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Summary
Background Identifying how greenspace impacts the temperature-mortality relationship in urban environments is
crucial, especially given climate change and rapid urbanization. However, the effect modification of greenspace on
heat-related mortality has been typically focused on a localized area or single country. This study examined the heat-
mortality relationship among different greenspace levels in a global setting.

Methods We collected daily ambient temperature and mortality data for 452 locations in 24 countries and used
Enhanced Vegetation Index (EVI) as the greenspace measurement. We used distributed lag non-linear model to esti-
mate the heat-mortality relationship in each city and the estimates were pooled adjusting for city-specific average
temperature, city-specific temperature range, city-specific population density, and gross domestic product (GDP).
The effect modification of greenspace was evaluated by comparing the heat-related mortality risk for different green-
space groups (low, medium, and high), which were divided into terciles among 452 locations.

Findings Cities with high greenspace value had the lowest heat-mortality relative risk of 1¢19 (95% CI: 1¢13, 1¢25),
while the heat-related relative risk was 1¢46 (95% CI: 1¢31, 1¢62) for cities with low greenspace when comparing the
99th temperature and the minimum mortality temperature. A 20% increase of greenspace is associated with a 9¢
02% (95% CI: 8¢88, 9¢16) decrease in the heat-related attributable fraction, and if this association is causal (which is
not within the scope of this study to assess), such a reduction could save approximately 933 excess deaths per year in
24 countries.

Interpretation Our findings can inform communities on the potential health benefits of greenspaces in the urban
environment and mitigation measures regarding the impacts of climate change.

Funding This publication was developed under Assistance Agreement No. RD83587101 awarded by the U.S. Envi-
ronmental Protection Agency to Yale University. It has not been formally reviewed by EPA. The views expressed in
this document are solely those of the authors and do not necessarily reflect those of the Agency. EPA does not
endorse any products or commercial services mentioned in this publication. Research reported in this publication
was also supported by the National Institute on Minority Health and Health Disparities of the National Institutes of
Health under Award Number R01MD012769. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health. Also, this work has been supported by
the National Research Foundation of Korea (2021R1A6A3A03038675), Medical Research Council-UK (MR/
V034162/1 and MR/R013349/1), Natural Environment Research Council UK (Grant ID: NE/R009384/1), Academy
of Finland (Grant ID: 310372), European Union’s Horizon 2020 Project Exhaustion (Grant ID: 820655 and
874990), Czech Science Foundation (22-24920S), Emory University’s NIEHS-funded HERCULES Center (Grant
ID: P30ES019776), and Grant CEX2018-000794-S funded by MCIN/AEI/ 10.13039/501100011033 The funders had
no role in the design, data collection, analysis, interpretation of results, manuscript writing, or decision to publica-
tion.

Copyright � 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Greenspace; Heat; Mortality; Effect modification
Introduction
Currently, more than half of the world’s population live
in urban areas and this population is expected to
increase,1 therefore it is critical to understand the results
created by the urban environment.2 Urbanization plays
an important role in driving surface warming at the local
scale generating the urban heat island (UHI) effect and
extreme weather events, such as heatwave.3�5 In particu-
lar, as exposure to high temperature increases due to cli-
mate change and the UHI effect, the sustainability of the
rapidly growing urban environment around the world is
being threatened.6�8 A substantial number of multi-city
studies on the health impact of temperature-mortality
have shown evidence for an increased risk of death from
extreme temperatures (e.g., low and high ambient tem-
perature).9 The temperature-mortality relationship varies
across countries, cities, and climatic regions due to vari-
ous geographic and socioeconomic factors.10,11 Therefore,
identifying the potential factors of the urban environ-
ment that affect the temperature-mortality relationship
in different urban settings is critical to mitigate health
impacts due to climate change.

