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A B S T R A C T

There is increasing evidence of the health benefits of exposure to natural environments, including green and blue
spaces. The association with physical functioning and its decline at older age remains to be explored. The aim of
the present study was to investigate the longitudinal association between the natural environment and the
decline in physical functioning in older adults. We based our analyses on three follow-ups (2002−2013) of the
Whitehall II study, including 5759 participants (aged 50 to 74 years at baseline) in the UK. Exposure to natural
environments was assessed at each follow-up as (1) residential surrounding greenness across buffers of 500 and
1000m around the participants' address using satellite-based indices of greenness (Enhanced Vegetation Index
(EVI) and Normalized Difference Vegetation Index (NDVI)) and (2) the distance from home to the nearest natural
environment, separately for green and blue spaces, using a land cover map. Physical functioning was char-
acterized by walking speed, measured three times, and grip strength, measured twice. Linear mixed effects
models were used to quantify the impact of green and blue space on physical functioning trajectories, controlled
for relevant covariates.

We found higher residential surrounding greenness (EVI and NDVI) to be associated with slower 10-year
decline in walking speed. Furthermore, proximity to natural environments (green and blue spaces combined)
was associated with slower decline in walking speed and grip strength. We observed stronger associations be-
tween distance to natural environments and decline in physical functioning in areas with higher compared to
lower area-level deprivation. However, no association was observed with distance to green or blue spaces se-
parately. The associations with decline in physical functioning were partially mediated by social functioning and
mental health.

Our results suggest that higher residential surrounding greenness and living closer to natural environments
contribute to better physical functioning at older ages.

1. Introduction

Physical functioning is a main indicator of a person's ability to carry
out daily activities (Cooper et al., 2010; Kuh, 2007; Rooth et al., 2016)
and a major component of healthy ageing (Kuh et al., 2014; World
Health Organization, 2015a). It is increasingly important to identify
measures that foster healthy ageing and physical functioning as the
world's older population is growing rapidly. According to the World

Health Organization (2015b), the proportion of people over 60 years
old is expected to nearly double from 12% to 22% between 2015 and
2050. This growth in the older population is occurring faster in urban
areas (United Nations, 2015), where exposure to urban-related stressors
such as air pollution and noise can affect physical functioning (Beard
and Petitot, 2010; Schootman et al., 2010; Weuve et al., 2016). While
such stressors carry a negative impact, others such as urban natural
environments could play a beneficial role in improving physical
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functioning (Cerin et al., 2017; Van Cauwenberg et al., 2011).
An accumulating body of evidence has shown beneficial associa-

tions between natural environments including green spaces and health
(Fong et al., 2018; Nieuwenhuijsen et al., 2017). Green spaces are de-
fined as open pieces of land that are “partly or completely covered with
grass, trees, shrubs, or other vegetation” and include, among others,
parks, forests, community gardens, and cemeteries (Environmental
Protection Agency, 2017). Exposure to natural environments have been
associated to better mental health (Gascon et al., 2015) and self-per-
ceived general health (Dadvand et al., 2016; Triguero-Mas et al., 2015),
and lower risk of morbidity (James et al., 2015) and mortality (Gascon
et al., 2016). Various mechanisms have been proposed to explain these
associations such as greater physical activity (Dadvand et al., 2016;
Gong et al., 2014), improved social interaction (Dadvand et al., 2016;
Hong et al., 2018), decreased levels of stress (Gong et al., 2016), and
lower exposure to air pollution (Dadvand et al., 2015b, 2012) and noise
(Dzhambov and Dimitrova, 2014). Through these mechanisms, ex-
posure to green spaces could also be a protective factor against the
decline in physical functioning in older adults, as more physical activity
(Fielding et al., 2017), enhanced social support (Chen et al., 2012;
Perissinotto et al., 2012), better mental health (Stuck et al., 1999), and
lower exposure to air pollution and noise (Weuve et al., 2016) are
suggested to be associated with decelerated decline in physical func-
tioning at older age. However, studies on the association between the
natural environment and physical functioning are scarce, used a cross-
sectional design, and reported conflicting results (Vogt et al., 2015; Yu
et al., 2018).

In addition, exposure to outdoor blue spaces has beneficial asso-
ciations with health. The term blue spaces refers to “all the visible
surface waters in space” including lakes, rivers, and coastal water
(Gascon et al., 2015). In particular, studies have found associations
with increased physical activity (White et al., 2016) and improved
mental health (de Vries et al., 2016; Dempsey et al., 2018; Nutsford
et al., 2016) and well-being (Gascon et al., 2017), but also with social
interaction (de Bell et al., 2017; Haeffner et al., 2017). Considering that
the proposed pathways for the associations between blue space and
health are similar to those for green spaces, exposure to blue spaces
may also have a beneficial impact on physical functioning in older
adults. However, this potential association has not yet been explored.
The aim of the present study was to investigate the longitudinal asso-
ciation between the natural environment, including green and blue
spaces, and decline in physical functioning in older adults. Moreover, as
previous studies have shown that the association between the natural
environment and health may differ by socioeconomic status (Gascon
et al., 2015; Maas et al., 2009; McEachan et al., 2016) and sex (Bos
et al., 2016; Richardson and Mitchell, 2010), we explored this variation
in the association in stratified analyses.

