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Abstract

Background

Sedentary behavior is a worldwide public health concern. There is consistent and growing

evidence linking sedentary behavior to mortality and morbidity. Early monitoring and

assessment of environmental factors associated with sedentary behaviors at a young age

are important initial steps for understanding children’s sedentary time and identifying perti-

nent interventions.

Objective

This study examines the association between daily temperature (maximum, mean, mini-

mum, and diurnal variation) and all-day sedentary time among 4–6 year old children in

Mexico City (n = 559) from the year 2013 to 2015.

Methods

We developed a spatiotemporally resolved hybrid satellite-based land use regression tem-

perature model and calculated percent daily sedentary time from aggregating 10-second

epoch vertical counts captured by accelerometers that participants wore for one week. We

modeled generalized additive models (GAMs), one for each temperature type as a covariate

(maximum, mean, minimum, and diurnal variation). All GAMs included percent all-day sed-

entary time as the outcome and participant-level random intercepts to account for repeated
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measures of sedentary time. Our models were adjusted for demographic factors and envi-

ronmental exposures.

Results

Daily maximum temperature, mean temperature, and diurnal variation have significant neg-

ative linear relationships with all-day sedentary time (p<0.01). There is no significant associ-

ation between daily minimum temperature and all-day sedentary time. Children have on

average 0.26% less daily sedentary time (approximately 2.2 minutes) for each 1˚C increase

in ambient maximum temperature (range 7.1–30.2˚C), 0.27% less daily sedentary time

(approximately 2.3 minutes) for each 1˚C increase in ambient mean temperature (range

4.3–22.2˚C), and 0.23% less daily sedentary time (approximately 2.0 minutes) for each 1˚C

increase in diurnal variation (range 3.0–21.6˚C).

Conclusions

These results are contrary to our hypothesis in which we expected a curvilinear relationship

between temperature (maximum, mean, minimum, and diurnal variation) and sedentary

time. Our findings suggest that temperature is an important environmental factor that influ-

ences children’s sedentary behavior.

Introduction

Sedentary behavior is a worldwide public health concern as there is consistent and growing

evidence linking sedentary behavior to mortality and numerous morbidities [1]. Children are

a particularly critical age group for assessing and tracking sedentary behavior over time [2–4].

For children, sedentary behavior is associated with poorer physical and mental health out-

comes [3, 4], including obesity, high blood pressure and total cholesterol, lower physical fit-

ness, social behavior problems, lower self-esteem, poor cognitive development, and lower

academic performance [1]. Furthermore, both human and animal studies find that active chil-

dren are more likely to be active later in life as adults [5, 6]. These findings suggest that physical

activity behaviors developed in childhood remain stable over time, and that early monitoring

and intervention of sedentary behaviors in childhood are important for positive changes over

the life course.

To date, researchers have investigated numerous factors associated with physical activity

and sedentary behavior. In a systematic review conducted by Van Der Horst and colleagues,

they evaluated studies published from 1999–2005 for correlates of physical activity and seden-

tary behavior among children, and broadly categorized relevant correlates as environmental,

demographic, biological, psychological, and sociocultural factors [7]. They identified a gap in

the literature on physical environmental correlates and a need for future research to utilize

objective measurements of the environment as most existing studies relied on self-reported

data [7]. Since the time of their review, new studies on physical activity and sedentary behavior

have analyzed various environmental attributes, including greenness, parks and playgrounds,

noise, season, precipitation, daylight, humidity, and temperature [8–12].

Seasonality is now recognized as an important influence on children’s health behaviors

[13], with increasing evidence to support the effects of seasonal variation on children’s physical

activity–as well as sedentary behavior but to a lesser extent. Studies largely find that children’s
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levels of moderate-to-vigorous physical activity (MVPA) are significantly lower in the winter

compared to other seasons in different contexts, including Australia [14], Canada [15], Nor-

way [16], and the UK [13]. However, there are inconsistencies as to which seasons children

have significantly different MVPA relative to winter. For example, children have lower MVPA

in winter compared to autumn in Canada [15], spring and summer in Australia [14], and

summer and autumn in Norway [16]. In the UK, children have lower MVPA in autumn and

winter relative to spring [13]. As for sedentary behavior, studies find an increase in sedentary

time in winter and autumn relative to spring in the UK [13], and spring and summer in Nor-

way [16].

There are acknowledged limitations to using seasonality [17, 18]. Season is a proxy for aver-

age weather variations for four distinct time periods of the year (i.e., spring, summer, autumn,

winter) or less in more temperate climates, thus obscuring day-to-day temporal variations in

weather conditions such as sudden spikes and drops in temperature. Moreover, one season is

presumed to have considerably different weather patterns from other seasons, an assumption

that is unlikely for the days and weeks immediately before and after a transition from one

season to another. Definitions of seasons also vary across different regions of the world,

restricting international comparisons of findings on seasonal effects on levels of physical activ-

ity [17, 18].

Daily weather conditions have been used in lieu of seasonality in physical activity studies, of

which temperature is always included as a correlate. Furthermore, there is considerable

intraindividual variability in children’s physical activity levels [19] and researchers have corre-

spondingly analyzed intraindividual associations between daily weather conditions and chil-

dren’s physical activity [17, 18, 20]. Findings on the relationship between temperature and

physical activity are varied, with both linear and non-linear associations that are influenced by

geography [21–24]. Studies in Montreal and Auckland observe a linear relationship, with

higher temperatures corresponding to higher levels of physical activity [25–27]. Research in

Australia identify a curvilinear fit between temperature and children’s MVPA whereby levels

of MVPA peaked from 20–22˚C in one study [17] and 20–25˚C in another study [18], followed

by a decline in MVPA at higher temperatures [17, 18]. In another study using data from 17

studies across the world, researchers observe an increase in temperature alongside an increase

in physical activity from 0–20˚C, followed by a decrease in physical activity at temperatures

higher than 20˚C [20]. Across these studies, limitations include using weather data from a sin-

gle ground station to represent the entire study location rather than participants’ home loca-

tion and analyzing data in high income countries [20].