Urbanization increases impervious surfaces in urban
and suburban areas, as buildings, concrete, and asphalt
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Research in context

Evidence before this study

Urbanization and climate change have resulted in
changes to the urban environment, including the urban
heat island effect and contributions to other extreme
weather events. Recently, as metropolitan areas have
become denser due to rapid urbanization, environmen-
tal problems such as high temperatures are also wors-
ening. Many studies showed that high temperatures
increase health risks, including mortality. Therefore,
identifying factors that could mitigate the high-temper-
ature conditions in urban environments are a crucial
part of climate change mitigation strategies. Many stud-
ies found that urban green spaces may play an impor-
tant role in mitigating heat. Specifically, large green
spaces have shown a significant and positive cooling
effect. Vegetation can promote air convection through
shading and evapotranspiration, which indicates that
dense vegetation can lower air temperature. Therefore,
more greenspace could result in lower temperatures
during the warm season, which would lower exposure
to high temperatures that impact human health. Impor-
tantly, while greenspace can lower exposure to heat,
this study examined how greenspace modifies the
heat-health relationship. Some studies have investi-
gated this issue. For example, studies found that heat-
related mortality and ambulance calls are negatively
correlated with the amount of greenspace coverage.
However, most previous work on how greenspace
modifies the heat-health relationship was based on one
country or region. Research is needed on a global scale
to understand how greenspace in urban areas among
different countries, with different populations, levels of
urbanization, and types of greenspace, can modify the
relationship between extreme temperatures and health.
As climate change is anticipated to increase tempera-
tures and the associated health consequences world-
wide, greenspace may be a plausible mitigation
strategy for cities in order to address heat-related health
impacts at present and in the future.

Added value of this study

In this study, we explored the effect modification of
greenspace on the heat-mortality relationship on a
global scale. With a dataset of 452 locations from 24
countries located in various climate zones and conti-
nents, this study incorporated variability in greenspace,
temperature, and population characteristics. We found
that, based on 452 locations, the heat-mortality risks dif-
fered with greenspace category and the cities with
higher greenspace values had lower heat-mortality risk
than those with lower greenspace values.

Implications of all the available evidence

Our findings provide evidence that higher greenspace
reduces the heat-related mortality, which is similar to
other previous smaller studies, and our study results
were consistent in different countries around various

climate zones. These findings indicate that disparate
greenspace levels, temperature, and environment set-
tings should be considered when developing policies
and strategies in climate change mitigation and public
health adaptation. This study adds to the existing litera-
ture that greenspace can reduce the urban heat island
effect, by providing evidence for the theory that green-
space can also lower the heat-mortality association, and
documents such impacts on a global scale.
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trap heat and contribute to the warming effect.12 How-
ever, within these urbanized settings, vegetation is rec-
ognized as a crucial factor in changing the micro- and
macro- climate.13 A study conducted in China found
that the highest mean land surface temperature (LST)
were buildings and roads, and greenspace had a good
cooling effect.14 Also, the greenspace patch intensity
was negatively correlated with UHI intensity in Illinois-
Indiana-Ohio, United States.15 Measured air tempera-
ture in 62 parks and forests of Leipzig, Germany,
showed that the cooling effect of parks and forests
increased as the green area increased.16 Vegetation low-
ers the temperature close to the surface through shad-
ing, evapotranspiration, and absorbing solar radiation
through photosynthesis.17

Urban greenness can modify the ambient tempera-
ture and atmospheric moisture, which may change tem-
perature-related health risks, with differences across
locations.18 Previous studies found that lower heat-
related morbidity and mortality are associated with
higher vegetation coverage.19�21 Marginal increase in
tree canopy (from <5% to >5%) was found to reduce
about 80% of heat-related ambulance calls in Canada.19