2. Methods

2.1. Study population and setting

This study was based on the Whitehall II study, an ongoing cohort
established in 1985 among 10308 (6895 men and 3413 women, aged
35–55) civil servants from 20 government departments in London, UK
(Marmot and Brunner, 2005). The participants were invited for clinical
examinations and questionnaires every five years, irrespective of par-
ticipation in the previous wave of data collection, unless they had
withdrawn permanently from the study. Physical functioning was first
introduced to the clinical examination in 2002–2004, making it the
baseline of the present study, with repeated measurements in follow-
ups in 2007–2009 and 2012–2013. We excluded participants who did
not live in England, Scotland, or Wales during these follow-ups (1% of
participants in 2002–2004) (Fig. S1). Participant's written and informed
consent and research ethics approvals (University College London
(UCL) ethics committee) are renewed at each follow-up. The latest

approval was granted by the Joint UCL/UCLH Committee on the Ethics
of Human Research (Committee Alpha), reference number 85/0938.

2.2. Exposure assessment

Our assessment of exposure to green and blue spaces encompassed
two different aspects: (1) residential surrounding greenness, an in-
dicator of general outdoor greenness of the participants' neighbour-
hoods and (2) residential proximity to natural environments, separately
for green and blue spaces, as a surrogate for access to these spaces
(Expert Group on the Urban Environment, 2000). We extracted these
indicators for the residential address of each participant at each follow-
up (2002–2004, 2007–2009, and 2012–2013). The residential location
at each follow-up was geocoded based on the centroid of the postcode
of the participant at that time, obtained from the postcode directory of
the corresponding year, provided by the Office for National Statistics
(Office for National Statistics, 2017). The postcodes in England and
Wales held a median number of 14 (interquartile range (IQR): 20)
households and a median number of 33 (IQR: 47) residents in 2011
(Office for National Statistics, 2013). We used the software ArcGIS 10
and GDAL 2.2.0 for the exposure assessment.

2.2.1. Residential surrounding greenness
The characterization of outdoor greenness surrounding the re-

sidential address was based on two vegetation indices, namely the
Normalized Difference Vegetation Index (NDVI) and the Enhanced
Vegetation Index (EVI), derived from satellite images obtained by the
Moderate-resolution Imaging Spectroradiometer (MODIS) onboard the
TERRA satellite (Didan, 2015). NDVI is an indicator of greenness based
on land surface reflectance of visible (red) and near-infrared parts of
spectrum (Weier and Herring, 2000). It ranges between −1 and 1 with
higher numbers indicating more greenness. EVI is a vegetation index
which, compared to NDVI, is more responsive to canopy structural
variations (i.e. it functions better in densely vegetated areas) while it
minimizes soil background influences (MODIS, 2017). The EVI and
NDVI maps had a spatial resolution of 250m by 250m and were ob-
tained over a period of 16 days. These maps were produced every
16 days from 2000 onward. We used MODIS images with minimal cloud
cover captured between May and June (i.e. the maximum vegetation
period of the year in our study region to maximize the contrast in ex-
posure) of the relevant years to each follow-up as described in Table S1.
We obtained these images from the Data Pool website of the NASA
EOSDIS Land Processes Distributed Active Archive Center (Land
Processes Distributed Active Archive Center, 2014).

Sets of EVI and NDVI were extracted for each participant's address
at each follow-up separately across buffers of 500m and 1000m around
the corresponding postcode centroid (de Keijzer et al., 2018). The
500m buffer was selected to represent the direct environment around
the home, which is potentially more relevant for older adults (Gong
et al., 2014). It was unfeasible to choose buffers smaller than 500m
given the size of the postcode areas and the resolution of our EVI and
NDVI maps. The 1000m buffer was chosen to represent the general
distance that adults walk to reach places nearby the home as discussed
in a previous publication of the Whitehall II study (Stockton et al.,
2016). However, a circular buffer is based on the assumption that the
individual's residence is geographically central to their neighbourhood.
Therefore, the average EVI and NDVI were calculated across the Lower
layer Super Output Areas (LSOAs). LSOAs are administrative areas,
created by grouping postcodes while taking into account natural bar-
riers, proximity, and social homogeneity (Martin, 2001), which could
be considered to represent a neighbourhood (Stockton et al., 2016).
LSOAs have around 1500 residents and 650 households (Office for
National Statistics, 2011). Each participant was assigned a LSOA at
each follow-up using the corresponding postcode of that follow-up. To
sum up, we abstracted estimates for two vegetation indices at three
follow-ups for three surfaces (two buffers and LSOA) resulting in up to
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18 (2× 3×3) exposure estimates per person.

2.2.2. Residential distance to natural environments
We applied COoRdination and INformation on the Environmental

(CORINE) land use map (2006) to assess the distance of participants'
residential addresses to natural environments. CORINE maps developed
by the European Environment Agency (European Environment Agency,
2007) and only include areas of 25 ha and larger. We abstracted the
residential distance to the nearest natural environment for each parti-
cipant at each follow-up separately for green spaces (encompassing
agricultural land, natural green, and urban green) and blue spaces
(including inland water, marine water, and coastal areas). The CORINE
land cover categories that were considered as natural environments are
described in Table S2.

For each participant at each follow-up, we abstracted the linear
distance from the postcode centroid to the nearest edge of the nearest
green space and the distance to the nearest edge of the nearest blue
space. The distance to the nearest natural environment was obtained as
the distance to the nearest blue or green space (hereafter referred to as
“distance to any natural environment”).

2.3. Physical functioning

Physical functioning was assessed by repeated objective measures of
lower and upper body function (Lara et al., 2015). Lower body function
was evaluated by walking speed, assessed in 2002–2004, 2007–2009,
and 2012–2013, covering a follow-up period of 10 years. For this test,
the participants were instructed to walk at their usual walking pace for
2.44m (Guralnik et al., 1994). Participants were standing static at the
start of the course. A trained nurse stopped the timing as soon as the
participant's foot hit the floor behind the end of the walking course. At
each follow-up, the test was repeated three times and the walking speed
(m/s) was calculated by dividing 2.44m by the average of the three
walking times in seconds.

