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ABSTRACT

Green space may improve health by enabling physical activity and recovery from stress or by
decreased pollution levels. We investigated the association between residential green
(greenness or green space) and mortality in adults using the Swiss National Cohort (SNC) by
mutually considering air pollution and transportation noise exposure. To reflect residential
green at the address level, two different metrics were derived: normalised difference
vegetation index (NDVI) for greenness, and high resolution land use classification data to
identify green spaces (LU-green). We used stratified Cox proportional hazard models
(stratified by sex) to study the association between exposure and all natural cause mortality,
respiratory and cardiovascular disease (CVD), including ischemic heart disease, stroke and
hypertension related mortality. Models were adjusted for civil status, job position, education,
neighbourhood socio-economic position (SEP), geographic region, area type, altitude, air
pollution (PM}), and transportation noise. From the nation-wide SNC, 4.2 million adults
were included providing 7.8 years of follow-up and respectively 363,553, 85,314 and 232,322
natural cause, respiratory and CVD deaths. Hazard ratios (and 95%-confidence intervals) for
NDVI [and LU-green] per interquartile range within 500m of residence were highly
comparable: 0.94 (0.93 - 0.95) [0.94 (0.93 - 0.95)] for natural causes; 0.92 (0.91 - 0.94) [0.92
(0.90 - 0.95)] for respiratory; and 0.95 (0.94 - 0.96) [0.96 (0.95 - 0.98)] for CVD mortality.
Protective effects were stronger in younger individuals and in women and, for most outcomes,
in urban (vs. rural) and in the highest (vs. lowest) SEP quartile. Estimates remained virtually
unchanged after incremental adjustment for air pollution and transportation noise, and
mediation by these environmental factors was found to be small. We found consistent
evidence that residential green reduced the risk of mortality independently from other
environmental exposures. This suggests the protective effect goes beyond the absence of

pollution sources. Environmental public health measures should not only aim at reducing
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pollutant exposure, but additionally maintain existing and increase residential green in areas

where lacking.
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Abbreviations

CVD: cardiovascular disease

DHEA: didehydroepiandrosterone

HR: Hazard ratio

IHD: ischemic heart disease

IQR: interquartile range

LU-green: green spaces identified by land use classification
NDVI: normalised difference vegetation index
NO;: nitrogen dioxide

PH: proportional hazard

PM: particulate matter less than 10um in diameter
SEP: socio-economic position

SNC: Swiss National Cohort

Highlights

. Residential green is greenness or green spaces around the home address

. Exposure was defined in two ways: satellite NDVI vs. detailed land use classification
data

. The two exposure metrics yielded highly comparable hazard ratios

. Residential green reduced natural cause, respiratory and cardiovascular deaths

. The protective effect was independent from transportation noise and air pollution
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1. INTRODUCTION

Green spaces are covered partly by grass, trees or other vegetation, and include city parks,
community gardens, sports fields as well as natural and forested areas in rural environments.
These are a valuable commodity to any community, empowering the local citizens with regard
to recreation, social interaction, physical activity, relaxation, and wellbeing. Emerging
research and experiments on the potential benefits of natural environments have indicated that
exposure to green spaces such as parks, forests and river corridors can reduce stress, negative
emotions and blood pressure (Bowler et. al. 2010; Pretty et. al. 2005; Song et. al. 2016).
Similar findings have been obtained through observational studies (Alcock et. al. 2014;

Groenewegen et. al. 2006).

Proximity is a key factor in whether or not individuals access green spaces. A recent hospital-
based study by Wilker et. al. (2014) in Boston, USA showed proximity to green space to be
associated with higher survival rates after ischemic stroke. In a study by Coombes et. al.
(2010), respondents who lived closest to formal parks were more likely to achieve physical
activity targets and were less likely to be overweight. Studies have also shown that green
spaces are associated with longevity (Jonker et. al. 2014; Takano et. al. 2002). The few
available cohort studies investigating mortality in relation to greenness, evaluated from
satellite imagery, and green space proximity indicated protective effects (James et. al. 2016;
Tamosiunas et. al. 2014; Villeneuve et. al. 2012; Wilker et. al. 2014). A recent meta-analysis
of eight studies of varying population size, however, found only a small, non-statistically
significant reduced risk for cardiovascular disease (CVD) mortality, with an overall risk ratio
0f 0.993 (95%-confidence interval: 0.985-1.001) per 10% increase in residential green space

(Gascon et. al. 2016).

The underlying mechanism for the observed association is unclear. Research to date has

focussed on four main pathways in which nature may affect health, specifically: air quality,
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physical activity, social cohesion, and stress reduction (Bell ez. al. 2014; Bowler et. al. 2010;
Hartig et. al. 2014; Lee and Maheswaran 2011). It is postulated that all of these pathways are
important and likely intertwined. In their study on streetscape greenery and self-reported
general and mental health, de Vries et. al. (2013) found that social cohesion and stress
reduction were more important mediators than physical activity. Various studies, summarised
in Kuo (2015), reported positive impacts of nature on specific stress parameters linked to
chronic diseases including increased didehydroepiandrosterone (DHEA), adiponectin, and
natural killer cells, and a reduction in inflammatory cytokines and elevated blood glucose

levels.

In addition to physical activity and mental health, mediation by air pollution and noise may be
at play. Air pollution is associated with cardiovascular, respiratory and natural cause
mortality; likewise transportation noise has been shown to be associated with cardiovascular
and natural cause mortality (Beelen et. al. 2014; Héritier et. al. 2017; Hoek et. al. 2013; Recio
et. al. 2016a; Recio et. al. 2016b). These exposures are also typically reduced in green areas
due to buffering (i.e. shielding) from vegetation and an absence of traffic sources, which may
be particularly relevant in urban settings. Additional large studies are needed to evaluate the
effect of residential green in different settings, and to determine whether the lack of these

pollutants explains the observed beneficial associations.

Using the Swiss National Cohort (SNC) we thus aimed to investigate the effects of exposure
to residential green on mortality in Switzerland, by specific causes of death considering small
scale models of urban-related exposures to air pollution and transportation noise. We define
residential green as greenness obtained from the satellite-derived normalised difference
vegetation index (NDVI), or designated green spaces identified by detailed land use

classification mapping (LU-green), in the area surrounding the home address. While NDVI
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detects total greenness, e.g. including street greenery and private gardens, LU-green offers the

potential to examine associations for specific types of green or proximity to formal parks.