In Korea, heat-mortality risk was highest in regions
with low greenspace values.21 Also, in Barcelona, the
effect of heat related mortality was higher in the census
tracts with residents perceiving little surrounding
greenness (RR=1¢29, 95% CI 1¢01 to 1¢65).20 However,
most of the previous studies focused on one country or
city. Evaluating the characteristics of the urban environ-
ment is important to understand the full spectrum of
consequences for human health. Future research
should consider different types of greenspace, including
different forms of vegetation, to better understand their
impact on the relationship between heat and health.
Therefore, a global study is needed to understand how
greenspaces among different countries modify the heat-
mortality relationship. In this study, we explore the
hypothesis that higher levels of greenspace are associ-
ated with lower heat-mortality risk. We evaluated the
effects of urban vegetation on the heat-related mortality
in a multi-city, multi-country dimension. We divided
452 locations from 24 countries into three groups based
on urban vegetation of each location and estimated the
heat-mortality relationship. Also, we estimated the
potential attributable fraction change based on different
increases in greenspace scenarios.
3
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Methods

Ethics statement
Ethical approval was not required for the analysis of
aggregated anonymized data from the MCC Collabora-
tive Research Network database.
Data collection
We used daily time-series data of the Multi-Country Multi-
City (MCC) Collaborative Research Network (MCC) study,
which has been described in previous publications.22,23

We obtained daily time-series data of mortality (all-cause/
respiratory/ cardiovascular) and daily mean temperature
for each of 452 locations in 24 countries during the 4
warmest months. For each location, daily mortality counts
were analyzed for all causes or non-external causes only
(ICD-9 codes 0 to 799 and ICD-10 codes A00 to R99)
and the two main causes of death: respiratory disease
(ICD-10 codes J00 to J99) and cardiovascular disease
(ICD-10 codes I00 to I99). A detailed description of the
data by country is provided in the appendix (pp 2, 4). The
study periods varied depending on country, ranging from
4 to 19 years. Details of the dataset (country name, the
number of cities, and the study period for each country)
are listed in Table S1.

For each city, we estimated greenness using the
Enhanced Vegetation Index (EVI) and Normalized Dif-
ference Vegetation Index (NDVI) from the Moderate
Resolution Imaging Spectroradiometer product
MOD13Q1. The specific details regarding greenspace
calculations are described in the appendix (pp 2,3). The
average of the calculated EVI values through the obser-
vation period was used as the representative greenness
index of each city. Sensitivity analysis was conducted
using similar calculations to estimate NDVI as an alter-
nate metric for greenspace to facilitate comparison with
earlier studies.

Data analysis
We divided the 452 cities into three groups based on
greenspace values as low, medium, and high with
approximately one-third of the locations in each cate-
gory. There were 151 cities in the high greenspace group
(EVI � 0¢42; NDVI � 0¢62), 150 cities in the medium
greenspace group (0¢33� EVI <0¢42; 0¢51� NDVI
<0¢62), and 151 cities in the low greenspace group (EVI
< 0¢33; NDVI < 0¢51). The specific locations for each
greenspace group are shown in Table S1. We conducted
a two-stage seasonal analysis using time-series data for
each different greenspace group. In the first stage, we
applied a time series model separately for each city to
estimate the city-specific heat-mortality relationship.
These estimated relationships were then pooled in the
second stage to generate an overall estimate of the heat-
mortality association, accounting for potential effect
modification by greenness. This approach has been
described previously.22,23
First-stage analysis (city-specific temperature-mortal-
ity associations). We applied quasi-Poisson regression
separately in each city to derive estimates of the city-spe-
cific heat-mortality association during the 4 warmest
months. In this first-stage analysis, seasonality was con-
trolled using a natural cubic B-spline of day of the year
with equally spaced knots and 4-degree of freedom (df).
Long-term trend was controlled using a natural cubic B-
spline with 1 degree of freedom per ten years, and an indi-
cator for day of the week was also added in the model. A
distributed lag non-linear model (DLNM) was applied to
describe the flexible exposure-response relationship and
lag-response relationship. Specifically, we selected cross-
basis for exposure with a quadratic B-spline for the expo-
sure-response with two internal knots placed at the 50th