Compared to physical activity, much less research has investigated the role of temperature

on children’s sedentary behavior. Among the limited research on temperature and sedentary

time, there are inconclusive findings and different data collection methods. One study

based in the US found that levels of sedentary behavior declined at the extreme ends of mean

temperature (<18.3˚C and�18.3˚C) [28]. Researchers used temperature data from one

weather station to represent a central location for the entire study area [28]. Another

study found no association between maximum temperature and sedentary time among

European children and utilized data from the weather station closest to participants’ school

location [29].

The vast majority of studies on temperature and physical activity or sedentary behavior

have taken place in the US, Canada, Western Europe, and Australia [21–24, 28, 29], with rare

exceptions based in non-Western regions. It remains important to investigate the relationship

between temperature and sedentary behavior in a wider range of climates and countries in

order to assess how variations in weather conditions, social norms, and institutional and infra-

structural resources are linked to differences in activity behaviors [16, 24].

PLOS ONE Daily temperature and sedentary time

PLOS ONE | https://doi.org/10.1371/journal.pone.0241446 October 30, 2020 3 / 21

https://doi.org/10.1371/journal.pone.0241446


Our study seeks to contribute to the aforementioned research gaps by investigating the rela-

tionship between daily temperature and all-day sedentary time among children in Mexico. In

general, there is a need for more research analyzing the connections between temperature and

children’s health behaviors and outcomes–and none have focused on Mexico, a middle-

income country. The majority of investigations on temperature and health either study the

general population or focus on health conditions in high-income countries that are specific to

adults or the elderly [30, 31]. Additionally, we use weather data based on participants’ home

location.

We hypothesized the relationship between temperature (maximum, mean, minimum, and

diurnal variation) and sedentary time to be curvilinear. Existing research has found that higher

temperatures at the extremes (i.e., too hot or too cold) are associated with reduced physical

activity [21, 23, 28]. These earlier findings suggest that sedentary behavior increases when tem-

peratures are too high or too low.

Methods and materials

Environmental exposure variables

Temperature. Our temperature estimates were generated from a spatiotemporally re-

solved hybrid satellite-based land use regression temperature model that we developed for the

Megalopolis of Central Mexico, which includes Mexico City and surrounding metropolitan

areas. Our model predicted daily ambient temperature on a 1x1 km grid using data from two

National Aeronautics and Space Administration (NASA) satellites (Aqua and Terra) and 153

meteorological ground stations. We used mixed-effects regression models with daily random

effects for each year (2013, 2014, and 2015) and temperature type (maximum, mean, and mini-

mum). Predictors included satellite-based land surface temperature (plus temporal imputation

and indicators for missingness), monthly Normalized Difference Vegetation Index (NDVI),

elevation, wind speed and flexible terms for seasonality. Model performance was assessed with

group ten-fold cross validation at withheld monitors and root mean squared error ranges (and

R2 ranges) for the three years were 1.69 to 1.76 (R2: 0.85–0.88) for maximum temperature, 1.07

to 1.22 (R2: 0.90–0.93) for mean temperature, and 1.62 to 1.78 (R2: 0.81–0.85) for minimum

temperature. Our data and R code are available in an open research repository [32].

NDVI. NDVI is a common indicator of green vegetation and ranges in value from -1 to 1.

A higher NDVI denotes a higher density of green vegetation. The average NDVI value was cal-

culated for each season (cold-dry from November to February, warm-dry from March to

April, and rainy from May to October) using 30 x 30-meter pixel Landsat 5 Collection 1 Tier 1

TOA Reflectance, Landsat 7 Collection 1 Tier 1 TOA Reflectance, and Landsat 8 Collection 1

Tier 1 TOA Reflectance. A buffer of 250 meters was created around each participant’s place of

residence and the average NDVI was calculated within each buffer. We also considered the

NDVI of the 30-meter pixel containing the home address and average NDVI in a buffer of 500

meters.

Precipitation. Total daily precipitation at the residential location was calculated using

inverse distance weighting of ground monitors.

Daylight. Hours of daylight were calculated using the sunriset function in the maptools R

package [33], which uses algorithms provided by the National Oceanic & Atmospheric

Administration (NOAA) to calculate sunrise and sunset based on date and coordinates.

Geolocation. Space-time varying exposures were estimated using the location of the par-

ticipant’s home at the time of the physical activity collection. Study personnel used a handheld

GPS device to capture the latitude and longitude of the home of each participant who wore an

accelerometer. The GPS results were manually reviewed and verified.
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Study population

We used data from PROGRESS (Programming Research in Obesity, GRowth, Environment,

and Social Stress), a cohort based in Mexico City. PROGRESS is a longitudinal cohort study

following mothers and their children since pregnancy. For our study, we focused on the chil-

dren when they were 4–6 years old whose sedentary behavior was monitored within the years

2013 to 2015. Of the 609 total children in the cohort, we excluded 50 children who had missing

covariate data and whose data did not meet the sedentary time guidelines, which is further

described in the following section. After we applied this exclusion criteria, a total of 559 chil-

dren remained in our study sample.

PROGRESS recruitment and follow-up procedures are briefly described next. Pregnant

women were recruited in 2007–11 through the Mexican Social Security System (Instituto Mex-

icano del Seguro Social) and written informed consent was obtained. The eligibility criteria for

enrollment into the study included the following:� 18 years of age,� 20 weeks gestation, no

medical history of heart and kidney disease, no daily alcohol consumption, and no steroid or

anti-epilepsy medication use. 1,054 pregnant women were initially enrolled and a total of 948

were followed up until delivery of a liveborn infant. Both mothers and their children have

been followed since then at the Mexican National Institute of Perinatology (Instituto Nacional

de Perinatologı́a). Institutional Review Boards at the Icahn School of Medicine at Mount Sinai

and at the Mexican National Institute of Public Health (Instituto Nacional de Salud Pública)

approved the study procedures.