2. MATERIALS AND METHODS

Swiss National Cohort

The SNC is a longitudinal research platform linking the census with data on births, mortality
and emigration (Bopp et. al. 2009; Spoerri et. al. 2010). The SNC was approved by the Ethics
Committees of the Cantons of Zurich and Bern. Due to compulsory participation, nearly all
persons residing in Switzerland at the time of the census are represented, i.e. 98.6% in 2000
(Renaud 2004). For each person, individual (e.g. sex, date of birth), household (e.g. type of
household, socioeconomic status) and building (e.g. geographical coordinate) information are
available. Persons living in Switzerland aged 30 years and older on 04 December 2000 (date

of the census) were included in this analysis.

Mortality records in the SNC are based on coding of death certificates. We considered
associations for all natural causes (ICD10 A00—R99), all respiratory disease (J00-J99), all
cardiovascular disease (I00-199; CVD) and specifically ischemic heart disease (120-125;
IHD), stroke (160-164) and hypertension related disease (I10-115) identified as the definitive

primary cause of death, concomitant, consecutive, or initial disease.

Exposure Assessment

Two metrics were used to assess exposure to residential green: 1) normalised difference
vegetation index (NDVI); and 2) detailed land use mapping to identify green spaces (LU-
green). Modelled at the address-level, exposures were linked to individuals in the SNC on the

basis of XY-coordinate of the home address. Exposure was determined in a 150m and 500m
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buffer to respectively represent the near surrounding as well as the local neighbourhood (i.e.

walking distance).

NDVl s an indicator of greenness based on land surface reflectance, calculated on the basis
of cloud and snow-free Landsat scenes collected on a 16-day cycle (spatial resolution:
30x30m). NDVI is measured on a scale from -1 to 1, where: <0.1 represents barren areas,
sand or snow; 0.2-0.3 represents shrub and grassland; and values >0.3 indicate increasing
intensity of green (Weier and Herring 2000). Previous studies on green space and health use
satellite data from one day, typically during the season with the most substantial vegetation
growth (Agay-Shay et. al. 2014; Wilker et. al. 2014). To construct a continuous surface for
the whole of Switzerland, we mosaicked available summer NDVI scenes using ArcGIS 10.2.
Surfaces for 2000 (i.e. baseline) and 2014 were constructed. Year 2014 was selected as the
preferred dataset because the final NDVI surface (using Landsat 8 tiles from 08 June to 19
July, 2014; see supplemental material Table S1) was 100% cloud-free. Address-level
correlations between 2000 and 2014 were high (r=0.89). Mean NDVI was extracted at the

home location for the buffer distances using focal functions in ArcGIS.

ArcGIS was used to develop spatial layers to capture total green areas in Switzerland,
including local and national parks and other publically-accessible spaces where recreation is
possible (i.e. green spaces). This included agriculture and forested areas which often have
walking trails or accessible roads. We used the up-to-date spatially detailed Swiss topographic
landscape model (swissTLM>" 1.4; 1-m accuracy; 2009-2015) with land use classification.
The swissTLM>" did not include all natural areas as a class, thus we supplemented the data
with forest and agricultural areas from the older Vector25. Both datasets were from
SwissTopo. Traffic areas (e.g. airfields, car parks), complex land use (e.g. landfills, power

plants) and non-green recreational areas or those deemed not accessible free of charge to the
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general public (e.g. golf courses, swimming pools, zoos) were excluded. The percent green

space in each buffer was calculated.

Fine scale air pollution and transportation noise were also assigned to residential addresses
using ArcGIS. We used existing noise models for 2001 from the SIRENE (Short and Long
Term Effects of Transportation Noise Exposure) project to determine total (i.e. combined)
transportation noise from road, rail and aircraft traffic for each individual at their residential
fagade (Karipidis et. al. 2014). We used the maximum Lden (day-evening-night), representing
the average noise over a 24h period with a respective 5 dB and 10 dB penalty for evening and
night hours. Continuous noise exposure was censored at Lden 35 dB, a level based on model
accuracy and the exposure distribution. Only one percent of records were below 35 dB, thus
set to 35 dB in our data set. Results in the SIRENE study further showed that associations
with CVD mortality in Switzerland increase from low noise levels (Héritier ez. al. 2017).
Existing data for Switzerland were also available for air pollution and altitude. Estimates for
NO; and PM were extracted from the Swiss national dispersion models (i.e. pollumap;
200x200m grids) for year 2000 (Meteotest 2015). As these were highly correlated (r=0.81) we
only used PMj in the analysis, because PM is a more distinct marker for a broad range of
air pollution sources, rather than specifically traffic-related air pollution. In addition, we
included altitude because it represents the absence of pollution and it was further found to be
associated with IHD mortality in Switzerland (Faeh et. al. 2016). Altitude, in metres, was
obtained from the mapped 25x25m digital terrain model for Switzerland (VECTOR25:

SwissTopo).

Statistical Analysis
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The association between residential green exposure and specific causes of death were
investigated by stratified Cox proportional hazard regression, with age as the underlying time
scale. Schoenfeld residuals were used to test the proportional hazard (PH) assumption. An
interaction term (exposure*age) to simulate a time-varying exposure was introduced along
with the sex stratification (by design) to satisfy the PH assumption. Individual survival
histories from 04 Dec 2000 to 31 Dec 2008 were observed among subjects having been at
least 30 years old at baseline. Right censoring was applied at the age of emigration, age of
death from another cause, or the end of follow-up. Hazard ratios (HRs), and 95%-confidence
intervals, were expressed per interquartile range (IQR) increase in residential green exposure
at age 60. Categorical models were used to evaluate the shape of the exposure-response
relationship for NDVI and LU-green, with plots of natural splines (created in R version 3.3.0)

used to confirm the linear relationship (Figures S1 and S2).

Five models were developed, with incremental adjustments. The base model (M1) included
the baseline hazard stratified by sex (Exposure, exposure*age). In M2, we adjusted for
sociodemographic confounders: civil status (single, married, widowed, divorced); job
attainment (high, medium, low, other); quartiles of neighbourhood socio-economic position
(SEP) (Panczak et. al. 2012); and education (compulsory or less, upper secondary, tertiary,
unknown). In M3, we further adjusted for spatial confounders: Swiss region (Lake Geneva,
Espace Mittelland, Northwest, Zurich, East, Central, and Ticino); degree of urbanisation
(urban, intermediate, rural); and altitude (metres). Finally, we looked at the additional

adjustment for PM o (ng/m’) in M4, and PM plus total transportation noise (dB) in M5.