and 90th percentiles of city-specific summer temperature
distributions, and a natural cubic B-spline for the lag-
response with an intercept, and two internal knots placed
at equally spaced values in the log scale. A lag period of
10 days was selected to capture the delay in the effects of
extreme heat. Previous studies assessing heat-mortality
relationship have used a 10-day lag period, since the lag
effect of heat is mostly captured in 0-10 day lag period
whereas the cold effect lasts for 0-25 lag days,24,25 although
the lag structure used varies by study. Choices of model-
ling assumptions and lag days are based on a previous
multi-country study.22,23 The first-stage analysis was per-
formed with the R packages dlnm.

Second-stage pooled analysis. In the second stage anal-
ysis, we performed meta-regression with random effects
using the location-specific estimates from the first-stage
analysis (heat-mortality RRs).26 The basic characteris-
tics of potential meta-predictors for different greenspace
is shown in Table S2. This table has summaries of the
following variables: latitude, summer mean tempera-
ture, temperature range, humidity, GDP, population
density, PM2.5, and unemployment. We provide these
values overall (across all cities) and separately for each
of the three categories of greenness (low, medium, and
high) for both EVI and NDVI. Based on the effect of
each meta-predictors in the meta-regression separately,
the meta-predictors adjusted in the final model were
selected (Table S3). City-specific average temperature,
city-specific temperature range, city-specific population
density, and GDP were adjusted as meta-predictors in a
multivariate meta-regression, and random effects for
the indicator obtained by the combination of climate
zones and country was considered.

The minimum mortality temperature (MMT) is the
temperature at which risk of mortality is lowest, which
we obtained from the non-linear heat-mortality relation-
ship curve. This indicator is commonly used in temper-
ature-mortality studies and the details of this method
are provided elsewhere.10,27 The city-specific tempera-
ture at which the mortality is minimum (i.e. the MMT),
was derived from the best linear unbiased prediction of
www.thelancet.com Vol 84 Month , 2022
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the overall cumulative exposure-response curve for each
location. We derived the pooled heat-mortality relative
risk (RR) comparing the 99th temperature percentile to
the minimum mortality temperature (MMT) for each
greenspace group (high, medium, low).

Estimation of city-specific heat attributable fraction. Tag-

gedPWe calculated the fraction of deaths attributable to non-
optimum temperatures (i.e., different from MMT) in each
location using the first-stage cumulative exposure-
response association. This is described in a previous
study.28 Mortality attributable to heat was computed by
summing the heat-related deaths occurring in days with
temperatures higher than the MMT, and then dividing by
the total number of deaths. The empirical confidence
interval (95% Cis) of attributable risk was obtained empiri-
cally through 1,000 Monte Carlo simulations, assuming a
multivariate normal distribution of the best linear unbi-
ased predictions of the first-stage reduced coefficients.

We have computed heat attributable fraction change
and excess deaths by different greenspace scenarios:
1%, 10%, and 20% increase of greenspace in all cities
compared to the cities’ original greenspace value. We
used a multivariable meta-regression model using the
AF as the response variable to compute the AF change
for different greenspace scenarios.

The effect modification was estimated by comparing
heat-related RR for different greenspace group (high,
medium, and low greenspace) and AF change for three
greenspace scenarios (1%, 10%, and 20% increase in
greenspace). Analysis was also conducted separately for
all-cause, respiratory, and cardiovascular mortality. Sta-
tistical analyses were performed in R software (version
4.0.3) and the R package mixmeta was used.