Sedentary time: Data collection and cleaning procedures. PROGRESS children wore an

Actigraph GT3x+ accelerometer (Actigraph, Pensacola, FL) on their non-dominant wrist for

approximately one week during the years 2013 to 2015. An accelerometer was secured to the

child’s wrist by a field team member using a secure closure plastic wristband that could only be

removed by cutting the wristband and participants were instructed to wear it at all times.

There is a trade-off to placing accelerometers on wrists rather than other parts of the body,

such as the waist. Wrist-worn monitors generally represent arm movements rather than whole

body behavior [34]. However, placement on the waist may overestimate children’s sedentary

time [35] and participant compliance among children is more likely for wearing an accelerom-

eter on the wrist than on the hip [34], particularly for our study in which we expected partici-

pants to wear the monitors continuously for multiple days. Actigraph accelerometers are

widely used for measuring objective levels of physical activity [12, 36, 37].

The Actigraph GT3x+ stored timestamps and counts along the x, y, and z axes for every

10-second epoch. We downloaded and processed the raw data to calculate the proportion of

awake time each child spent being sedentary for each day. The formula is as follows:

Yij ¼
Sij
Tij

where Yij is percent sedentary time on day i for participant j;
S is total sedentary time when awake;

T is total awake time

Accelerometer data were collected throughout the year from 2013 to 2015. Fig 1 illustrates

the distribution of data (in person-days) collected by month, beginning from January and end-

ing in December. While data were collected during each month, the distribution is a bit

uneven, with less data collected from November to January relative to the rest of the year.

December had the fewest collection days (157 days), while April had the highest (349 days).

To process the data, we first converted the raw data to R file formats using the acc package

[38]. Then, we used the PhysicalActivity package [39] to flag spurious time, which is non-wear
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time or the time when the accelerometer was not recording counts. We defined spurious time

as 20 consecutive minutes of zero x-axis counts, a common threshold for children [40]. We

also considered three other definitions of spurious time appropriate for our age group because

different wear time algorithms may change the results [41]: 30 consecutive minutes of zero x-

axis counts, 20 consecutive minutes of zero vector magnitude counts, and 30 consecutive min-

utes of zero vector magnitude counts. Vector magnitude is a common triaxial measurement of

physical activity and it is calculated with the following equation:
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ z2

p
.

We then created custom functions in R version 3.4.4 for the following processing steps. We

removed spurious time and sleep time [42–44] since inclusion of these times would overesti-

mate real sedentary time. What remained was awake time, from which we differentiated sed-

entary time from time spent doing physical activity. We used validated thresholds from

Johansson and colleagues [45], specifically a cut-point of� 356 x-axis counts per 10-second

epoch. Then, we calculated total sedentary time while awake for each day. This is a standard

protocol validated by observational methods [45, 46]. However, 5-second intervals are recom-

mended for young children to better characterize and capture short and different levels of

activity [45, 46], but our finest temporal resolution is 10 seconds, so that is what we used. Fol-

lowing other standard procedures in the literature, we kept participant data if they met a

threshold of� 600 minutes of recorded activity for each day, had� three weekdays and� one

weekend day [40]. Finally, we divided total sedentary time over total time while awake per day

to produce our outcome of interest: percent daily sedentary time.

We used a wrist-specific cut-point that was calibrated by Johansson and colleagues for our

children’s age group [45]. The threshold for sedentary time was calibrated using wrist mea-

surements against the Children’s Activity Rating Scale (CARS) observational method. An age-

specific threshold is needed for children in different age groups because children’s motor skills

develop quickly when they are young and arm movements slow down as children get older

[45]. Many previous studies did not use validated age-appropriate cut-points [35]. Our study

does and in doing so incorporates a more reliable cut-point.

To help readers assess whether the threshold of� 600 minutes (10 hours) for total daily

awake hours is appropriate, Fig 2 is provided below to illustrate the distribution of the mini-

mum daily awake hours per child. Minimum daily awake hours are the lowest number of

Fig 1. Histogram of accelerometer data collected by month of the year, in person-days (n = 3322).

https://doi.org/10.1371/journal.pone.0241446.g001
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hours in a day that a child was awake during the monitoring period. These are days that met

the 10-hour threshold for inclusion in our data analysis. In our sample, we have a total of 160

days of recorded awake time between 10–12 hours, which is approximately 5% of all days

included in our analysis. Of these 160 days, there are 133 unique children, which represents

24% of all children included in our study. Other researchers have used a higher threshold

of� 720 minutes (12 hours) and five days for data inclusion [47], and we consider this alterna-

tive threshold as well.

Individual covariates. Demographics. Data on child’s age, sex, and maternal education

were collected using a standardized questionnaire.

BMI. Weight and standing height were measured to calculate BMI for each child. Children’s

BMI z-scores were calculated using the World Health Organization’s (WHO) guidelines [48].

Sleep. Sleep duration was calculated in ActiLife v6.11.9 using the Sadeh sleep algorithm for

accelerometer data [49]. Sleep diaries completed by children’s parents were used to confirm

whether intervals of low physical activity in the afternoon were nap times. More details on the

collection and processing of covariate data are published elsewhere [42–44].

School Days. School days and holidays were identified using school calendars prescribed by

the Mexican Secretariat of Public Education (Secretarı́a de Educación Pública). School holi-

days were combined with weekends to differentiate from school weekdays.