Upper body function was assessed by grip strength at the follow-ups
of 2007–2009 and 2012–2013, covering a 5-year period. Grip strength
was measured by squeezing a Smedley hand grip dynamometer as hard
as possible for 2 s (Rantanen et al., 1999). At each follow-up, the test
was repeated three times with 1min rest between each test, and the
mean grip strength in kilograms over these three times was used in the
analyses.

2.4. Covariates and mediators

Data on demographic characteristics, socioeconomic status (SES),
and lifestyle factors were collected at each wave. The demographic
characteristics included age, sex, ethnicity, marital status, and height.
For SES, we used two individual level indicators (educational attain-
ment and employment grade), and two area-level indicators (employ-
ment domain and income domain of the Index of Multiple Deprivation
(IMD) at the LSOA level). Lifestyle factors included smoking status,
frequency of alcohol consumption, and intake of fruit and vegetables.
Furthermore, data was collected on limitations in walking over a mile
and additional neighbourhood variables including an indicator of rur-
ality and the proportion of road and path area in the LSOA. Additional
information on the assessment of the covariate data can be found in the
Supplement (S1).

Data were collected on potential mediators including physical ac-
tivity (MET-hours a week of moderate-to-vigorous physical activity),
gardening (weekly or less often/never), air pollution (PM2.5 levels in
μg/m3), and social functioning and mental health (both scores on a
scale of 0 to 100). Additional information on the assessment of the
mediator data can be found in the Supplement (S1).

2.5. Statistical analysis

2.5.1. Main analyses
The scores of the physical functioning tests were converted into sex-

specific z-scores (Mean= 0, SD=1) separately for walking speed and
grip strength following the method applied in previous Whitehall II
publications (Sabia et al., 2014; Singh-Manoux et al., 2011). For
walking speed, we used the distribution of the baseline measurement in
the 2002–2004 follow-up and for grip strength we applied the dis-
tribution of the baseline measurement in 2007–2009. A positive score
for each of these z-scores would therefore indicate better physical
functioning. We tested the association of each exposure variable (one at
a time) with walking speed and grip strength separately. For each
analysis, we included all participants with available data on the cor-
responding physical functioning test, exposure, and complete covariate
data for at least one follow-up.

To take into account the repeated measurements for each partici-
pant, we used mixed effects models with physical functioning z-scores
(separately for walking speed and grip strength) as outcome, measures
of exposure to natural environments (one at a time) as the fixed pre-
dictor, and the person as random effect (de Keijzer et al., 2018). An
interaction term between age (centred at the mean age at baseline and
divided by 5 to give change over 5 years) and the exposure at each
follow-up was used to quantify the impact of the exposure on the tra-
jectory of decline in physical functioning (Rouxel et al., 2017). Age was
centred at the mean age at 2002–2004 (61 years) for walking speed and
the mean age at 2007–2009 (66 years) for grip strength. The interaction
term of the exposure with age could be interpreted as the difference in
the 5-year change in physical functioning scores associated with the
exposure during the course of our study. The main effect of the ex-
posure captured the baseline differences in physical function z-score that
were associated with the exposure at the start of the study period. All
models were adjusted for sex (male or female), ethnicity (white or non-
white), age squared (Granic et al., 2016; Rouxel et al., 2017), height,
marital status (married/cohabiting, yes or no), usual frequency of al-
cohol consumption (sometimes, daily, or never), smoking status (cur-
rent, past, or never), intake of fruit and vegetables (twice a day or less),
educational attainment (lower secondary school or less, higher sec-
ondary school, and university or higher degree), employment grade
(high (administrative), middle (professional and executive), and low
(clerical)), and country-specific tertiles of income and employment
scores of the IMD. Moreover, we adjusted for rurality (rural, yes or no),
because differences between urban and rural areas can be associated
with both exposure to natural environments and physical functioning.
Except for sex, ethnicity, and education, all covariates were treated as
time-varying variables. The associations were reported per interquartile
range (IQR) increase in residential surrounding greenness or distance to
natural environments. The IQR was calculated separately for each in-
dicator of exposure based on all study participants.

2.5.2. Sensitivity analyses
We conducted several sensitivity analyses. First, to account for

missing covariate data, we repeated the analysis with imputed data for
the missing covariate values. Multiple imputation was conducted by
chained equations carrying out 25 imputations with 10 cycles for each
imputation that generated 25 complete datasets. The description of the
applied multiple imputation models is presented in Table S3.

Second, we repeated the analysis (a) including only observations
from England to test the influence of country (England, Scotland,
Wales), (b) excluding non-white participants to test the influence of
ethnicity, and (c) excluding rural areas as rural areas generally have
larger postcode areas which could have resulted in greater exposure
misclassification. Given the small proportion of participants from Wales
and Scotland (< 4%, Table 1), non-white participants (< 9%, Table 1)
and participants living in rural areas (< 12%, Table 1), it was not
feasible to conduct stratified analyses by country, ethnicity, or rurality.
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Furthermore, we repeated the analysis (d) excluding participants who
changed postcode in the study period to test the influence of moving
and (e) excluding participants with limitations in walking over one mile
at baseline (2002–2004 for walking speed and 2007–2009 for grip
strength) to test the influence of functional limitations.

Third, to assess residential surrounding greenness in the main
analyses, we used satellite images obtained in summer months (i.e. the
maximum vegetation period) in order to maximize the contrast in ex-
posure. To explore the robustness of our findings and take into account
the influence of season on greenness, we acquired MODIS images with
minimal cloud cover captured in December (i.e. the minimum vegeta-
tion period in our study region) from the relevant years to each follow-
up as described in Table S1 (winter estimates). We then abstracted the
average EVI across the 500m buffer and averaged this “winter” esti-
mate with the “summer” estimate and repeated our analyses using this
summer-winter estimate.