Statistics
The dataset used in this study is a time-series dataset
with no specific sample size (i.e., all mortalities were
included). Similarly, we did not use a randomized popu-
lation but rather the whole study population for these
cities. Thus, we did not add sentences on sample size
determination or randomization. Data were aggregated
at the city level and individual-level data or identifying
information was not included. Cities without meteoro-
logical information (e.g., mean temperature) were
excluded from the study.
Role of the funders
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.
Results
During 2000 to 2018 for the warm season (four warm-
est months for each city), mean temperature was
www.thelancet.com Vol 84 Month , 2022
highest for Southeastern Asia (29¢13°C) and lowest for
Northern Europe at 15¢92°C. Based on the cities
included, Southern Europe had the highest daily death
counts for all-cause, cardiovascular, and respiratory
mortality for a single city (35¢70, 14¢77, and 3¢46 deaths/-
day, respectively; Table 1). For the study cities, South-
eastern Asia had the highest greenspace mean value
(EVI of 0¢46), whereas Western Asia had the lowest
greenspace value with 0¢09. For NDVI, Eastern Asia
had the highest mean value of 0¢65 and Western Asia
had the lowest at 0¢13. Specific summary for each city is
presented in Table S4 and Table S5.

The geographical distribution, average mean temper-
ature, and mean greenspace values (EVI) of the 452
locations represent the various regions included in this
study, which include different climatic conditions from
Northern Europe to Southeast Asia (Figure 1). Green-
space levels were higher in the East Asian continent
and lower in the European continent. The mean NDVI
values for each location are displayed in Figure S1.

The overall correlation between EVI and NDVI was
0¢96. These greenness metrics were highly correlated
at different temperature strata (high and low) as shown
in Figure S2. We used EVI for our main analysis and
conducted sensitivity analysis using NDVI. The correla-
tion between EVI and mean temperature was 0.21 and
0.13 for NDVI and mean temperature.

The cumulative temperature-mortality association
for different greenspace group is represented in
Figure 2. Cities with low greenspace value (EVI<0¢33)
had a higher heat-related mortality risk compared to cit-
ies with high greenspace value (EVI �0¢42) for summer
temperature above 50 percentiles. The overall pooled
heat-mortality relative risk (99th temperature vs. MMT)
was 1¢29 (95% CI: 1¢23, 1¢36). Heat-mortality relative
risk was 1¢46 (1¢31, 1¢62) in cities with low greenspace
and 1¢19 (1¢13, 1¢25) for high greenspace group (Table 2).
We have examined effect modification of the heat-mor-
tality relationship by greenspace as a continuous vari-
able in Table 2. One interquartile range (IQR) increase
in EVI (IQR: 0¢145) was associated with a reduction of
12¢44% (95%CI: 6¢17, 18¢3) in heat-mortality relative
risk (comparing the 99th temperature percentile to the
MMT), and one IQR increase in NDVI (0¢194) was asso-
ciated with a decrease 6¢6% (0¢1, 12¢6) of heat-mortality
relative risk (Table S6). The temperature-mortality
curve (Figure S3), and the heat-mortality relative risk
change was similar for NDVI (Table S6). Also, the heat-
mortality relative risk was highest in low greenspace cit-
ies and lowest among the high greenspace group for
cardiovascular and respiratory mortality, which is simi-
lar to all-cause mortality.

The pooled AF resulting from the temperature above
MMT was 2¢47% (95% CI: 2¢26, 2¢69). We compared
the heat-related attributable fraction by different green-
space scenarios: 1) 1% increase (increase range: 0¢0005,
0¢006), 2) 10% increase (increase range: 0¢005, 0¢06),
5
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and 3) 20% increase (increase range: 0¢01, 0¢11). A
decrease of 0¢8% (95% CI: 0¢7, 0¢9) was expected when
there is an 1% increase of greenspace in all cities
(Table 3). A 20% increase of greenspace in all cities is
associated to reduce heat-related all-cause mortality by
9% (95% CI: 8¢9, 9¢2). Similarly, 1% to 20% increase in
NDVI in all cities expected to decrease heat-related
attributable fraction 0¢5 » 9¢2% (Table S7).