Statistical analysis

We used generalized additive models (GAMs) to allow for nonlinear relationships between the

dependent and independent variables [50]. We used GAMs to analyze the association of daily

percent sedentary time as the outcome with individual characteristics (child age, sex, BMI z-

score, sleep; maternal education; and school day versus holiday or weekend) and environmen-

tal exposures (temperature, NDVI, daylight, rain) as predictors. The temporal scale of our

analysis is a day. The formula is as follows:

Sedtimeij ¼ ðaþ ujÞ þ bxij þ f ðagejÞ þ f ðrainijÞ þ f ðbmijÞ þ f ðdayijÞ þ f ðlocationjÞ

where Sedtimeij is percent sedentary time on day i for participant j;
α and uj are fixed and random intercepts;

β is k×1 vector of linear regression coefficients representing n×k matrix of covariates, xij;

Fig 2. Histogram of minimum daily awake hours per child (n = 559).

https://doi.org/10.1371/journal.pone.0241446.g002
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f(agej) is a thin plate regression spline for age of participant j;
f(rainij) is a thin plate regression spline for rain on day i for participant j;
f(bmij) is a thin plate regression spline for the BMI z-score of participant j in the GAM

adjusting for diurnal variation, otherwise it is linear;

f(dayij) is a cyclic cubic regression spline for day of the year;

f(locationj) is a thin plate regression spline of longitude and latitude

GAMs were modeled using the mgcv R package [51]. To implement f(dayij) in mgcv, we

used s(day,k = 10,bs = "cc"), where day of the year was a numeric variable, the smooth term

was specified using the s term and cubic spline basis, and the k = 10 default basis dimensions

were used since changes to k did not change the results. To carry out f(locationj) in mgcv, we

used s(x,y), where x is longitude and y is latitude.

Four separate GAMs were modeled for maximum temperature, mean temperature, mini-

mum temperature, and diurnal variation (maximum minus minimum). For each GAM, the

temperature metric differed but all other variables remained the same. The covariates included

child’s sex, age, BMI z-score, minutes of sleep; exposures to daily temperature, NDVI, hours of

daylight, mean precipitation; maternal education; and weekend or holiday versus school day.

All environmental exposures (i.e., temperature, NDVI, daylight, and precipitation) were con-

current with children’s daily activity levels. We also considered socioeconomic status, but

since it was correlated with education and was not a significant covariate, we dropped socio-

economic status from the final models. All GAMs included participant-level random inter-

cepts to account for repeated measures of sedentary time by day. We considered participant-

level random slopes, but the GAM results were very similar and we decided to keep the simpler

models with random intercepts alone. Since children were more active during the summer

than in the winter, the models included a cyclic penalized cubic regression spline for day of the

year to account for non-linear seasonal patterns in sedentary time and to isolate the effects of

temperature. To account for spatial dependence, the models included a thin plate regression

spline for the spatial location (longitude and latitude) of each participant’s residence. All pre-

dictors were checked for multicollinearity and non-linearity. Predictors were included as lin-

ear terms when their estimated degrees of freedom approximated one and the Akaike

information criterion (AIC) of the GAMs did not improve with non-linear terms.

Hypothesis tests. To test our hypothesis that there is a curvilinear relationship between

temperature and sedentary time, we first specified a smooth or linear term for maximum tem-

perature, mean temperature, minimum temperature, and diurnal variation in separate GAMs.

We then used AIC to compare GAMs with a smooth term versus a linear term for each tem-

perature metric.

Sensitivity analyses. We conducted sensitivity analyses to determine how differences in

variable coding impacted our results. First, we compared our temperature model predictions

with temperature data from the nearest ground station and mean temperature across all of

Mexico City using SIMAT (Mexico City’s Atmospheric Monitoring System) stations, which is

data that is easier to obtain by a layperson.

Second, to examine whether results were sensitive to the choice of buffer size, we compared

mean NDVI in a 250-meter buffer with a 30-meter NDVI pixel containing the home location

and mean NDVI in a 500-meter buffer. Third, to analyze whether different physical activity

processing decisions influenced our results, we compared percent sedentary time when classi-

fied using x-axis counts and 20 minutes of spurious time to x-axis counts and 30 minutes of

spurious time; vector magnitude and 20 minutes of spurious time; and vector magnitude and

30 minutes of spurious time.

Finally, we assessed whether our results changed with stricter data inclusion criteria (i.e., a

minimum of 12 hours per day and 5 total days). We calculated differences in estimated
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coefficients and standard errors, and examined whether the null hypothesis was similarly

rejected or not rejected.

Results

Table 1 summarizes the demographic characteristics, environmental exposures, and sedentary

time of the cohort. The ratio of male to female children is nearly equal, with males comprising

51% of the sample. Most mothers (60%) have a high school education or more and children’s

mean age is 4.8 years. The average temperature is 22.1˚C for daily maximum temperature,

15.4˚C for daily mean temperature, 10.2˚C for daily minimum temperature, and 11.9˚C for

diurnal variation. On average, most children spend more than 50% of their tracked waking

hours being sedentary (an average of seven hours and 54 minutes). While this is typical for

children in this age group, it still represents an overly large proportion of sedentary time dur-

ing waking hours [52, 53]. Fig 3 illustrates the mean daily sedentary time for each child.

We reject our hypothesis that there is a curvilinear relationship between temperature and

sedentary time. In all GAMs with non-linear terms for maximum temperature, mean tempera-

ture, minimum temperature, and diurnal variation, the estimated degrees of freedom is 1. The

AICs comparing GAMs with non-linear versus linear predictors are nearly the same. The

AICs for a GAM with a smooth versus linear temperature covariate are 22238.33 and 22238.32

for maximum temperature, 22245.96 and 22245.98 for mean temperature, 22257.63 and

22257.61 for minimum temperature, and 22242.94 and 22242.88 for diurnal variation,

respectively.

Table 1. Summary statistics.