Finally, we used inverse probability weighting to investigate the
impact of differential loss to follow-up on our findings (de Keijzer et al.,
2018; Weuve et al., 2012). Each participants' probability of completing
the study (i.e. alive and participating in the physical functioning tests in
all available follow-ups) was estimated by logistic regression models
with completing the study (yes/no) as outcome, and relevant covariates
as predictors. We defined the weight for each participant as the inverse
probability of completing the study period, and applied it in the main
model. Further information is provided in the Supplement (S2).

2.5.3. Stratified analyses
We stratified the analyses by sex, education, and the tertiles of the

IMD income domain to explore variation in the association between
residential surrounding greenness or distance to natural environments
and physical functioning across the strata of sex and SES. The asso-
ciations were reported per IQR calculated separately for each exposure
and each stratum.

2.5.4. Mediation analyses
We tested for mediation of the longitudinal association between

residential surrounding greenness and distance to natural environments
and the change in physical functioning scores over the study period by
physical activity, gardening, air pollution, social functioning, and
mental health. To establish mediation, we followed the four steps of
Baron and Kenny (1986) as used in our previous studies of health
benefits of green spaces (Dadvand et al., 2016; de Keijzer et al., 2018;
Zijlema et al., 2017) which are described in the Supplement (S2). We
considered mediation if the exposure variable (green space) was sig-
nificantly associated with the outcome (walking speed or grip strength),
the exposure variable was significantly associated with the mediator,
the mediator was significantly associated with the outcome after con-
trolling for exposure, and the association between the exposure and the
outcome was eliminated or weakened when the mediator was included
in the model. If such a case was identified, we quantified the con-
tribution of each mediator to the association expressed as the propor-
tion of the total effect that is mediated by the mediator using the
mediation package of R (Tingley et al., 2014). Further information is
given in the Supplement (S3).

3. Results

Of 7055 participants with at least one observation for a physical
functioning test, 5759 had complete covariate data in at least one
follow-up (Fig. 1). The socio-demographic characteristics of the study
participants are presented in Table 1. For the walking speed tests, the
median follow-up time was 9.0 years (IQR: 8.8–9.2). The average
walking speed was 1.25m/s in 2002–2004, 1.11m/s in 2007–2009 and
1.13m/s in 2012–2013. For grip strength, the median follow-up time
was 4.1 years (IQR: 3.9–4.2) and the mean values were 36.3 kg in
2007–2009 and 34.8 kg in 2012–2013. The average residential sur-
rounding greenness and distance to natural environments did not

Fig. 1. Flowchart study population.
*Number of participants in the physical functioning tests with complete covariate data in each of the follow-ups.
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change notably over the study period (Table S4). The estimates of EVI
and NDVI were strongly correlated with each other and negatively
correlated with the estimates of distance to natural environments
(Table S5, Fig. 2).

3.1. Main analyses

Estimated associations between residential surrounding greenness
and the physical functioning z-scores (walking speed and grip strength)
were similar for greenness in the 500m buffer, 1000m buffer, and the
LSOA (Table 2). When using NDVI as an alternative measure of
greenness, we found similar associations as with the EVI estimates
(Table 2).

We observed slower decline in walking speed in participants with
higher residential surrounding greenness and participants living closer
to any natural environment. The fully-adjusted models showed that
one-IQR increase in EVI in a 500m buffer surrounding the residence
was associated with slower decline in walking speed (difference in
decline over 5 years= 0.020 z-score, 95% confidence interval (CI):
0.005 to 0.035; Table 2). In a model including mean values for all
covariates, we estimated that the mean decline in the walking speed z-
score was 0.266 over 5 years in participants aged 65 years. The differ-
ence in decline associated with an IQR increase in EVI was thus
equivalent to a 7.5% slower decline in walking speed over 5 years. In
addition, an IQR increase in distance to any natural environment was
associated with faster decline in walking speed (difference in decline
over 5 years=−0.016 z-score, 95% CI: −0.029 to −0.003; Table 2).
Compared to the estimated average decline in the walking speed z-score
over 5 years in participants aged 65 years, this difference was equiva-
lent to a 6.0% faster decline in walking speed over 5 years. We also
observed faster decline in walking speed associated with distance to
green space and blue spaces (separately); however, none of the asso-
ciations attained statistical significance. The baseline associations with
EVI-based residential surrounding greenness and distance to natural
environments were not statistically significant; however, for the NDVI-
based residential surrounding greenness we observed inverse baseline
associations with walking speed (Table 2).

For grip strength, we found higher residential surrounding green-
ness to be associated with higher grip strength at baseline, but not with
decline over the study period. One-IQR increase in EVI in a 500m

buffer surrounding the residence was associated with a difference in
grip strength z-score of 0.033 (95% CI: 0.000 to 0.066) at baseline
(Table 2). In contrast, greater distance to any natural environment was
associated with slower decline in grip strength over the study period
(difference in decline over 5 years per one-IQR increase= 0.018 z-
score, 95% CI: −0.036, −0.001), but no association was observed with
grip strength at baseline (Table 2). In a model including mean values of
all covariates, we estimated that the mean decline in the grip strength z-
score was 0.252 over 5 years in participants of 65 years old. Compared
to this estimated average decline, the difference in decline associated
with one-IQR increase in distance to any natural environment was
equivalent to a 7.1% faster decline in grip strength over 5 years.