Following the product-coefticient approach from VanderWeele (2011), we conducted a post-
hoc mediation analysis, on the main outcomes, to assess the extent to which the association
between residential green and mortality is mediated by air pollution or transportation noise
exposure. The hypothesised DAG is shown in Figure S3. For each potential mediator, we fit

10
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two models to calculate the ratio of the indirect effect to the total effects: a) a normal linear
regression model for the association between the potential mediator and residential green, and
b) a Cox model for the association between residential green and the outcome. Both models
(i.e. ‘a’ and ‘b’) were based on M5, i.e. mutually adjusted for the other environmental

variables.

In line with previous studies, we a priori selected the 500m buffer as the main exposure
variable, and considered all deaths for the relevant outcomes (i.e. all = definitive primary
cause, concomitant disease, consecutive disease or initial disease). In sensitivity analyses, we
explored exposures in the 150m buffers and models for definitive primary cause of death only.
We used stratified analysis to explore potential effect modification due to sex, Swiss region,
type of area and SEP. We further calculated robust confidence intervals to account for spatial

clustering at region (n=7) or canton (n=26) using the Stata vce(cluster) option.

Statistical analyses were conducted in Stata version 14.0.

3. RESULTS

The census in 2000 recorded 7.29 million persons in Switzerland. In this study, 35.6% were
excluded because they were under 30 years of age at baseline. A total of 1.6% participants
were excluded due to missing building coordinates and 3.8% because the building was non-
residential (e.g. hospitals, mobile shelters, collective housing). A further 0.1% and 0.04% had
missing covariate information, respectively for socio-economic position and air pollution or
transportation noise. The population used for analyses included 4,284,680 individuals
accounting for 40,805,591 person-years with a mean follow-up of 7.8 years. During the

follow-up period, 363,553 deaths occurred from natural causes of which 23.5% and 63.9%

11
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(24.1%, 8.7% and 18.1%) were respectively from all respiratory diseases and all

cardiovascular diseases (specifically IHD, stroke and hypertension related deaths).

The characteristics of the study population at baseline are presented in Table 1 for males and
females; supplementary Table S2 includes deaths by cause. The majority of adults were
married, living in urban communities and had upper secondary level education or higher.
Compared to women, the proportion of all respiratory and IHD deaths was higher in males,

while the proportion of stroke and hypertension related diseases was higher in females.

<<Table 1 hereabouts>>

The NDVI and LU-green exposure maps for Switzerland are presented in Figure 1. Pearson’s
correlation between the 150m and 500m buffers for each metric were high (1>0.80);
correlations between metrics were also high (r=0.62 for 150m; r=0.77 for 500m buffer).
Summary statistics for the exposure and environmental variables are given in Table 2, with

histograms in Figure S4 and correlations in Table S3.

<<Figure 1 hereabouts>>

<<Table 2 hereabouts>>

We found a protective effect of residential green which was stronger in younger individuals
(Figure 2). Regarding accuracy of diagnosis, we found only a slight attenuation in HRs when
restricting the cohort to adults between 30 - 80 years old (data not shown). As presented in
Figure 3 showing the incremental adjustments for NDVI, the HRs for cardiovascular
outcomes were attenuated when we adjusted for sociodemographic confounders reflecting
regional differences in CVD in Switzerland (Chammartin et. al. 2016). After adjusting for the
spatial confounders, the HRs in M3 returned to similar values as M 1. We also found that
incremental adjustment for air pollution and transportation noise did not substantially change

the HRs for NDVI and LU-green compared to the adjusted model M3 (Figure 3 and Figure
12
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S5). The final models (M5) for all outcomes are thus additionally adjusted for these

environmental variables.

Mediation by air pollution and transportation noise was of minor relevance for the observed
association between green space and mortality (Table S4). We estimated that approximately
8% and 2-6% of the green-prevented deaths may be mediated by transportation noise and air

pollution, respectively.

<<Figure 2 hereabouts>>

<<Figure 3 hereabouts>>

Results for the specific causes of death in relation to exposure in a 500m buffer are presented
in Table 3. After adjustment, we saw a significant protective effect for most investigated
outcomes with NDVI exposure when investigating all deaths (e.g., 0.95 [0.94 - 0.96] per IQR
NDVI in 500m for CVD mortality). Results for LU-green were similar (e.g., 0.96 [0.95 -
0.98] per IQR LU-green in 500m for CVD mortality), though in some cases slightly
attenuated and not statistically significant for the specific sub-types of CVD (IHD, stroke and
hypertension related deaths). HRs for the exposures based only on primary cause of death
were often attenuated (e.g., HR for NDVI [and LU-green] per IQR in 500m were: 0.96 (0.95 -
0.97) [0.98 (0.97 - 1.00)] for CVD mortality), further most of the CVD sub-types lost
statistical significance regardless of exposure metric. Replacing the 500m exposure buffer
with the 150m buffer resulted in a slightly stronger protective effect for NDVI but not for

exposure assessed with LU-green (Table S5).

<<Table 3 hereabouts>>

The benefit of residential green was found to be greater in females compared to males, though
this was only statistically significantly different for all natural causes (p-interaction=0.001),

all respiratory (p-interaction=0.045) and all CVD mortality (p-interaction=0.000) (Figure 1,

13
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Table 4). The protective effect of residential green was also stronger in urban communities
compared to intermediate or rural for death from all natural causes (p-trend=0.000), all
respiratory (p-trend=0.042), all CVD (p-trend=0.000) and stroke (p-trend=0.018). We further
found a trend for greater protection from residential green in the highest compared to lowest
SEP quartile for death from all natural causes (p-tend=0.000), all CVD (p-trend=0.0066) and
hypertension related diseases (p-trend=0.004). In general, the benefit of residential green was
less pronounced in the Swiss regions of Lake Geneva and Ticino compared to other regions,
with significant heterogeneity across areas found for all natural causes (p-interaction=0.000)
and all CVD mortality (p-interaction=0.004) (Table 4). For natural cause, respiratory, CVD
and THD mortality, the robust confidence intervals accounting for spatial clustering were
slightly wider than those for our final models which were adjusted for Swiss region. The

confidence intervals for stroke and hypertension mortality they were unchanged (Table S6).

