Recreational Spaces (EAPRS) (7) and assesses qualities of playground-features such as 
facilities, aesthetics, proximity, and accessibility. 
 
A second challenge when investigating relationships between PA and the physical 
environment stems from the paradigm that PA occurs in several conceptual domains (i.e. 
leisure, school, transport and home) (8-10). Investigating associations between the 
environment and overall PA may lead to inconsistencies, as different PA domains are 
regulated by distinct environmental factors (4). An example of domain-specificity relates 
�š�}�����Z�]�o���Œ���v�[�•���•���Z�}�}�o���•���Z�����µ�o���U���Á�Z�]���Z���o���Œ�P���o�Ç���o�]�u�]�š�•���š�Z���]�Œ���•�‰���š�]���o���(�Œ�������}�u- and thus 
environmental exposure during weekdays. Separately investigating after-school PA (ASPA) 
�Z���o�‰�•���š�}���]�v���Œ�����•�����}�µ�Œ���µ�v�����Œ�•�š���v���]�v�P�����Z�]�o���Œ���v�[�•�����}�v�š���Æ�š-specific PA and its environmental 
attributes (2, 9, 11-13). Studies using subjective measures of ASPA generally reported that 
boys seemed to be more active after school than girls (14, 15) and suggested a negative 
influence of technology-related sedentary activities on ASPA (15, 16). The studies that 
used objective measures generally indicated that ASPA contributed considerably to total 
PA, that boys were indeed more active after school (17-27). More specifically, one study 
reported that children do not compensate inactive days at school by increasing ASPA on a 
weekly basis (28). Three studies reported on relationships between ASPA and objectively 
audited features of the environment (22, 24, 26). Results generally revealed that time 
outside resulted in 2-3 fold higher ASPA (26), but no associations were found between the 
number and proximity of PA- facilities / public open spaces / playgrounds in the 
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environment (and their specific features such as lightning and trees) and ASPA in children 
(22, 24). However in the audits of the studies above, no information was recorded about 
the quality of these PA-facilities (e.g. attractiveness, maintenance status or age-
appropriateness). This may be important, as other factors than actual distance to public 
open spaces may determine the use of public open spaces or playgrounds (24, 29). 
 
An advantage of investigating ASPA is that when using exact school bell-times, 
relationships between ASPA and attributes of the school-environment can be investigated 
with an equal starting-point; both regarding time-opportunities and geographical location 
for all children attending the same school. To even further improve our understanding of 
this association, the ASPA time-period may be separated into even more precise time-
segments after school bell-times. For example, by theory, children are all optimally 
exposed to the school-environment directly after school ends (i.e. bell times) but to a 
�o���•�•���Œ�����Æ�š���v�š���o���š���Œ���]�v���š�Z�������(�š���Œ�v�}�}�v�X���'�Œ�����š���Œ�����]�•�š���v�����•���}�(���������Z�]�o���[�•���Œ���•�]�����v�������š�}���š�Z�����•���Z�}�}�o-
environment may attenuate relationships between playability and ASPA, because children 
living further away may be more likely to engage in ASPA at places outside the school-
environment under study. 
 
Consequently, the present study used an ecological approach to investigate the 
association between environmental playability and objectively measured ASPA of 8-11 
year-old children, using audits of school-environments. In addition, we aimed to 
demonstrate that with increasing specificity in time and distance, relationships between 
school-environments and ASPA can be revealed and made plausible. 

Methods 

This investigation was embedded in a prospective study in the Southeast part of the 
Netherlands, focusing on environmental attributes and PA in Dutch primary school 
children. The design and protocol are described in detail elsewhere (30). After obtaining 
parental informed consent, 815 sixth and seventh grade primary-school pupils from 21 
schools participated in PA measurements and questionnaires for both one of the parents 
and child. Data collection took place between the 26th of September and the 1st of 
December 2012 and analyses were performed in 2015. The Medical Ethics Committee of 
the Maastricht University Medical Center approved this study (reference number METC 
12-4-077). 