3.2. Sensitivity analyses

As presented in Table S6, the association between EVI and distance
to any natural environment and decline in walking speed did not
change notably when using multiple imputation (a), when including
only observations from England (b), after excluding non-white parti-
cipants (c) or participants who changed postcode in the study period
(e), or when using the averaged summer-winter estimate of EVI (g), but
attenuated slightly after excluding participants living in rural areas (d)
or participants with walking limitations (f). The results were similar for
NDVI (data not shown). For grip strength, the results of the sensitivity
analyses are presented in Table S7. The association between EVI and
baseline grip strength was slightly stronger when using multiple im-
putation (a), after excluding rural areas (d) or participants who changed
postcode over the study period (e) or participants with walking lim-
itations at baseline (f), and when using the summer-winter estimate of
EVI (g). The results were similar for NDVI (data not shown). The as-
sociation between distance to any natural environment and decline in
grip strength over the study period was attenuated when using multiple
imputation (a) and after excluding non-white participants (c) or parti-
cipants with walking limitations (f), but was similar when only in-
cluding observations from England (b) or when excluding rural areas
(d) or participants who changed postcode over the study period (e).
Finally, the associations with physical functioning were consistent with
the main model when inverse probability weighting was used to ac-
count for potential bias due to differential loss to follow-up (Table S8).

Table 1
Characteristics of participants and physical functioning scores over the study period.

2002–2004 2007–2009 2012–2013

Variables
N 5394 4940 4378
Age; median (IQR) 60.2 (56.0–66.2) 64.9 (60.9–70.9) 68.7 (64.8–74.4)
Sex; N(%) male 3920 (72.7) 3640 (73.7) 3260 (74.5)
Ethnicity; N(%) white 5002 (92.7) 4614 (93.4) 4109 (93.9)
Marital status; N(%) married/cohabiting 4135 (76.7) 3771 (76.3) 3300 (75.4)
Educational level; N(%)

≤Lower secondary school 1888 (35.0) 1672 (33.9) 1461 (33.4)
Higher secondary school 1520 (28.2) 1423 (28.8) 1263 (28.9)
≥University 1986 (36.8) 1845 (37.4) 1654 (37.8)

Employment grade; N(%)
Low (clerical) 488 (9.0) 399 (8.1) 320 (7.3)
Middle (professional and executive) 2332 (43.2) 2074 (42.0) 1816 (41.5)
High (administrative) 2574 (47.7) 2467 (49.9) 2242 (51.2)

IMD income domain; median (IQR) 0.06 (0.03–0.11) 0.06 (0.03–0.10) 0.06 (0.03–0.10)
Alcohol consumption; N(%) daily 2545 (47.2) 2313 (46.8) 2061 (47.1)
Fruit and vegetable intake; N(%) >2 a day 2228 (41.3) 2039 (41.3) 2606 (59.5)
Smoking status; N(%) current smokers 396 (7.3) 255 (5.2) 134 (3.1)
Country; N(%) living in England 5238 (97.1) 4773 (96.6) 4219 (96.4)
Rurality; N(%) rural 567 (10.5) 582 (11.8) 493 (11.3)

Physical functioning; mean (SD)
Walking speed z-score ~0 (1) −0.535 (1.000) −0.441 (0.971)
Grip strength z-score – ~0 (1) −0.206 (1.027)
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3.3. Stratified analyses

We only present the results of the stratified analyses for EVI in the
500m buffer and the distance to any natural environment for which we
found statistically significant associations with physical functioning.

When stratified by sex, the association with decline in walking
speed was slightly stronger among men for EVI, while the association
with distance to any natural environment was slightly stronger among
women (Table 3.A). For grip strength, stratifying the analysis by sex did
not change the association with EVI notably (Table 4.A). However,
regarding distance to any natural environment, among men, an increase
in distance was associated with lower grip strength at baseline but not
with decline in grip strength over time, while among women, an

increase in distance was associated with faster decline in grip strength
over time but not with grip strength at baseline (Table 4.A).

When stratified by educational level, no clear trends were found in
the associations between green space and the physical functioning
scores across the strata of educational level (Tables 3.B and 4.B). Si-
milarly, we did not observe any clear trend for the association between
EVI and walking speed (Table 3.C) and grip strength (Table 4.C) across
the strata of area deprivation. For the distance to any natural en-
vironment, however, the strongest association with decline in walking
speed and decline in grip strength was found among those living in
areas within the highest tertile of area deprivation, compared to the
lowest and middle tertile (Tables 3.C and 4.C). For the association be-
tween distance to any natural environment and baseline walking speed

Fig. 2. A. Geographical location of green and blue spaces (CORINE land cover map 2006), B. Enhanced Vegetation Index (EVI) levels in the United Kingdom (May/
June 2003) and C. the geographical distribution of the participants' postcodes at baseline. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 2
Difference (95% confidence interval) in the physical functioning z-scores at baseline and over 5 years associated with one interquartile range (IQR) increase in
residential surrounding greenness (EVI and NDVI) or distance to natural environments (green spaces, blue spaces, and any natural environment).

Walking speed Grip strength

IQR Baseline 5-year difference IQR Baseline 5-year difference

Residential surrounding greenness (EVI)
500m 0.16 −0.01 (−0.04, 0.02) 0.02 (0.01, 0.04)⁎ 0.16 0.03 (0.00, 0.07)⁎ 0.00 (−0.02, 0.02)
1000m 0.17 −0.01 (−0.04, 0.03) 0.02 (0.01, 0.04)⁎ 0.17 0.04 (0.00, 0.07) −0.01 (−0.03, 0.02)
LSOA 0.20 −0.02 (−0.05, 0.02) 0.02 (0.01, 0.04)⁎ 0.20 0.04 (0.00, 0.07) 0.00 (−0.02, 0.03)