<<Table 4 hereabouts>>

4. DISCUSSION

We found consistent evidence that residential green was associated with reduced risk of
natural cause mortality (0.94 [0.93 - 0.95] per IQR NDVI in 500m bufter), respiratory
mortality (0.92 [0.91 - 0.94]) and all CVD mortality (0.95 [0.94 - 0.96]) including specific

causes of CVD mortality, in a cohort of nearly all adults in Switzerland.

There are few available similar cohort studies (James et. al. 2016; Villeneuve et. al. 2012).
Both of these studies used NDVI as the exposure metric; ours is the first to compare NDVI
with high quality land use classification data, finding decidedly similar results for the two
metrics. The HRs from our national cohort were further highly comparable to the Ontario

study by Villeneuve et. al. (2012) which included 575,000 adults and reported HRs for: non-

14



316  accidental mortality (0.95 [0.94-0.96] per IQR NDVI in a 500m buffer); CVD (0.94 [0.92-
317 0.96]); and non-malignant respiratory disease (0.91 [0.87-0.95]). The Nurses’ Health Study
318  likewise reported a HR of 0.88 (0.82-94) per 0.1 unit NDVI in a 250m buffer for natural cause

319  mortality (James et. al. 2016).

320  Previous studies on residential green and mortality treated air pollution as a confounder,
321  finding the models robust to adjustment (Villeneuve et. al. 2012; Wilker et. al. 2014). The
322 exception is the most recent study where James et. al. (2016) specifically investigated air
323 pollution as a mediator. They found air pollution and physical activity played a small

324  mediating role in the relationship, while depression and social engagement were the more
325  important mediators. Regarding environmental factors, our study comes to the same

326  conclusion. The protective effect of residential green on mortality is largely independent of
327  transportation noise and air pollution (Figure S3 and Table S4). According to our mediation
328  analysis, less than 10% of the protective effects of residential green on all natural cause,
329  respiratory and cardiovascular mortality are mediated by these two pollutants. Although
330  measures of mediation should be considered with caution (Rod and Lange 2017; VanderWeele
331  2011), including these variables in our models may be an over-adjustment and should be

332 considered when interpreting our results.

333 In line with Villeneuve et. al. (2012), we also found that the protective effect of residential
334  green was stronger in younger individuals. Young active people may profit from green space
335 by enhanced physical activity, which is known to improve health (Fuzeki et. al. 2017; Reiner
336 et. al. 2013). We cannot exclude that inaccuracy in attribution of cause of death in older

337  individuals contributed to this pattern, however our sensitivity analysis restricting the

338  population to adults aged 30-80 did not change the HRs compared to our main models.

339  We also found the protective effect to be greater in females compared to males. This is in
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contrast to the ecological study by Richardson and Mitchell (2010) reporting a protective
effect of green space on CVD and respiratory mortality for men but not women. Whether this
is related to physical activity remains to be seen, and cannot be determined with our data. The
Swiss Health Survey indicates that rates of physical activity in men are slightly higher than
women (FSO 2013), though it does not distinguish between preference for indoor versus
outdoor physical activity which may differ by sex. Our observations, however, might be
explained by mothers with young children simply spending more time in and around the home
and local parks. A study in Kaunas, Lithuania found green space to be more important to
women’s health, noting that women frequented green spaces more often than men, likely
because of childcare and part-time employment (Tamosiunas et. al. 2014). An alternative
explanation for the gender effects may be occupational exposures, which is expected to be
more relevant for men and thus masking the beneficial effects of residential green, in

particular in older men.

We specifically focussed on exposure to residential green rather than access or proximity to
parks because we did not have behavioural information on physical activity. While
surrounding greenness as obtained from NDVT is more suited for assessing the psychological
wellbeing and the modifying effects of pollution, physical activity is best evaluated using
surveys and/or measures of access and proximity to green spaces via transport networks or
other constructs such as a walkability index. For a detailed review, see Brownson et. al.
(2009). Coombes et. al. (2010), for example, found that frequency of use of formal green
space for physical activity declined with distance. This can be particularly important in urban
areas where access to countryside is difficult. This is unlikely to be a barrier for our study
population, where on average more Swiss engage in physical activity than their European
neighbours (72% vs. 32% average for Europe) (FSO 2013; WHO 2006). As well, Swiss cities

are comparably small and typically surrounded by agricultural and forested areas accessible
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and used by the public for recreation thus complicating the assessment of access to green

space in a nation-wide study such as ours.

Nieuwenhuijsen et. al. (2017) extended the conceptual framework of green space,
mechanisms and health effects by Hartig et. al. (2014) to include the biodiversity hypothesis
which suggests contact with nature is beneficial for the human microbiota and
immunomodulatory capacity. As explained in Rook (2013), chronic inflammatory disorders
(which can lead to increased risk of CVD) are more common in urban areas where the
diversity of microbiota is decreased. This may explain why we found a statistically significant
stronger protective effect for urban compared to rural areas i.e. the benefit of green in urban
areas may be more pronounced because any increase in microbiota from the additional

greenery is beneficial.

The SNC did not include information on the participants’ smoking status and other lifestyle
variables precluding the control for important confounders. In Switzerland, both smoking and
body mass index are strongly associated with SEP for which we adjusted (Faeh et. al. 2011;
Lohse et. al. 2016). Compared to Villeneuve et. al. (2012), where such control was possible,
our exposure assessment was more precise as we used residential geocodes rather than

postcodes.

We further recognise that use of NDVI for year 2014 was not ideal given that our baseline
was in 2000, and that we do not evaluate change in exposure over the course of the follow-up.
It can be challenging obtaining cloud-free satellite imagery for small study areas, let alone
across larger spatial domains with complex topography and rapidly changing climatic
conditions such as Switzerland (Fontana et. al. 2013). Furthermore, it is not possible to
identify clouds based on the NDVI scale. In constructing the NDVI mosaic we thus prioritised

cloud-free scenes in order to minimise exposure misclassification. Correlations between
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NDVIin 2000 and 2014 were high, as were correlations with LU-green giving confidence in
the 2014 NDVI data. The high agreement between the two independent exposure metrics
further suggests that NDVI can be a good proxy in study areas where spatially resolved land
use classification mapping, such as our LU-green, is not available. Rhew et. al. (2011) drew a
similar conclusion in their validation study comparing NDVI with psychologist ratings of
greenness. A study by Mitchell ez. al. (2011) comparing metrics based on different resolution
land use data sets, though not NDVI, also indicated robust associations. Despite the high
correlations, however, there will be spatial differences in the local distribution of exposure
depending on the selected metric (see Figure 1 map insets). In our data, this is most noticeable
within cities where greenery in neighbourhoods is detected by NDVI, but only parks and other
delineated green areas are identified with the LU-green metric. These variations are reflected
in the slight differences in our reported HRs, in particular for stroke and hypertension related

mortality.