Variable Mean SD

Outcome
Daily Sedentary Time (%) 56.0 6.0

Environmental Exposures
Daily Maximum Temperature (˚C) 22.1 2.5

Daily Mean Temperature (˚C) 15.4 2.2

Daily Minimum Temperature (˚C) 10.2 2.4

Daily Diurnal Variation (˚C) 11.9 2.3

Mean NDVI (250-m buffer) 0.19 0.08

Daily Daylight (hours) 12.2 0.8

Daily Total Precipitation (mm) 2.8 3.6

Cohort Characteristics
Age (years) 4.8 0.5

BMI Z-Score 0.2 1.1

Daily Sleep (minutes) 470 72

N %

Sex
Male 285 51

Female 274 49

Maternal Education
Less than High School 223 39.9

High School 204 36.5

More than High School 132 23.6

Type of Day
School Day 1675 50.4

Holiday or Weekend 1647 49.6

https://doi.org/10.1371/journal.pone.0241446.t001
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Tables 2 and 3 present the results of four GAMs, with each model including a different

daily temperature measure as a predictor. Model 1 includes maximum temperature, Model 2

includes mean temperature, Model 3 includes minimum temperature, and Model 4 includes

diurnal variation. We have a separate model for each type of temperature rather than one

model that includes all four because they are highly correlated with one another.

Fig 3. Histogram of mean daily sedentary time per child as a percent of total time awake (n = 559).

https://doi.org/10.1371/journal.pone.0241446.g003

Table 2. GAM results with daily percent sedentary time as the outcome.

Model 1: Maximum Temperature Model 2: Mean Temperature Model 3: Minimum Temperature
Variable Estimate 95% CI P-Value Estimate 95% CI P-Value Estimate 95% CI P-Value

(Intercept) 77.9 69.6, 86.2 < 0.001 75.4 67.1, 83.7 < 0.001 77.4 68.8, 86.0 < 0.001

Daily Temperature (˚C) -0.26 -0.39, -0.13 < 0.001 -0.27 -0.45, -0.09 0.004 0.06 -0.12, 0.23 0.54

Mean NDVI (250-m buffer) 0.0004 -6.94, 6.94 1.00 0.26 -6.74, 7.27 0.94 3.09 -3.78, 9.97 0.38

Daily Daylight (hours) -1.20 -1.90, -0.50 < 0.001 -1.12 -1.87, -0.38 0.003 -1.73 -2.49, -0.97 < 0.001

Daily Sleep (minutes) -0.004 -0.008, -0.001 0.02 -0.004 -0.008, -0.001 0.01 -0.004 -0.008, -0.001 0.02

BMI Z-Score -0.17 -0.62, 0.29 0.47 -0.16 -0.62, 0.29 0.48 -0.17 -0.62, 0.29 0.47

Sex (Ref: Male) 0.21 -0.77, 1.19 0.67 0.20 -0.78, 1.18 0.69 0.14 -0.84, 1.11 0.79

Maternal HS Education (Ref: LHS) 0.42 -0.71, 1.55 0.46 0.43 -0.70, 1.56 0.46 0.40 -0.72, 1.53 0.48

Maternal More than HS Education (Ref:

LHS)

2.41 1.13, 3.69 < 0.001 2.39 1.11, 3.67 < 0.001 2.33 1.06, 3.61 < 0.001

Holiday/Weekend (Ref: School Day) -0.42 -0.91, 0.07 0.09 -0.45 -0.95, 0.04 0.07 -0.37 -0.87, 0.13 0.14

s(Daily Total Rain) (mm) 0.03 0.01, 0.11 0.001 0.04 0.01, 0.12 < 0.001 0.04 0.01, 0.13 < 0.001

s(Age) (years) 3.29 0.74, 14.6 0.09 3.43 0.82, 14.5 0.08 3.56 0.86, 14.7 0.07

s(Day of Year) 7.3 x10-5 3.9 x10-14, 1.4

x105
0.60 8.8 x10-5 3.6 x10-12, 2.2

x103
0.71 6.6 x10-5 2.3 x10-14, 1.9

x105
0.90

s(Participant) 5.21 4.84, 5.62 < 0.001 5.21 4.83, 5.61 < 0.001 5.18 4.81, 5.59 < 0.001

s(x,y) 0.67 6.7 x10-13, 6.8

x1011
0.20 0.91 2.6 x10-9, 6.8

x108
0.23 0.64 7.7 x10-17, 5.4

x1015
0.52

Adjusted R2 0.42 0.42 0.41

Abbreviation: LHS, Less than High School.

https://doi.org/10.1371/journal.pone.0241446.t002
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Across the four GAMs, there are differences in the between and within participant variability

in sedentary time by temperature type. The F-values are 15.2 for maximum temperature, 8.3 for

mean temperature, 0.38 for minimum temperature, and 15.5 for diurnal variation. (For GAMs

with temperature as the outcome variable, the F-values for sedentary time as the covariate are

17.8, 10.8, 0.59, and 16.6 for maximum, mean, minimum, and diurnal variation, respectively.)

In Tables 2 and 3, the estimates for the random parameters are the variance components

for each parameter. Participant-level random intercepts are significant at the threshold of

p<0.05 and their coefficient estimates are higher relative to other model parameters in all

GAMs. An estimated 5.2% (95% CI: 4.8 to 5.6%) of the between and within variation in seden-

tary time is explained by participant-level random intercepts. Total precipitation has a signifi-

cant (p<0.001) association with sedentary time. This association is positive and approximately

linear from 0 to 20 mm, and it accounts for the vast majority of observations. There is not

enough compelling support for the downward trend after 20 mm. Only 1.9% of the data is

above 20 mm and there is greater uncertainty. The non-linear terms for age, day of the year,

and residential location are not statistically significant. In the GAM with diurnal variation as a

predictor, BMI z-score is a non-linear term but it is not statistically significant.

Within the range of temperatures observed during the study, daily maximum temperature

has a significant, negative linear relationship with daily sedentary time (Table 2, Model 1,

p<0.001). For each 1˚C higher maximum temperature, children have on average 0.26% less

sedentary time (95% CI: -0.39 to -0.13%). Each 1˚C higher maximum temperature approxi-

mates 2.2 fewer minutes of sedentary time on average (ranging from 1.6 to 3.0 minutes) for the

children in our study.