Total 10,323 heat attributable deaths per year among
24 countries were expected to reduce approximately 50
heat attributable deaths per year when greenspace
increase 1% and may be associated in reducing approxi-
mately 933 heat attributable deaths per year when
greenspace increase 20% (Table S8). The excess deaths
by different NDVI increase scenarios was comparable
to EVI. Heat-related mortality for cardiovascular and
respiratory mortality had a higher decrease in attribut-
able fraction and excess deaths compared to all-cause
mortality.

Our sensitivity analyses results indicate that our
main findings are robust under different heat-mortality
relative risk: 1) 99th percentile vs 75th temperature per-
centile and 2) 99th percentile vs 90th temperature per-
centile (Table S9). Also, the heat-mortality relative risk
(99th vs MMT) for all-cause mortality by different green-
space level (high, medium, and high) were similar when
adjusting different parameters for the meta-predictors
in a multivariate meta-regression: 1) adjusting for city-
specific average temperature, city-specific temperature
range, and population density as meta-predictors, 2)
adjusting for city-specific average temperature, city-spe-
cific temperature range, and GDP as meta-predictors, 3)
adjusting for city-specific average temperature, city-spe-
cific temperature range, and PM2.5 as meta-predictors,
4) adjusting for city-specific average temperature and
city-specific temperature range, 5) adjusting for region
as categorical variable, city-specific average temperature,
and city-specific temperature range, and 6) adjusting for
Gini index. city-specific average temperature, and city-
specific temperature range (Table S10).
Discussion
This study investigated the effect modification of green-
space on the heat-mortality relationship in 452 locations
within 24 countries. To our knowledge, this study is the
largest epidemiological study investigating greenspace
as an effect modifier of heat-related mortality. We found
that greenspace modifies the heat-related mortality for
all-cause and cardiovascular diseases. Increase in green-
space was associated with protective effects on the heat-
mortality relationship for all-cause and cardiovascular
mortality.

Our results are consistent with previous studies on
the effect modification of greenspace on the tempera-
ture-mortality association. A study in Ho Chi Minh
City, Vietnam estimated that every 1-square-kilometer
www.thelancet.com Vol 84 Month , 2022



Figure 1. Map of the 452 locations included in the analysis with temperature and EVI.
Note: The locations represent metropolitan areas, provinces, or larger areas from 452 locations of 24 countries. Each color repre-

sents different range of the average greenspace value (EVI) shown in Table S2; and different ranges of average daily mean tempera-
ture shown in Table S1. High greenspace group (EVI � 0¢42), medium (0¢33� EVI <0¢42), and low greenspace group (EVI <0¢33);
High temperature group (Ta � 24¢9), medium (20¢6� Ta <24¢9), and low temperature group (Ta <20¢6).

Articles
increase in greenspace per 1,000 people could prevent
7¢4 heat-related deaths.29 In 17 Chinese cities, the heat-
mortality effects were higher in cities with a low propor-
tion of greenspace.30 Urban greenspace was found to
have a mitigating effect on heat-related mortality in the
elderly population in Lisbon, Portugal.31 However, few
studies were conducted on a multi-country scale and
also the existing literature largely focuses on total mor-
tality rather than cause-specific mortality. A multi-coun-
try analysis with 340 cities, a subset of the location’s
cities used in this study, showed low heat mortality
effects in cities with higher green area (square meters
per million persons).10 This result is consistent with
our finding of effect modification on heat-related all-
cause mortality. That study assessed green area in the
year 2000 for only the metropolitan area for 340 cities
in 22 countries. We calculated impacts on a larger scale
(452 locations in 24 countries) and examined the green-
space in different categories for each city during the
study period.
www.thelancet.com Vol 84 Month , 2022
Urban parks and vegetations are approximately 1-2°C
cooler than their urban surroundings, forming “park
cool island” (PCI).32 Previous studies found urban
greenspace have cooling effects on their surroundings,
mitigating the UHI effect.33�36 Spronken-Smith and
Oke et al. found that larger parks have stronger PCI
effects,35 and Shashua-Bar and Hoffman examined that
tree-shaded area had the highest cooling effect.36 Urban
vegetation may reduce the extreme heat exposure,
which would affect the temperature-related human
morbidity and mortality. Many studies have shown that
greenspace is associated with all-cause, respiratory, car-
diovascular, heat-related mortality.37�39 A national
cohort in Canada showed a decreased all-cause mortality
risk of 8-12% per IQR in exposure to greenspace
(NDVI).37 Also, the risk for respiratory and cardiovascu-
lar mortality decreased with increasing greenness with
adjustment of socioeconomic and air pollution varia-
bles. A cohort study in the USA found that greenness
was associated with reduced overall, cancer, respiratory
7