While there are many benefits of residential green, drawbacks can include potential increased
asthma and allergy in vulnerable subgroups (Carlsten and Rider 2017) and for environmental
injustice through gentrification i.e. increased housing costs and property values in
neighbourhoods undergoing greening initiatives (Wolch et. al. 2014). Some studies have
shown that the beneficial effects are more apparent in persons with low SEP (Dadvand et. al.
2012; Maas et. al. 2006) and that income related health inequalities were smaller in areas with
more green spaces (Mitchell and Popham 2008). Alternatively James et. al. (2016) reported
no difference in the association between greenness and mortality by SEP. In our cohort we
found that the protective effect of residential green was stronger in those that were well off
compared to those with low SEP. This does not appear to be related to differences in the
quantity of residential green by SEP as the mean NDVI exposure across quartiles of SEP in

our cohort was highly consistent (means=0.584-0.590). One may speculate that quality or
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accessibility of green may be lower in areas of deprivation, for example limited to green
traffic islands or corridors which are not accessible. Also other factors such as differential
access to health care, stronger social ties and cohesion may be important (de Vries et. al.

2013).

5. CONCLUSIONS
This is the first rigorous assessment of the potential benefits of residential green in a virtually
complete large population sample with high quality exposure variables, adding to the
evidence base that exposure to green in our living environment is beneficial for health. The
effect of residential green was independent from other environmental variables. The exposure-
response associations we derived for residential green and mortality can be used in subsequent
health risk assessments in Europe. Reducing pollution (particularly in deprived areas) may not
be enough, and should not replace efforts for maintaining and/or increasing green spaces and

access to the public.
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569  Table 1. Population characteristics at baseline

Characteristic Male Female
N (% total) 2,054,083 (47.9) 2,230,597 (52.1)
Age
Mean (SD) 51.5(14.6) 53.5(15.8)
Range 30-106 30-106
Civil status %
Single 15.8 12.3
Married 74.1 65.1
Widowed 2.9 12.9
Divorced 7.2 9.6
Mother tongue %
German 64.4 64.8
French 19.3 19.9
Italian 7.9 6.8
Other 8.4 8.5
Education % *
Compulsory education or less 16.4 30.9
Upper secondary level education 49.9 53.0
Tertiary level education 314 13.7
Not known 2.3 2.3
Geographic region %
Lake Geneva 17.6 18.2
Espace Mittelland 23.0 23.1
Northwestern Switzerland 14.2 14.1
Zurich 17.7 17.6
Eastern Switzerland 13.9 13.6
Central Switzerland 9.1 8.7
Ticino 4.5 4.7
Job Position %
High 13.3 3.9
Medium 394 26.3
Low 20.7 20.3
Other 26.6 49.6
Type of area %
Urban 63.2 64.8
Intermediate 233 22.6
Rural 13.5 12.6
Swiss SEP %
Quartile 1 (0.4 - 56.2 %) 25.4 24.6
Quartile 2 (>56.2 - 63.5 %) 25.0 25.0
Quartile 3 (>63.5 - 70.7 %) 24.8 25.1
Quartile 4 (>70.7 - 100.0 %) 24.8 25.2
NO; (ng/m’)
Mean (SD) 22.5(7.9) 22.7(7.8)
Median 21.8 22.1
Range 0.8-63.4 0.8-63.4
PM10 (ng/m’)
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Mean (SD) 20.4 (3.8) 20.5(3.8)
Median 20.2 20.3
Range 5.9-40.7 6.2 -40.7
Total Traffic Noise (dB)

Mean (SD) 56.0 (8.1) 56.1 (8.0)
Median 55.7 55.7
Range 35.0-92.2 35.0-91.0
Altitude (m)

Mean (SD) 518 (200) 515 (198)
Median 460 459
Range 193 - 2460 193 - 2460
Notes:

a. Highest completed education/training.
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573  Table 2. Descriptive statistics for exposure variables, in 500 and 150m buffers

Exposure * 500m buffer 150m buffer
NDVI exposure (no unit)

Mean (SD) 0.59 (0.11) 0.56 (0.11)
Median 0.60 0.57
25, 75™ centiles 0.53, 0.66 0.50, 0.63
Range -0.05-0.89 0.02-0.90
LU-green exposure (%)

Mean (SD) 34.91 (27.82) 18.46 (25.31)
Median 30.29 6.04
25, 75" centiles 9.55, 55.54 0.00, 29.48
Range 0.00 - 100.00 0.00 - 100.00

574  Notes:

575  a. NDVI =normalised difference vegetation index; LU-green = green spaces identified by

576  land use classification.
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Table 3: Hazard ratios (with 95%-confidence intervals) for NDVI* and LU-green” exposure (per IQR) in a 500m buffer and mortality, age 60

Mortality Outcome

All deaths

Natural cause
Respiratory

CVD

IHD

Stroke

Hypertension related
Definitive primary cause
Natural cause
Respiratory

CVD

IHD

Stroke

Hypertension related

Deaths (n)

363,553
85,314
232,322
87,668
31,792
65,965

351,615
23,243
139,070
58,505
21,775
13,193

NDVI 500m (per IQR) ¢

M1

0.92 (0.91 - 0.92)
0.89 (0.87 - 0.90)
0.94 (0.93 - 0.95)
0.97 (0.95 - 0.98)
0.95 (0.92 - 0.98)
0.95 (0.93 - 0.97)

0.91 (0.90 - 0.92)
0.87 (0.85 - 0.90)
0.96 (0.95 - 0.98)
1.00 (0.98 - 1.02)
0.95 (0.91 - 0.98)
1.04 (0.99 - 1.10)

MS

0.94 (0.93 - 0.95)
0.92 (0.91 - 0.94)
0.95 (0.94 - 0.96)
0.98 (0.96 - 1.00)
0.95 (0.93 - 0.99)
0.96 (0.94 - 0.98)