Other significant covariates that have a negative linear relationship with daily sedentary

time are hours of daylight (p<0.001, 95% CI: -1.90 to -0.50%) and minutes of sleep (p = 0.02,

95% CI: -0.008 to -0.001%). Compared to those with mothers with less than high school educa-

tion, children of mothers with more than high school education have higher levels of sedentary

time on average (p<0.001, 95% CI: 1.13 to 3.69%).

Table 3. GAM results continued with daily percent sedentary time as the outcome.

Model 4: Diurnal Variation (Max—Min)
Variable Estimate 95% CI P-Value

(Intercept) 80.6 72.0, 89.1 < 0.001

Daily Temperature (˚C) -0.23 -0.35, -0.12 < 0.001

Mean NDVI (250-m buffer) 2.01 -4.78, 8.80 0.56

Daily Daylight (hours) -1.71 -2.38, -1.03 < 0.001

Daily Sleep (minutes) -0.004 -0.008, -0.001 0.02

Sex (Ref: Male) 0.19 -0.79, 1.16 0.71

Maternal HS Education (Ref: LHS) 0.41 -0.72, 1.53 0.48

Maternal More than HS Education (Ref: LHS) 2.41 1.14, 3.69 < 0.001

Holiday/Weekend (Ref: School Day) -0.33 -0.83, 0.16 0.19

s(Daily Total Rain) (mm) 0.03 0.01, 0.10 0.006

s(Age) (years) 3.35 0.69, 16.2 0.10

s(BMI Z-Score) 0.49 0.04, 5.84 0.23

s(Day of Year) 8.9 x10-5 9.8 x10-14, 8.2 x104 0.36

s(Participant) 5.19 4.81, 5.59 < 0.001

s(x,y) 1.27 1.1 x10-8, 1.4 x108 0.38

Adjusted R2 0.42

Abbreviation: LHS, Less than High School.

https://doi.org/10.1371/journal.pone.0241446.t003
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Fig 4 depicts the plots for each statistically significant covariate for the GAM with daily

maximum temperature. Each plot visualizes the effect estimate for each statistically significant

term from the multivariable model, whereby the y-axis is predicted daily percent sedentary

time and the gray area represents the 95% CI for the respective term. A higher y-axis value

means more sedentary time and less physical activity. S1–S3 Figs (Model 1) include all covari-

ate plots.

The results for the GAM with daily mean temperature (Table 2, Model 2) are similar to the

results for daily maximum temperature. Daily mean temperature (95% CI: -0.45 to -0.09%),

hours of daylight (95% CI: -1.87 to -0.38%), and minutes of sleep (95% CI: -0.008 to -0.001%)

have significant negative linear associations with proportion of time spent being sedentary.

Children have on average 0.27% less sedentary time for each 1˚C higher mean temperature.

Each 1˚C higher mean temperature approximates 2.3 fewer minutes of sedentary time on aver-

age, with a range of 1.6 to 3.1 minutes. Children of mothers with more than high school educa-

tion have higher levels of sedentary time. S1–S3 Figs (Model 2) depict the plots for each

covariate.

The statistically significant covariates in the GAM results with diurnal variation (Table 3)

are also analogous to the ones in the GAMs with mean and maximum temperatures. The fol-

lowing variables have significant negative linear correlations with sedentary time: diurnal vari-

ation (95% CI: -0.35 to -0.12%), daylight (95% CI: -2.38 to -1.03%), and sleep (95% CI: -0.008

to -0.001%). Children spend on average 0.23% less sedentary time for each 1˚C higher diurnal

variation. Each 1˚C higher mean temperature approximates 2.0 fewer minutes of sedentary

time on average, with a range of 1.4 to 2.7 minutes. Children of mothers with more than high

school education have significantly higher levels of sedentary time (95% CI: 1.14 to 3.69%).

S1–S3 Figs (Model 4) depict the plots for each covariate.

Fig 4. Maximum temperature GAM covariate plots with predicted daily percent sedentary time along y-axis.

https://doi.org/10.1371/journal.pone.0241446.g004
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The GAM results with daily minimum temperature (Table 2, Model 3) are distinct from the

results for daily maximum and mean temperatures. Daily minimum temperature does not

have a significant association with daily sedentary time. The linear covariates that do have sta-

tistically significant associations similar to the other GAM results are hours of daylight (95%

CI: -2.49 to -0.97%), minutes of sleep (95% CI: -0.008 to -0.001%), and mothers with more

than high school education (95% CI: 1.06 to 3.61%). S1–S3 Figs (Model 3) illustrate the covari-

ate plots.

We generally find consistent results when comparing the multivariable GAMs to univari-

able versions. To assess the individual association of each continuous variable with percent

daily sedentary time, GAMs were generated with percent daily sedentary time as the outcome

variable, a participant-level random intercept to account for repeated measures of sedentary

time, and a continuous variable as the independent variable. The continuous variables

included temperature (maximum, mean, minimum, and diurnal variation), NDVI, daylight,

rain, sleep, age, and BMI z-score. Each was assessed for non-linearity. S1 and S2 Tables sum-

marize these results. Predictors were considered linear when their estimated degrees of free-

dom approximated one and the AIC of the GAM did not improve with a non-linear term.

Statistically significant linear associations with sedentary time were identified for maximum

temperature, mean temperature, daylight, and sleep. Statistically significant non-linear associa-

tions with sedentary time were found for diurnal variation and precipitation, however, most

observations for both followed an approximately linear association. Diurnal variation followed

a mostly negative association while precipitation was a mostly positive association with seden-

tary time. BMI z-score was linear in the univariable GAM while non-linear in the multivariable

GAM adjusting for diurnal variation; however, BMI z-score was consistently not statistically

significant.