Measurements 

After-School Physical Activity 

ASPA was measured using ActiGraph GT3X+ accelerometers (30Hz) for five consecutive 
days (ActiGraph, Pensacola, FL), defining non-wear periods according to 60 minutes of 
���}�v�•�����µ�š�]�À�����Ì���Œ�}�[�•���������}�Œ���]�v�P���š�}���d�Œ�}�]���v�}�[�•�����Œ�]�š���Œ�]����(31). Activity intensity classification was 
�����•�������}�v�����À���v�•�}�v�[�•�����µ�š�‰�}�]�v�š�•��(32). Participants were instructed to only remove the 
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accelerometer in water-related activities, so we explicitly instructed them to keep wearing 
them during sports-activities. We excluded measurements containing less than 250 
minutes per day of registration time, for at least two weekdays. Although studies 
investigating whole-day PA patterns usually apply more stringent criteria for these 
registration times (33), we were only interested in a smaller part of the daily PA pattern 
and therefore required less registration time. Weekend days and Wednesdays (because of 
a shortened school-schedule) were excluded. Accelerometry was aggregated to hourly 
averages, for each day of measurement. Using weartime-filters, ASPA was filtered from 
�š�}�š���o���W�����Œ���P�]�•�š�Œ���š�]�}�v���š�]�u���U�������•�������}�v�����Æ�����š���•���Z�}�}�o�[�•�������o�o���š�]�u���•�X�����^�W�����Á���•���š�Z���v���•���‰���Œ���š�������]�v��
four two-hour time periods: 1) directly after-school�t16:00, 2) 16:00-18:00, 3) 18:00-20:00, 
and 4) 20:00�t22:00. All schools ended between 14:45 and 15:30. To ensure that these 
time-periods represented hourly patterns, and are thus not influenced by spurious PA-
spikes in children with limited period-specific weartimes, we only included accelerometer 
data that consisted of at least 50% of the period-specific registration time (i.e. at least one 
hour in a two-hour registration period) (26, 27, 34). For the first time period, we tailored 
the percentage of period-specific weartime based on individual school bell-times. 
 
Based on data from the Royal Dutch Meteorological Institute (KNMI), we also identified 
meteorological circumstances (i.e. average temperature, average duration of rainfall, and 
average duration of sunshine per day) during measurement-days.  

Playability 

Playability of the school-environments was assessed by two trained researchers using the 
SPACE observation instrument (35, 36), within an 800 meters radius from each school, 
while acknowledging natural barriers such as highways or canals. This 54-item instrument 
audits PA friendliness of neighborhoods and assesses characteristics such as residential 
density, playground characteristics, and traffic intensity, based on the Neighborhood 
Environment Walkability Scale but modified to reflect the Dutch environmental context 
(37, 38). Inter-rater agreement between the two researchers who audited school-
environments was acceptable (Kappa = 0.73). Playability was operationalized by first 
extracting items representing characteristics of playgrounds (excluding schoolyards) 
within the 800 meters crow-�(�o�Ç���•�µ�Œ�(�����������Œ�����•�X�����Æ�š�Œ�����š�������Á���Œ�����š�Z�����‰�o���Ç�P�Œ�}�µ�v���[�•���•�]�Ì�����]�v��
squared meters, accessibility (safely accessible versus not-safely accessible), opening 
hours (unlimited versus limited), maintenance-status (poor versus good), number of 
facilities (e.g. climbing-facilities and soccer goals), and age-appropriateness of these 
facilities for 8-11 year-old children (none, partly, and fully age-appropriate). Each 
individual playground-characteristic was summed and standardized based on equal 
weights, to reflect one standardized score for each individual playground. Subsequently, 
these scores were aggregated to a playability index-score for each school-environment. 