0.94 (0.93 - 0.94)
0.93 (0.89 - 0.96)
0.96 (0.95 - 0.97)
1.00 (0.98 - 1.02)
0.95 (0.92 - 0.99)
1.00 (0.95 - 1.06)

LU-green 500m (per IQR) ¢

M1

0.92 (0.91 - 0.93)
0.90 (0.88 - 0.92)
0.97 (0.95 - 0.98)
0.98 (0.96 - 1.00)
0.98 (0.95 - 1.02)
1.00 (0.97 - 1.03)

0.92 (0.91 - 0.92)
0.90 (0.86 - 0.95)
1.00 (0.98 - 1.02)
1.02 (0.99 - 1.04)
1.00 (0.95 - 1.05)
1.11 (1.04 - 1.19)

M5

0.94 (0.93 - 0.95)
0.92 (0.90 - 0.95)
0.96 (0.95 - 0.98)
0.98 (0.96 - 1.01)
0.99 (0.95 - 1.03)
0.99 (0.96 - 1.02)

0.93 (0.92 - 0.94)
0.92 (0.87 - 0.96)
0.98 (0.97 - 1.00)
1.01 (0.98 - 1.04)
1.00 (0.95 - 1.05)
1.07 (0.99 - 1.15)

Notes:

a. NDVI = normalised difference vegetation index; LU-green = green spaces identified by land use classification.

b. All deaths included definitive primary cause of death, concomitant, consecutive, or initial disease.

c. M1 = base model with baseline hazard stratified by sex (Exposure, exposure*age); M5 = adjusted model (M1 + civil status, job position,

educational attainment, SEP, region, area type, altitude, PM, total transportation noise). IQR was 0.14 and 45.99 for NDVI 500m and LU-green

500m, respectively.
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Table 4: Effect modification - hazard ratios (with 95%-confidence intervals) per IQR of NDVI® in a 500m buffer and mortality, age 60 for model M5

Subgroup

Sex
Males

Females

p-value for interaction ©

Type of area
Urban
Intermediate
Rural

p-value for trend *

Socio-economic Position

Quartile 1 - low
Quartile 2
Quartile 3
Quartile 4 - high
p-value for trend *
Swiss Region
Lake Geneva
Espace Mittelland
Northwestern CH
Zurich

Eastern CH
Central CH

Ticino

p-value for interaction

Natural cause ”

0.95 (0.94 - 0.96)
0.93 (0.92 - 0.94)
0.0006

0.93 (0.92 - 0.94)
0.98 (0.96 - 1.00)
0.97 (0.94 - 1.00)

0.0000

0.95 (0.94 - 0.96)
0.95 (0.94 - 0.97)
0.94 (0.93 - 0.95)
0.91 (0.90 - 0.93)

0.0003

0.97 (0.96 - 0.99)
0.92 (0.91 - 0.94)
0.90 (0.88 - 0.92)
0.90 (0.89 - 0.92)
0.93 (0.91 - 0.95)
0.95 (0.92 - 0.98)
0.99 (0.96 - 1.02)

0.0001

Respiratory "

0.93 (0.91 - 0.96)
0.90 (0.88 - 0.93)
0.0452

0.92 (0.90 - 0.94)
0.98 (0.94 - 1.03)
0.96 (0.89 - 1.03)

0.0417

0.92 (0.89 - 0.94)
0.95 (0.92 - 0.98)
0.92 (0.89 - 0.95)
0.90 (0.87 - 0.94)

0.4650

0.93 (0.90 - 0.97)
0.88 (0.85 - 0.92)
0.89 (0.85 - 0.93)
0.92 (0.87 - 0.96)
0.90 (0.86 - 0.94)
0.92 (0.86 - 0.98)
0.93 (0.87 - 1.01)

0.4268

CcvD"’

0.97 (0.95 - 0.98)
0.92 (0.91-0.94)
0.0001

0.93 (0.92-0.94)
0.98 (0.95-1.01)
0.99 (0.95 - 1.03)

0.0003

0.95(0.94-0.97)
0.97 (0.95-0.99)
0.95(0.93-0.97)
0.91 (0.89-0.93)

0.0057

0.94 (0.92-0.97)
0.93 (0.91 - 0.96)
0.89 (0.87-0.92)
0.91 (0.89-0.94)
0.94 (0.91 - 0.96)
0.93 (0.90-0.97)
1.01 (0.97 - 1.06)

0.0040

IHD "

0.98 (0.96 - 1.00)
0.97 (0.93 - 1.00)
0.4931

0.95 (0.93 - 0.97)
1.00 (0.95 - 1.05)
0.95 (0.88 - 1.02)

0.4195

0.96 (0.93 - 0.99)
1.00 (0.97 - 1.04)
1.00 (0.96 - 1.04)
0.93 (0.89 - 0.97)

0.5477

1.00 (0.96 - 1.05)
0.95 (0.91 - 0.99)
0.93 (0.89 - 0.98)
0.93 (0.89 - 0.98)
0.99 (0.94 - 1.04)
0.91 (0.86 - 0.97)
1.01 (0.94 - 1.08)

0.1171

Stroke ”

0.96 (0.92 - 1.00)
0.95 (0.91 - 1.00)
0.8588

0.93 (0.89-0.96)
1.00 (0.92 - 1.09)
1.06 (0.93 -1.21)

0.0184

0.95(0.90-1.01)
0.97 (0.92 - 1.04)
0.95 (0.89-1.02)
0.91 (0.84 - 0.98)

0.3369

0.94 (0.88-1.01)
0.93 (0.86 - 1.00)
0.87 (0.80 - 0.96)
0.96 (0.88 - 1.04)
0.97 (0.88 - 1.006)
1.01 (0.89-1.13)
0.93 (0.82-1.05)

0.5507

Hypertension
related

0.97 (0.94 - 1.00)
0.95 (0.92 - 0.99)
0.4569

0.93 (0.90 - 0.95)
0.98 (0.92 - 1.05)
0.96 (0.88 - 1.05)

0.1570

0.99 (0.95 - 1.03)
0.98 (0.94 - 1.02)
0.94 (0.89 - 0.98)
0.90 (0.85 - 0.95)

0.0036

0.93 (0.89 - 0.98)
0.95 (0.90 - 1.00)
0.94 (0.88 - 1.00)
0.92 (0.87 - 0.98)
0.93 (0.87 - 0.99)
0.96 (0.89 - 1.04)
1.02 (0.92 - 1.13)