We also find consistent results in our sensitivity analyses. We compared temperature model

predictions to temperature data from the nearest ground station and mean temperature from

SIMAT; the 30-meter NDVI pixel containing the home location, mean NDVI in a 250-meter

buffer, and mean NDVI in a 500-meter buffer; and percent sedentary time when classified

using x-axis counts or vector magnitude and 20 or 30 minutes of spurious time. All results are

similar in significance and magnitude. When comparing the results using stringent data inclu-

sion criteria (12-hour days, 5 days a week) to the original results (10-hour days, 4 days a week),

we find negligible differences. The differences in the estimated coefficients (12-hour/5 days

minus 10-hour/4 days) are 0.009 for maximum temperature, 0.0002 for mean temperature,

-0.044 for minimum temperature, and 0.025 for diurnal variation (all coefficient signs were

the same). The differences in standard errors are 0.007 for maximum temperature, 0.009 for

mean and minimum temperature, and 0.006 for diurnal variation. The null hypothesis is

rejected for maximum, mean, and diurnal variation, but not rejected for minimum tempera-

ture, and this is the case for both models with different data inclusion criteria. S3 Table con-

tains the results when using mean temperature from SIMAT.

Discussion

Our study’s main findings are that daily maximum temperature, mean temperature, and diur-

nal variation are negatively and linearly associated with all-day sedentary time while daily min-

imum temperature does not have a significant association for young children in Mexico City.

In other words, higher maximum and mean temperatures, as well as greater diurnal variation,

are linked to more physical activity. Our findings differ from our hypothesis, in which we

expected the relationship between temperature (maximum, mean, minimum, and diurnal var-

iation) and sedentary time to be curvilinear. Our results are likely due to the moderate

PLOS ONE Daily temperature and sedentary time

PLOS ONE | https://doi.org/10.1371/journal.pone.0241446 October 30, 2020 13 / 21

https://doi.org/10.1371/journal.pone.0241446


temperature ranges for our observations. Generally, the temperature in Mexico City ranges

from 3˚C to 30˚C and it is extremely rare for the temperature to be outside of these bounds.

Our results add to the growing body of research on the relationship between temperature

and sedentary time by including research on a middle-income population with distinctive

social norms and infrastructural resources related to physical activity located in a city with a

temperate climate. We find that small variations within a relatively stable climate are correlated

with differences in sedentary time. Our study in a temperate climate offers unique insights and

additional evidence on how temperature is linked to sedentary behavior. It suggests that rela-

tive differences in temperature, as well as absolute differences, are important for understand-

ing activity behaviors. In addition to examining both mean and maximum temperature’s

relationship to sedentary time, we also use minimum temperature to explore the role of low

temperature and diurnal variation to assess temperature variation. In our study, we do not

find an association between minimum temperature and sedentary time. This may be because

daily minimum temperatures often occur at night when children are more likely to be asleep

and our temperature range does not include subfreezing temperatures.

For all GAMs, four covariates have a consistent significant association with daily percent

sedentary time: daylight, sleep, more than high school education, and precipitation. Hours of

daylight have a negative relationship with daily sedentary time, suggesting that longer daylight

hours offer more time and opportunities for children to play outside in our multivariable

model adjusted for seasonality, temperature, and precipitation. Minutes of sleep are negatively

associated with daily sedentary time. The restorative qualities of sleep may be important for

promoting physical activity among children. Total precipitation has a significant, positive,

approximately linear association with daily sedentary time, demonstrating that rain is a strong

deterrent to physical activity. Rain may compel kids to remain indoors and be inactive. Chil-

dren of mothers with more than high school education have higher levels of sedentary time

compared to those of mothers with less than high school education. The children of mothers

with more education may have greater access to cars reducing active transport; as well as more

access to digital devices that encourage sedentary behaviors.

The current scientific evidence on correlates of sedentary time among young children is

inconsistent and thin, with particularly limited research on season and related factors [12]. In

a recent systematic review on correlates of sedentary time among young children, Pereira and

colleagues found inconsistent associations for four correlates (child sex, sleep, childcare versus

non-childcare, and childcare type), no association with 39 correlates, and 41 correlates that

had been infrequently analyzed [54]. Of the existing evidence relevant to our study, the

research suggests that: adverse weather conditions such as fewer daylight hours and more rain

are linked with less activity [8, 13]; BMI has a positive association with sedentary behaviors [7,

12] or no association [54]; the relationship between sleep habits and sedentary time is undeter-

mined [54]; sedentary behavior increases with age [55]; and that an increase in residential

NDVI is associated with less excessive sedentary behaviors [56]. Our study’s results add to this

evidence base by finding that daylight and sleep have significant, negative, linear associations

with sedentary time; rain has an approximately positive linear association; and children of

mothers with more than high school education have higher levels of sedentary time on average

compared to children of mothers with less than high school education.

Our results demonstrate that children in Mexico City are more likely to be active in warmer

weather which suggests a need for interventions that discourage sedentary behavior when it is

cooler outside. If we rescale the effect estimates from 1˚C to 10˚C in temperature, then chil-

dren could potentially spend 22 to 23 fewer minutes being sedentary with each 10˚C increase

in maximum and mean temperature, respectively. For many children, 22 to 23 minutes being

active instead of sedentary has the potential to make a considerable difference to their daily
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routine and to their overall health and fitness. Our sample includes children 4–6 years old, an

age range that overlaps with two different physical activity guidelines in the U.S.–one for chil-

dren 3–5 years old and the other for children and adolescents 6–17 years old [57]. The sug-

gested guidelines are a minimum of 3 hours of any activity per day for children 3–5 years old

and 60 minutes of MVPA per day for children 6–17 years old [57]. Most children in our sam-

ple are already active for at least 3 hours a day and our model predicts that a 10 degree increase

in maximum temperature results in a small increase of 4 days (representing 4 unique children)

meeting this guideline. If we extend the MVPA guideline to younger children and assume that

sedentary time transforms to MVPA time, then many more children are predicted to meet the

MVPA guideline given a 10 degree increase in maximum temperature, specifically 61 kids

totaling 74 days. Of these, there are 28 unique kids over 5 years old, who together represent a

total of 36 days. Appropriate interventions to encourage physical activity may include indoor

play spaces that shield against adverse weather conditions. There may also be a need for active

transport, as parents with vehicles are more likely to drive their children to their destinations

than to navigate Mexico City’s unreliable and fragmented public transit system.