Figure 2. Overall cumulative temperature-mortality relationship by different greenspace level. The pooled relative risk was
centered at the median temperatures (22¢1°C); High greenspace group (EVI � 0¢42), medium (0¢33� EVI<0¢42), and low greenspace
group (EVI <0¢33).
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and kidney disease mortality.39 Higher exposure to
greenspace is associated with decreased levels of depres-
sion, anxiety, and stress, and this could be linked to
decreased mortality risk.40,41 Greenspace affects various
causes of mortality through mental health, social
engagement, physical activity, and air pollution. There-
fore, greenspace could modify vulnerability by reducing
the risk. This is related to our study results, where we
found significant effect modification of the association
between heat and all-cause mortality with a lower mor-
tality impact from heat in areas with higher greenness.
Since our dataset includes various climate regions and
countries, these findings could contribute to efforts to
estimate the global impact of climate change in differ-
ent settings with various levels of greenspace.

The factors impacting the heat-related human health
have changed over time, through air conditioning, and
interventions such as heat alerts and heat wave warning
systems.42 Also, land use, built environment, and peo-
ple’s behavior have changed resulting in spatiotemporal
differences in heat-mortality relationship. The health
benefits of greenspace should be considered with urban
planning in relation to their impacts (costs, health and
other societal benefits) for other interventions. Many cit-
ies have implemented early heat warning system and
cooling centers, which are shown to reduce heat expo-
sure.43 However, the heat warning system has some
drawbacks in notifying the vulnerable population and in
evaluating the heatwaves.44 Specifically, heat warning
systems are difficult to operationalize for those who can-
not be reached through emails, text message, and phone
calls. Therefore, multiple strategies such as greenspace
and heat warning systems may be useful to reduce the
public health burden from high temperatures.
There are some strengths and limitations to this
study. Observation periods and data collection proce-
dures are not the same in all countries. Since different
countries have different protocols and logistics, and
although we used government records for air pollution,
countries do not have a consistent data collection pro-
cess. However, the two-stage analytical framework used
in this study included indicators for countries as meta-
predictors in the second-stage meta-regression, which
could account for any structural difference across coun-
tries as the fixed-effects indicators. This approach was
used in similar multi-city multi-country settings.10 We
used city-level spatial resolution, which could be too
large to capture the effect modification of greenspace on
temperature-mortality relationship precisely. The data-
set used in this study is mainly focused on cities in an
urban environment, which does not address non-urban
settings, such as suburban and rural areas. Further,
greenspace was investigated at the city level, which does
not address within-city heterogeneity of greenspace.
Considering how greenspace may modify the heat-mor-
tality relationship at a smaller scale (e.g., neighborhood)
could help identify the vulnerable populations with
higher risks and inform policy-makers on which types
of greenspace are most impactful. This could further
help targeted interventions and reduce health inequal-
ities by prioritizing resource and healthcare.45 Detailed
analysis is needed based on intra-urban variations
regarding greenspace, the built environment, commu-
nity characteristics (e.g., socio-economic status), air pol-
lution, and temperature. Satellite measured vegetation
is widely used in greenspace studies, but these meas-
ures lack assessment of the quality of greenspace and
could lack accuracy in some regions. These indexes do
www.thelancet.com Vol 84 Month , 2022