0.8767

Notes:

a. NDVI = normalised difference vegetation index.
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592

b. Reported HRs and 95%-confidence intervals are for the model M5, baseline hazard stratified by sex (Exposure, exposure*age) and adjusted for:
civil status, job position, educational attainment, SEP, region, area type, altitude, PM,y, total transportation noise. Reported per IQR (i.e. 0.14).
Includes definitive primary cause of death, concomitant, consecutive, or initial disease.

c. p-value of the Chi square test used to assess between-strata heterogeneity.

d. p-value of the Chi square for trend using Stata VWLS (variance-weighted least squares).
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FIGURE TITLES

Figure 1. Maps of the NDVI (1A) and LU-green (i.e. parks, fields and forests) (1B) exposure

across Switzerland

Figure 2. Effect of exposure to NDVI in a 500m buffer (HR per IQR with 95% confidence

interval) on natural cause mortality by age and sex for full model (M5)

Notes: A similar pattern was observed for all outcomes.

Figure 3. Incremental adjustment for environmental factors - HRs for mortality outcomes with
NDVI in 500m buffer

Notes: Models: M1 = base model with baseline hazard stratified by sex (Exposure,
exposure*age); M2 = adjusted for sociodemographic confounders (M1 + civil status, job
position, educational attainment, SEP); M3 = adjusted for spatial confounders (M2 + region,
area type, altitude); M4 = adjusted for air pollution (M3 + PM,(); M5 = adjusted for noise

(M4 + total transportation noise).
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Figure S1. Association between NDVI in 500m and mortality outcomes
Natural splines with 2 degrees of freedom.
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Figure S2. Association between LU-green in 500m and mortality outcomes

Natural splines with 2 degrees of freedom.

log Relative Hazard

log Relative Hazard

-0.02 0.00 0.02 0.04

-0.04

-0.04 -0.02 0.00 0.02

-0.06

CVvD

I Hypertensior_l—‘__,ﬂ__,..»—--

0 20 40 60 a0 100

LU-green in 500m




Air pollution

Transportation
noise

mediators

I NDVI HR 0.94 (95%ClI: 0.93 - 0.95)

S % (satellite data) (All natural
e} .
» S| Green space HR 0.94 (95%CI: 0.93 - 0.95) cause) mortality
e (land use data)

™ i

geographic region, area type, altitude

civil status, job position, education,

neighbourhood socio-economic position
(SEP)

confounders

Figure S3. Hypothesised DAG for the association between residential green and mortality
Width of solid lines is proportional to the relevance of the pathway.
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Figure S4. Distributions for the exposure and environmental variables
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Figure S5. Incremental adjustment for environmental factors - HRs for mortality outcomes with LU-green in 500m buffer

Models: M1 = base model with baseline hazard stratified by sex (Exposure, exposure*age); M2 = adjusted for sociodemographic confounders (M1
+ civil status, job position, educational attainment, SEP); M3 = adjusted for spatial confounders (M2 + region, area type, altitude); M4 = adjusted
for air pollution (M3 + PM,); MS = adjusted for noise (M4 + total transportation noise).



Table S1. Landsat scenes used for the NDVI dataset

Landsat 8 Landsat 7
Scene Date Cloud cover (%) | Scene Date Cloud cover (%)
LC81950272014159LGNO0 08/06/2014 0 | LE71940272000154EDC00 02/06/2000 11.68
LC81950282014159LGNO0 0 | LE71940282000154EDC00 1.45
LC81930282014161LGNO0 10/06/2014 0 | LE71960272000168EDC00 16/06/2000 15.18
LE71960282000168EDC00 8.38
LC81940282014184LGNO0 03/07/2014 0 | LE71930282000179EDC00 27/06/2000 17.99
LC81960272014198LGNO0 17/07/2014 0 | LE71950272000225EDC00 12/08/2000 8.74
LC81960282014198LGNO0 0 | LE71950282000225EDC00 18.62
LC81940272014200LGNO0 19/07/2014 0




Table S2. Population characteristics for cohort, including deaths

Cohort Deaths *
Characteristic Full study Natural Respiratory CVD IHD Stroke Hypertension-
sample Causes related

N 4,284,680 363,553 85,314 232,322 87,668 31,792 65,965
Age
Mean (SD) 52.5(15.2) 74.2 (12.5) 75.7(11.2) 76.5 (11.1) 76.7 (10.6) 77.4(10.4) 77.3 (10.0)
Range 30.0 - 106.1 30.0 - 106.1 30.0-106.1 30.0-105.4 30.1-103.6 30.1-102.7 30.1-103.5
Sex %
Male 47.9 51.0 57.1 50.2 56.2 443 43.1
Female 52.1 49.0 42.9 49.8 43.8 55.7 56.9
Civil status %
Single 14 9.8 9.0 9.1 7.9 8.8 8.4
Married 69.4 52.5 53.8 50.0 52.5 49.2 47.2
Widowed 8.1 30.5 29.9 34.5 333 36.3 38.6
Divorced 8.5 7.3 7.3 6.4 6.2 5.7 59
Mother tongue %
German 64.6 70.2 70.0 73.4 76.0 72.5 73.7
French 19.6 21.0 21.4 19.0 16.0 19.5 19.3
Italian 7.4 6.6 6.6 6.0 6.4 6.0 5.4
Other 8.4 2.2 2.0 1.7 1.6 2.0 1.5
Education % "
Compulsory education or less 24.0 41.3 42.6 43.9 42.4 44.7 47.0
Upper secondary level education 51.5 44.9 44.4 43.5 44.2 42.8 41.8
Tertiary level education 22.2 12.2 11.4 11.0 11.7 10.9 9.5
Not known 2.3 1.6 1.7 1.6 1.6 1.6 1.6
Geographic region %
Lake Geneva 17.9 17.1 17.4 14.9 12.2 15.9 14.9
Espace Mittelland 23.1 25.1 26.2 25.7 254 26.2 25.5




Northwestern Switzerland 14.1 13.9 14.5 14.5 14.9 13.6 14.8
Zurich 17.7 16.9 15.7 17.1 18.2 17.4 17.3
Eastern Switzerland 13.7 14.3 14.2 15.2 15.5 14.7 15.5
Central Switzerland 8.9 8.0 7.6 8.4 9.0 7.9 8.5
Ticino 4.6 4.6 4.4 4.2 4.7 4.3 3.5
Job Position %