Residential surrounding greenness (NDVI)
500m 0.17 −0.06 (−0.09, −0.03)⁎ 0.02 (0.01, 0.04)⁎ 0.17 0.06 (0.02, 0.09)⁎ −0.01 (−0.03, 0.01)
1000m 0.17 −0.06 (−0.10, −0.03)⁎ 0.03 (0.01, 0.04)⁎ 0.17 0.06 (0.02, 0.10)⁎ −0.01 (−0.03, 0.01)
LSOA 0.20 −0.06 (−0.09, −0.02)⁎ 0.02 (0.01, 0.04)⁎ 0.19 0.05 (0.02, 0.09)⁎ −0.01 (−0.03, 0.02)

Distance to natural environments
Green space 624m 0.01 (−0.01, 0.04) −0.01 (−0.02, 0.00) 618m −0.01 (−0.04, 0.02) −0.01 (−0.03, 0.01)
Blue space 6880m 0.02 (−0.01, 0.05) −0.01 (−0.02, 0.01) 6929m 0.02 (−0.01, 0.05) −0.01 (−0.03, 0.01)
Any natural environment 556m 0.01 (−0.01, 0.03) −0.02 (−0.03, 0.00)⁎ 551m −0.02 (−0.05, 0.01) −0.02 (−0.04, 0.00)⁎

⁎ p < 0.05. Note: estimates are from linear mixed effects models including exposure, age, age2, and age × exposure. Adjusted for sex, ethnicity (white, non-
white), marital status (married/cohabiting, yes or no), height, alcohol use (frequency of consumption; sometimes, daily, or never), intake of fruit and vegetables
(twice a day or less), smoking (current, past, or never), rurality (rural, yes or no), education (lower secondary school or less, higher secondary school, and university
or higher degree), employment grade (high, middle, or low), and tertiles of the Index of Multiple Deprivation (IMD) income score and of the IMD employment score.
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and baseline grip strength, no such trend was observed (Tables 3.C and
4.C).

3.4. Mediation

In the main analyses we found that EVI and distance to any natural
environment were significantly associated with decline in walking
speed over the study period (Table 2). For EVI, we only found sugges-
tions of mediation of the association by the social functioning score
(Table S9) with an estimated mediated proportion of 10% (95% CI: 1%,
34%). For distance to any natural environment, we found suggestions of
mediation of the association with decline in walking speed by the
mental health and social functioning scores (Table S9) with estimated
mediated proportions of 3% (95% CI: 0%, 15%) for mental health and
13% (95% CI: 4%, 52%) for social functioning.

For grip strength, EVI was not significantly associated with decline
over the study period, but we did observe a significant association with
distance to any natural environment (Table 2). The conditions for
mediation of this association were only met for mental health (Table
S10). However, the estimated mediated proportion did not reach sta-
tistical significance (4%; 95% CI: −1%, 30%).

4. Discussion

To our knowledge, the present study is the first longitudinal study to
investigate the impact of long-term residential surrounding greenness
and proximity to natural environments on decline in physical func-
tioning in older adults. We used repeated objective measures of upper
and lower body function together with the characterization of re-
sidential surrounding greenness (using two satellite-based indices of
greenness) and distance to green and blue spaces. We observed that
greater exposure to residential surrounding greenness was associated
with slower decline in walking speed over the study period and higher
grip strength at baseline. Considering the two different indices of
greenness, the associations were similar, except for a counterintuitive
association between higher NDVI and lower baseline walking speed
that was not found for EVI. We do not have an explanation for this
finding. In addition, proximity to any natural environment was asso-
ciated with slower decline in walking speed and grip strength over the
study period. In stratified analyses, we generally found stronger asso-
ciations in participants living in areas with higher area deprivation
compared to those living in areas with lower area deprivation. The
findings were robust to a wide range of sensitivity analyses.

While we did not observe an association between residential

Table 3
Difference (95% confidence interval) in the walking speed z-score at baseline and over 5 years associated with one interquartile range increase in residential
surrounding greenness (EVI in the 500m buffer) or distance to any natural environment stratified by A) sex, B) education, and C) IMD income domain.

EVI (500m) Distance to any natural environment

Modifier N IQR Baseline 5-year difference P-int IQR Baseline 5-year difference P-int

A) Sex
Men 4184 0.16 −0.01 (−0.04, 0.03) 0.02 (0.00, 0.04)⁎ 0.01 528m 0.01 (−0.02, 0.04) −0.01 (−0.03, 0.00) 0.06
Women 1573 0.16 −0.01 (−0.07, 0.05) 0.01 (−0.02, 0.04) 638m 0.01 (−0.04, 0.05) −0.02 (−0.05, 0.00)

B) Education
≤Lower secondary school 2025 0.15 −0.01 (−0.06, 0.05) 0.02 (0.00, 0.05) 511m −0.01 (−0.06, 0.03) −0.01 (−0.03, 0.01)
Higher secondary school 1613 0.16 −0.01 (−0.07, 0.05) 0.04 (0.01, 0.07)⁎ 0.10 535m 0.02 (−0.03, 0.06) −0.03 (−0.05, 0.00)⁎ 0.26
≥University 2119 0.17 0.00 (−0.06, 0.05) 0.01 (−0.02, 0.03) 621m 0.02 (−0.02, 0.06) −0.02 (−0.04, 0.00)

C) IMD income domain
Tertile 1 (less deprived) 2218 0.14 −0.02 (−0.07, 0.03) 0.02 (−0.01, 0.04) 415m 0.01 (−0.03, 0.05) 0.00 (−0.02, 0.02)
Tertile 2 1943 0.17 0.00 (−0.06, 0.06) 0.03 (0.00, 0.06) 0.77 515m 0.00 (−0.05, 0.04) −0.01 (−0.04, 0.01) 0.66
Tertile 3 (most deprived) 2061 0.13 0.01 (−0.04, 0.06) 0.00 (−0.02, 0.03) 730m 0.02 (−0.02, 0.07) −0.03 (−0.05, −0.01)⁎

P-int: the p-value for interaction was assessed by the Wald test comparing the main model to a model including an interaction between the modifier and exposure
(modifier× exposure) and an interaction between the modifier, exposure, and age (modifier× exposure× age).