% change in heat-mortality
relative risk per IQR EVI

Heat-mortality relative risk

Pooled Low Greenspace Medium Greenspace High Greenspace

All �12.44 (�18.30, �6.17) 1¢29 (1¢23, 1¢36) 1¢46 (1¢31, 1¢62) 1¢24 (1¢15, 1¢34) 1¢19 (1¢13, 1¢25)
Cardiovascular �14.46 (�22.71, �5.34) 1¢37 (1¢27, 1¢47) 1¢52 (1¢31, 1¢77) 1¢34 (1¢20, 1¢49) 1¢26 (1¢16, 1¢36)
Respiratory �12.24 (�23.09, 0.14) 1¢34 (1¢22, 1¢47) 1¢63 (1¢32, 2¢00) 1¢24 (1¢05, 1¢48) 1¢20 (1¢09, 1¢33)

Table 2: Association between greenspace and heat-related mortality relative risk and overall pooled heat-mortality relative risk by
different level of greenspace for cause specific mortality. Association between greenspace and heat-mortality risk is presented as a
percentage change in heat-related RR per interquartile range increase in greenspace (IQR: 0¢145 (EVI)), where heat-related mortality risk
refers to the mortality risk at the 99th percentile of the warm season temperature vs mortality risk at the minimum mortality temperature
(MMT); values: RR (95% confidence interval).

Pooled attributable
fraction (%)

Greenspace scenarios

1% increase 10% increase 20% increase

All 2¢47 (2¢26, 2¢69) �0¢5 (�0¢6, �0¢3) �4¢6 (�4¢8, �4¢5) �9¢0 (�9¢2, �8¢9)
Cardiovascular 2¢96 (2¢68, 3¢26) �0¢6 (�0¢8, �0¢5) �5¢9 (�6¢0, �5¢7) �11¢2 (�11¢3, �11¢1)
Respiratory 3¢92 (3¢54, 4¢33) �0¢7 (�0¢8, �0¢6) �6¢6 (�6¢7, �6¢5) �12¢4 (�12¢5, �12¢3)

Table 3: Attributable fraction change by different greenspace scenarios for cause specific mortality. Heat-related attributable fraction
caused by temperature over MMT; values: % decrease in AF (95% confidence interval).

Articles
not cover accessibility of greenspace, different types of
vegetation, or the specific land cover characteristics that
might be important factors. Future studies considering
specific parks accessible to the surrounding area, the
walkability to the specific greenspace, and shades form
by trees should be conducted. However, studies validat-
ing EVI and NDVI have shown high performance in
epidemiology study settings.46 Huete et al. found that
both EVI and NDVI demonstrated a good dynamic
range for assessing the spatial and temporal variations
in vegetation amount and condition.46 Also, when eval-
uating the effect modification of greenspace, we calcu-
lated the average greenspace values throughout the
observation period, which did not take into account the
temporal change of greenspace. The study periods were
different among countries for this study dataset, so we
adjusted for temporal trend in the model. However,
greenspace can change over time such as increasing
greenspace with development of urban parks or decreas-
ing greenspace through further urbanization. In future
studies, considering the greenspace change over time
could be considered in the analysis. Despite these limi-
tations, this study assessed the effect modification of
heat-related mortality in a worldwide setting. This
allows incorporation of different temperature, green-
ness values, and climate settings while examining the
effect modification of greenspace on the temperature-
mortality relationship. Also, this study examined differ-
ent greenspace scenarios, presenting the decrease in
heat-related attributable fraction and decrease in excess
deaths, which could be useful information for the local
policymakers. This study shows that increasing the
amount of greenspace could be one of the strategies to
www.thelancet.com Vol 84 Month , 2022
counteract the adverse health effects of heat in urban
areas. Therefore, policies for improving health in urban
settings should consider implementing green structures
such as urban parks in urban planning.
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