High 8.4 1.4 0.8 1.0 1.0 0.7 0.8
Medium 32.6 6.8 4.6 4.7 4.7 3.6 4.0
Low 20.5 6.6 5.5 5.1 4.9 4.3 4.3
Other 38.5 85.2 89.0 89.2 89.3 91.4 90.9
Type of area %

Urban 64.0 65.0 64.8 64.0 64.4 64.7 64.0
Intermediate 22.9 21.9 21.6 22.4 22.1 22.3 21.9
Rural 13.0 13.0 13.6 13.6 13.5 13.0 14.0
Swiss SEP %

Quartile 1 (0.4 - 56.2 %) 25.0 26.7 27.9 26.7 25.8 25.8 26.6
Quartile 2 (>56.2 - 63.5 %) 25.0 27.1 27.4 27.4 27.6 27.2 27.9
Quartile 3 (>63.5 - 70.7 %) 25.0 24.6 24.1 24.9 25.4 25.1 25.1
Quartile 4 (>70.7 - 100.0 %) 25.0 21.6 20.7 21.0 21.2 21.9 20.3

Notes:

a. Includes definitive primary cause of death, concomitant, consecutive, or initial disease.

b. Highest completed education/training.




Table S3. Correlations between the exposure and environmental variables

Pearson’s NDVI LU-green NDVI LU-green NO, PM;, Noise Altitude
Correlation 500m 500m 150m 150m

NDVI 500m 1

LU-green 500m 0.77 1

NDVI 150m 0.83 0.64 1

LU-green 150m 0.58 0.80 0.62 1

NO, -0.67 -0.70 -0.57 -0.53 1

PMy, -0.46 -0.50 -0.38 -0.38 0.81 1

Noise -0.32 -0.26 -0.35 -0.22 0.35 0.26 1

Altitude 0.39 0.44 0.28 0.36 -0.58 -0.68 -0.21 1
Spearmans’s Correlation

NDVI 500m 1

LU-green 500m 0.82 1

NDVI 150m 0.79 0.65 1

LU-green 150m 0.66 0.81 0.65 1

NO, -0.67 -0.73 -0.55 -0.58 1

PM;q -0.53 -0.57 -0.41 -0.44 0.84 1

Noise -0.30 -0.25 -0.34 -0.20 0.33 0.27 1

Altitude 0.47 0.48 0.34 0.38 -0.58 -0.63 -0.21 1
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Table S4. Percentage of residential green effect potentially mediated by air pollution and noise

Mortality PM Transportation
Outcome 10 Noise
Natural cause 2.4 (-0.2-5.5) 8.1(6.2-10.5)
Respiratory 5.6 (1.4-11.7) 7.5(4.6-11.8)
CVD 3.1(-0.6 - 8.5) 7.9 (5.0-12.0)
Notes:

Based on NDVI in 500m for age 60, and adjustments used in M5; i.e., age, sex, civil status, job position, educational attainment, and SEP, region,
area type, altitude. Models were mutually adjusted for the opposite environmental variable (PM;, total transportation noise).
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Table S5. Hazard ratios (with 95%-confidence intervals) for NDVI2 and LU-green? exposure (per IQR) in a 150m buffer and

mortality, age 60
Mortality Outcome Deaths (n) " NDVI 150m (per IQR) ¢ LU-green 150m (per IQR) ¢

M1 M5 M1 M5
All deaths
Natural cause 363,553 0.89 (0.89 - 0.90) 0.93 (0.92 - 0.94) 0.96 (0.95 - 0.96) 0.97 (0.96 - 0.97)
Respiratory 85314 | 0.86(0.85-0.87) | 0.91(0.90-0.93)|  0.95 (0.94 - 0.96) 0.96 (0.95 - 0.98)
CVD 232,322 0.91 (0.90 - 0.92) 0.93 (0.92 - 0.94) 0.98 (0.97 - 0.99) 0.98 (0.97 - 0.99)
IHD 87,668 0.92 (0.91 - 0.94) 0.94 (0.92 - 0.95) 0.98 (0.97 - 1.00) 0.98 (0.97 - 1.00)
Stroke 31,792 | 0.92(0.89-0.94) | 0.93(0.90-0.95) |  0.99 (0.96 - 1.02) 0.99 (0.96 - 1.02)
Hypertension-related 65,965 |  0.91(0.90-093)|  0.93(0.91 - 0.95) 1.00 (0.98 - 1.02) 0.99 (0.97 - 1.01)

Notes:

a. NDVI = normalised difference vegetation index; LU-green = green spaces identified by land use classification

b. All deaths included definitive primary cause of death, concomitant, consecutive, or initial disease.

c. M1 = base model with baseline hazard stratified by sex (Exposure, exposure*age); M5 = adjusted model (M1 + civil status, job position,
educational attainment, SEP, region, area type, altitude, PM, total transportation noise). IQR was 0.13 and 29.48 for NDVI 150m and Land use

150m, respectively.
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Table S6. Corrected 95% Cls accounting for spatial clustering at region and canton: HR for NDVI2 in 500m [per IQR], age 60

Mortality Outcome

M5

MS — robust
variance: regionb

MS5 — robust
variance: canton®

Natural cause

0.94 (0.93 - 0.95)

0.94 (0.92 - 0.97)

0.94 (0.92 - 0.96)

Respiratory 0.92 (0.91 - 0.94) 0.92 (0.89 - 0.96) 0.92 (0.90 - 0.95)
CVD 0.95 (0.94 - 0.96) 0.95(0.93 - 0.97) 0.95(0.93-0.97)
[HD 0.98 (0.96 - 1.00) 0.98 (0.95 - 1.01) 0.98 (0.95 — 1.00)
Stroke 0.95 (0.93 -0.99) 0.95 (0.94 - 0.97) 0.95 (0.93 - 0.98)
BP 0.96 (0.94 - 0.98) 0.96 (0.93 - 0.98) 0.96 (0.93 - 0.98)
Notes:

a. Reported HRs and 95%-confidence intervals are for the model M5, baseline hazard stratified by sex (Exposure, exposure*age) and adjusted for:

civil status, job position, educational attainment, SEP, region, area type, altitude, PM10, total transportation noise. Reported per IQR (i.e. 0.14).

b. 7 Swiss regions
c. 26 Swiss cantons
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