���]�•�š���v�������(�Œ�}�u�����Z�]�o���Œ���v�[�•���Œ���•�]�����v�������š�}���š�Z���]�Œ���•���Z�}�}�o 

Since in the Netherlands a limited number of primary schools generally cover a small 
�Œ���•�]�����v�š�]���o�����Œ�����U���‰���Œ���v�š�[�•���������]�•�]�}�v�•���Œ���P���Œ���]�v�P���š�Z�����•���Z�}�}�o���}�(���š�Z���]�Œ�����Z�]�o���Œ���v���]�•���}�(�š���v�������•ed on 
the (close) distance from their residence (39, 40). Because of this vicinity to their school, 
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children from the same school share large parts of their physical environment (Figure 1). 
Therefore, these shared school-environments provide unique opportunities for 
investigating relationships between ASPA and the physical environment. Location of 
�•���Z�}�}�o�•�����v�����Œ���•�‰�}�v�����v�š�[�•���Œ���•�]�����v�����•���Á���Œ�����P���}���}�������U�����v�����Á�������}�u�‰�µ�š�����������ð�ì�ì�U���ô�ì�ì�����v����
1600 meters crow-fly buffer around each school using ArcGIS (ESRI ArcGis Desktop 10.2. 
Redlands, CA). We subsequently classified each residence to be located 1) inside the 400 
meters buffer-area, 2) outside 400, but inside 800 meters, 3) outside 800, but inside 1600 
meters, 4) outside the 1600 meters buffer area. As crow-fly distances may be misleading 
because of barriers in the environment (e.g. highways or canals), we also computed 
network-distance as the shortest network distance in meters via the street network from 
�������Z�����Z�]�o���[�•���Œ���•�]�����v�������š�}���š�Z���]�Œ���•���Z�}�}�o���µ�•�]�v�P���'�}�}�P�o�����D���‰�•���~�'�}�}�P�o���D��ps, 2015), and 
recoded distances in four categories. In order to keep sample sizes within categories 
comparable with the crow-fly distance, we based categorization on equal frequency 
distributions. 

 
Figure 1: Geographical location of included schools and participants 
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Statistical analyses 
Our analyses were performed using SPSS 20.0 for Windows (IBM SPSS Inc., Armonk, NY), 
and p<0.05 indicated statistical significance. Our dependent variable was the ASPA 
performed in light and moderate to vigorous intensity for each hourly time-interval of 
measurement. Our primary independent variable was the combined playability index of 
the different school-environments. We first described the percentages of light PA (LPA) 
and moderate-to-vigorous PA (MVPA) across four two-hour time-periods after school, and 
across four distance-buffers from schools using univariate analyses of variance (Table 1). 
We performed multilevel linear mixed models in order to account for the time-dependent 
structure of the data. We specified a random intercept and slope for the hourly time-
�]�v�š���Œ�À���o�•�U���v���•�š�������Á�]�š�Z�]�v���š�Z�����•�‰�����]�(�]���������š���•�����š���Á�Z�]���Z�������Œ���•�‰�}�v�����v�š�[�•�����������o���Œ�}�u���š�Œ�Ç��
commenced. Analyses were also adjusted for hourly weartime, average daily 
temperature, daily duration of rainfall, and daily duration of sunshine per day. We 
evaluated whether age and gender moderated the association between playability and 
ASPA, but as we did not find moderation, we only adjusted for age and gender. 
 
To investigate the influence of the four time-periods and distance-categories on the 
relationship between ASPA and playability, we entered the appropriate interaction terms 
in our linear mixed models. Using dummy-coded interaction-terms between distance-
categories and the playability index-score, we were able to estimate main effects of 
playability for each of the two-hour time periods, while still acknowledging the time-
dependent structure with the random intercept and slope. Distance-categories were both 
conceptualized as crow-fly and network-distances. Finally, we also repeated our analyses 
now stratifying for the time-periods and distance-categories simultaneously to investigate 
their interactive influence (Table 4) 

Results 

In total, 587 children (74.2%) provided valid ASPA measurements, for two (44.8%) and 
three (55.2%) valid weekdays, respectively. The 280 participating boys and 307 girls were 
aged 10.2 years on average (range 8 to 11 years) (Table 1).  Across all time-periods, 27.9% 
of the time after-school was spent in LPA, which accumulated to 103.4 minutes per day 
(SD=23.9).  MVPA accounted for 7.7% of the after-school time, accumulating to 28.4 
minutes per day (SD=14.6). Daily percentages of LPA declined across the four time-
periods, while MVPA slightly declined after 16:00, but increased again after 18:00. Daily 
percentages of LPA and MVPA were comparable across the distance-categories (no 
statistically significant differences in analysis of variance, data not shown). 
 
  
















