While the focus of our paper is on the relationship between temperature and sedentary

time, we should note that our paper also extends the work of previous studies on green space

and physical (in)activity by including neighborhood greenness in our models and finding a

non-significant association between greenness and sedentary time in a middle-income urban

population. It is more common for studies to take place in developed countries like Europe,

Canada, and Australia [10, 58–60]. Additionally, the results from earlier studies are varied,

with some observing a positive association between green space and physical activity [10, 61],

negative association with excessive screen time [58], and no association [56, 62]. To our

knowledge, this is also the first research endeavor in Mexico to consider objectively measured

green space in conjunction with sedentary time rather than subjective measures that are sus-

ceptible to response bias and memory recall issues. More research is needed to better under-

stand the role of green space in influencing how active and inactive people are in non-Western

contexts. For instance, in Mexico City, many parks in working-class neighborhoods are con-

sidered unsafe, thus restricting outdoor opportunities for physical activity.

Our study’s strengths include the use of objective measures of sedentary time and meteoro-

logical exposures at high spatiotemporal resolutions. There are inconsistent results in the lim-

ited research on sedentary behavior and temperature, partly due to differing methods for

measuring sedentary behavior and weather [8, 63]. Physical activity and sedentary behavior

are more likely to be assessed subjectively through surveys and thus subject to issues of mem-

ory recall and response bias, while season is more likely to be utilized as a proxy for specific

attributes like temperature [8, 63]. Seasonality is an inadequate and imprecise proxy for tem-

perature. Our study supports this, as we find measures of temperature and not seasonality to

be significant predictors of sedentary time. Furthermore, seasons can vary substantially

between diverse parts of the world, making it difficult to compare results in different study

sites [17, 18, 20]. In addition to using objective measures for both sedentary time and tempera-

ture, we carried out sensitivity analyses for both measurements to test the robustness of our

models’ results and found the associations to remain stable.

We use GAMs to investigate the relationship between temperature and sedentary behavior,

and our statistical methods offer a couple of advantages over simple linear multivariate regres-

sion models. First, GAMs allow us to account for repeated measures of sedentary time using

penalized regression terms to estimate random effects, critical for capturing day-to-day fluctu-

ations in activity behaviors that are unlikely to be independent of each other. Measures of

sedentary behavior and physical activity are often aggregated over the entire period of observa-

tion, thus overlooking important temporal patterns. Second, GAMs allow flexible non-linear
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terms and non-linear relationships. In our study, we use a cyclic smoothing term for day of the

year to isolate temperature variation from seasonality and to more precisely estimate our asso-

ciation of interest with temperature.

Although our study has multiple strengths, it also has several limitations. One is that we

only have children’s residential locations. When we assign time-varying environmental expo-

sures, we assume the exposures all took place at or near their place of residence, which is a rea-

sonable assumption for young children. However, it is possible that our participants may

spend some time elsewhere. Since we do not know precisely where our participants spend

their time, we cannot distinguish indoor from outdoor activities and we are uncertain that

warmer weather actually encourages children to spend more time playing outside. Future

research would benefit from GPS tracking of participants’ daily movements to better assign

environmental exposures and identify spaces that discourage sedentary behaviors [64].

Another limitation is our use of NDVI as a measure of green space. Children’s outdoor activi-

ties may be shaped by parental concerns related to safety. In this case, access to safe play-

grounds may be more important than how green their neighborhood is. An additional

limitation is that our participants live in relatively close proximity to one another, resulting in

limited spatial variation in environmental exposures. In the future, cohort studies should con-

sider recruiting spatially heterogeneous participants to better investigate how spatially varying

exposures influence health outcomes. For other researchers interested in conducting a similar

study, we want to make transparent that studying young children can be more challenging

than studying adults or the elderly. Children are a vulnerable study population and informed

consent needs to be acquired from a child’s guardian. Furthermore, monitor wear compliance

among young children is a concern [34, 45].

It remains important to measure sedentary time and to assess its correlates among young

children as early childhood is a time period when they are developing rapidly and acquiring

sedentary behaviors that may persist as they grow older [5, 6, 45, 65]. Our findings also provide

a baseline for tracking sedentary behavior over time, which is an area of study in vital need of

more research [65]. Going forward, future research endeavors should include longitudinal

analyses at different life stages as an extension of our cross-sectional findings. With the PROG-

RESS cohort, we are collecting additional accelerometer data as the children get older and we

can examine how physical activity levels change over time with respect to temperature and

other environmental exposures. It is critical to capture activity levels during the early child-

hood years as this is a life-stage before there is much autonomy in play behavior. We can also

investigate whether sedentary children are more likely to remain sedentary as they get older.

Qualitative methods should be used in conjunction with quantitative methods to better under-

stand the underlying processes driving the patterns identified.

Another future research prospect involves additional case studies. Other megacities with

climates like that of Mexico City should be studied to assess the extent to which our findings

can be generalizable to comparable megacities. More case studies should also take place in

areas with different social customs related to physical activity that are located in geographically

and climatologically diverse areas that experience more temperature variability than Mexico

City, where the climate is moderate all year round. In other places with extremely hot and cold

temperatures, we expect non-linear relationships between temperature and physical activity,

and low activity at temperature extremes.

As we experience population increases in sedentary behavior and related chronic diseases,

it becomes increasingly important to understand how environmental factors like temperature

are linked to health behaviors and outcomes over the life course. Our project is particularly

important for including and tracking the environmental exposures and physical activity levels

of young children. In this age group, health behaviors are more flexible and amenable to
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change, offering critical opportunities for early intervention, mitigation of adverse environ-

ments, and healthy development.
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