⁎ p < 0.05. Note: estimates are from linear mixed effects models adjusted for age, age2, sex, ethnicity, marital status, height, alcohol use, diet, smoking, rurality,
education, employment grade, and tertiles of the area IMD employment and income domain.

Table 4
Difference (95% confidence interval) in the grip strength z-score at baseline and over 5 years associated with one interquartile range increase in residential sur-
rounding greenness (EVI in the 500m buffer) or distance to any natural environment stratified by A) sex, B) education, and C) IMD income domain.

EVI (500m) Distance to any natural environment

Modifier N IQR Baseline 5-year difference P-int IQR Baseline 5-year difference P-int

A) Sex
Men 3753 0.16 0.03 (0.00, 0.07) −0.01 (−0.03, 0.01) 0.11 517m −0.03 (−0.06, 0.00)⁎ 0.00 (−0.02, 0.02) 0.01
Women 1342 0.17 0.03 (−0.04, 0.09) 0.00 (−0.04, 0.04) 632m 0.02 (−0.04, 0.08) −0.05 (−0.08, −0.01)⁎

B) Education
≤Lower secondary school 1740 0.15 0.04 (−0.02, 0.09) −0.01 (−0.04, 0.03) 508m −0.01 (−0.06, 0.04) −0.03 (−0.06, 0.00)
Higher secondary school 1451 0.16 0.00 (−0.06, 0.06) 0.03 (−0.01, 0.07) 0.55 525m −0.04 (−0.10, 0.01) −0.03 (−0.07, 0.00) 0.39
≥University 1904 0.17 0.06 (0.00, 0.11) −0.03 (−0.06, 0.01) 618m −0.01 (−0.05, 0.04) 0.00 (−0.03, 0.03)

C) IMD income domain
Tertile 1 (less deprived) 1913 0.14 0.04 (−0.01, 0.09) 0.00 (−0.04, 0.03) 413m −0.01 (−0.06, 0.03) 0.00 (−0.03, 0.03)
Tertile 2 1681 0.17 0.04 (−0.03, 0.10) 0.00 (−0.04, 0.04) 0.09 513m −0.05 (−0.10, 0.00) −0.02 (−0.05, 0.02) 0.33
Tertile 3 (most deprived) 1695 0.14 0.03 (−0.02, 0.08) −0.03 (−0.06, 0.00) 722m −0.02 (−0.07, 0.03) −0.03 (−0.06, 0.00)

P-int: the p-value for interaction was assessed by the Wald test comparing the main model to a model including an interaction between the modifier and exposure
(modifier× exposure) and an interaction between the modifier, exposure, and age (modifier× exposure× age).

⁎ p < 0.05. Note: estimates are from linear mixed effects models adjusted for age, age2, sex, ethnicity, marital status, height, alcohol use, diet, smoking, rurality,
education, employment grade, and tertiles of the area IMD employment and income domain.
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surrounding greenness and decline in grip strength over the study
period, we did find a statistically significant association between
proximity to any natural environment and decline in grip strength in
complete case analysis. However, this association was not statistically
significant in analysis using multiple imputation. The 5-year follow-up
period of grip strength may not have been sufficient to find an asso-
ciation with the decline, as the analysis was restricted to only two data
points.

The baseline association is likely to reflect the association preceding
the study period. These estimates could have been affected by exposure
occurring before the study period due to, for instance, prior home ad-
dresses. The association with the change in the physical functioning
scores over the study period are based on the exposure at the home
address of the participants during the study period and are adjusted for
the baseline association. Part of our observed larger estimates for the
decline in physical functioning compared to the baseline estimates
might therefore reflect better characterization of exposure.

4.1. Available evidence

Studies on green space exposure and physical functioning are scarce
and most had a cross-sectional design, which did not rule out reverse
causality (i.e. those with better health choose to live in greener areas).
Some studies have looked at the association of green space with frailty
or disability (Vogt et al., 2015; Yu et al., 2018). A recent longitudinal
study covering a period of two years found that neighbourhood green
space was associated with improvement in frailty status in older adults
aged over 65 year old (Yu et al., 2018). In addition, a cross-sectional
study found no clear association between distance to green space and
self-rated physical constitution, disability and health-related quality of
life (Vogt et al., 2015). In another cross-sectional study of older adults
with functional limitations, greater participation in fitness programs
and social activities was shown for those living in neighbourhoods with
parks and walking areas (White et al., 2010). Finally, in a cross-sec-
tional study investigating the association between neighbourhood ve-
getation and participation in physical activity in older adults, physical
function was shown to modify this relationship, though the direct as-
sociation between greenness and physical functioning was not reported
(Gong et al., 2014).

To our knowledge, the present study is the first to investigate the
association between blue space exposure and physical functioning.
Therefore, we could not compare our results to previous findings. The
lack of association might have been, partly, the result of the small
number of participants living close to blue spaces in our study popu-
lation. Furthermore, we did not find any significant association with the
distance to green spaces, separately, either. Again this might have been
the result of a smaller number of participants living close to green
spaces in comparison to the number of those living close to any natural
environment.

Our results suggested sex differences in the association between
natural environments and physical functioning, though the observed
pattern was mixed; for residential surrounding greenness, we observed
a stronger association with the 5-year difference in walking speed
among men, while for distance to natural environments, this associa-
tion was stronger among women. Several studies found that women
were at higher risk of poor physical functioning than men (Ferrucci
et al., 2000; Rooth et al., 2016). Furthermore, the association between
natural environments and health may be modified by sex; for instance,
women may spend more time in the residential area (and thus have
more exposure to neighbourhood greenspace). Furthermore, men and
women may have different use of green space, e.g. men were found
more likely to do vigorous physical activity in parks than women
(Cohen et al., 2007). Previous studies found sex differences in asso-
ciations with physical functioning as well. For example, a stronger as-
sociation between green space and frailty was found in men than in
women (Yu et al., 2018), and a lower land use mix was associated with

a lower walking speed in men while it was associated with lower grip
strength in women (Soma et al., 2017). In addition, stratifying the
analysis by socioeconomic indicators showed some indication for
stronger associations in participants living in more deprived neigh-
bourhoods. Previous studies found that the association between green
space and health may be stronger among lower socioeconomic groups
(Gascon et al., 2015; Maas et al., 2009), but this has not been shown
consistently (Vienneau et al., 2017).

4.2. Potential underlying mechanisms

A number of mechanisms have been proposed for the association
between exposure to natural environments and health, which could also
be relevant in terms of such an association with physical functioning. In
this study, we investigated mediation by physical activity, gardening,
air pollution, mental health, and social functioning, and found some of
them to mediate the association with upper limb strength, as measured
by grip strength, or motor function, as measured by walking speed.
First, physical activity plays an important role in maintaining physical
functioning in older adults (Fielding et al., 2017), while a recent review
found evidence for a beneficial association of parks, public open space,
and greenery with self-reported physical activity and walking in older
adults (Barnett et al., 2017). However, in our study, we did not observe
mediation by physical activity and gardening in the associations be-
tween natural environments and the decline in physical functioning.
Second, greener neighbourhoods are reported to foster social cohesion
and social support (de Vries et al., 2013), while social status and
loneliness may be important determinants of functional status decline
in older adults (Chen et al., 2012; Perissinotto et al., 2012). In our
study, social functioning was found to mediate the association between
residential surrounding greenness and distance to any natural en-
vironment and the decline in walking speed. In addition, exposure to
green space may present benefits for mental health (Gascon et al.,
2015), while depressive symptoms have been associated with higher
risk of functional status decline (Stuck et al., 1999). In our study, we
found that mental health may have mediated a small proportion of the
association between distance to any natural environment and the de-
cline in walking speed. Furthermore, exposure to natural environments
has been found to reduce stress (Gong et al., 2016), which may benefit
physical functioning (Hansen et al., 2014; Kulmala et al., 2014; Nilsen
et al., 2016). However, we did not have data available on this mediator.
Lastly, greenness can reduce levels of noise and air pollution (Dadvand
et al., 2015b, 2012), while air pollution may be associated to a faster
decline in physical ability (Weuve et al., 2016). However, air pollution
was not found to mediate the associations between natural environ-
ments and the decline in physical functioning scores in this study.

4.3. Limitations

First, the Whitehall II study consisted of civil servants and under-
represented women and ethnic minorities, which may have affected the
generalisability of the findings. Second, using satellite-based vegetation
indices for the assessment of residential surrounding greenness enabled
us to take into account small green spaces in a standardized way.
However, we could not use buffers smaller than 500m due to the re-
solution of our EVI and NDVI maps and because of the use of the
postcode centroid as the residential location of the participants.
Greenness within smaller buffers could be an indicator for green space
closer to home and more visual access, which could be used to test for
other pathways underlying benefits of natural environments.
Furthermore, our estimate of distance to natural environment was an
indicator of access to natural environments that were larger than 25 ha
and did not consider smaller natural environments. Additionally, these
indicators of green space exposure are not informative about the type or
quality of vegetation or land-cover or give any information on use of
green spaces which could have affected our observed associations.
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However, a study from Germany found that the walking distance to
natural environments was associated with its use frequency (Völker
et al., 2018). Moreover, we could not characterize exposure to natural
environments at the workplace or other locations where participants
might have spent significant amount of time. However, many of the
Whitehall II participants retired before or during the study period and
older adults generally tend to be more bound to their direct neigh-
bourhood environment (Yen et al., 2009). Moreover, the use of buffers
around postcode centroids might have led to exposure misclassification,
especially in large postcode areas that are more common in rural areas.
However, excluding participants living in rural areas did not change the
results notably. Lastly, limitations in the characterization of mediators
might have reduced the ability to detect mediation. The indicators of
physical activity, gardening, mental health, and social functioning were
based on self-reported data. In addition, social functioning was assessed
with only two questions that did not include factors as social support or
social cohesion in the neighbourhood. Furthermore, our exposure as-
sessment of air pollution was based on modelled PM2.5 with a coarse
spatial resolution. This resulted in an indicator of background air pol-
lution, while traffic-related pollution may be more important in ex-
plaining the association (Dadvand et al., 2015a). In addition to air
pollution, noise may also be an important mediator in the association
between natural environments and physical functioning, but was not
measured in our study.

4.4. Conclusions

In a longitudinal study of older adults, we observed that higher
residential surrounding greenness and proximity to natural environ-
ments was associated with slower decline in physical functioning.
Considering the ageing population (World Health Organization,
2015b), the identification of factors that promote healthy ageing is of
increasing importance. Reaching optimal levels of physical functioning
and maintaining these levels is essential in maintaining quality of life
and independent living at older age (Sayer et al., 2006; World Health
Organization, 2015a) and has been associated with lower morbidity
and mortality (Celis-Morales et al., 2018). Our findings, if confirmed by
future studies, provide further evidence for the benefits of exposure to
natural environments in the ageing population. Future studies are
needed that are situated in other settings and climates and further in-
vestigate the pathways between the exposure to natural environments
and health, the potential modifying effect of sex and socioeconomic
status, and the specific characteristics of natural environments that
have the largest impact on maintaining physical functioning at older
age.
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