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A B S T R A C T

The healthcare burden has intensified with urbanization and aging populations in many global cities. While the 
health effects of urban greenspaces have been well documented, little is known about the associations between 
greenspace morphological features and health, especially in a high-density city with significant aging pop-
ulations. Drawing on land use data with 10-m resolution, we assessed seven greenspace morphological metrics in 
terms of size (the percentage of greenspace, the largest pixel index, the average greenspace area), fragmentation 
(the patch density), shape (the average weighted shape index), connectedness (the cohesion index), and prox-
imity (the aggregation index). We further conducted an ecological study to examine their associations with all- 
cause and three cause-specific (cardiovascular disease, respiratory disease, and cancer) mortality. Results from 
the negative binomial regression models revealed protective effects of five greenspace morphology metrics, 
including the percentage of greenspace, the largest pixel index, the average weighted shape index, the cohesion 
index, and the aggregation index, on mortality. The shape index showed the greatest effects, with every 1 
Standard Deviation (SD) increase in the shape index linked to a reduction of 22.1% (95% CI: 22.0%–31.0%) in 
all-cause mortality, 22.1% (12.2%–30.8%) in mortality from cardiovascular diseases, 25.0% (14.0%–34.6%) in 
mortality from respiratory diseases, and 22.0% (12.3%–30.6%) in mortality from cancers. Moreover, stratified 
analyses revealed that the health effects of the cohesion index and the aggregation index were significantly more 
pronounced in neighborhoods with higher aging levels. Our findings highlight the significance of greenspace 
morphology features, beyond greenspace quantity, in improving residents’ health, particularly for societies with 
high aging populations.

1. Introduction

Urbanization and aging populations present significant challenges to 
the health and well-being of urban residents, especially older adults. 
Environmental degradation and reduced physical activity in urban 
environment have heightened the risks of diverse non-communicable 
diseases (NCDs), such as diabetes, cardiovascular diseases, respiratory 
diseases, and cancers (Katzmarzyk et al., 2022; Prüss-Ustün et al., 2019). 
These NCDs have emerged as leading causes of mortality in both 
developing and developed countries (Bennett et al., 2018). Hence, the 
dual impacts of urbanization and aging populations may further exac-
erbate the health burden in urban areas, especially for high-density 
cities with large aging populations. For instance, Hong Kong, ranked 
as the world’s fourth-most densely populated city, is projected to 

witness a notable aging population. The proportion of individuals aged 
65 or above will increase from 19% in 2021 to 31% in 2036, thereby its 
healthcare burden and expenditure will escalate rapidly (Census and 
Statistics Department, 2020). Thus, how to use urban environment 
intervention to mitigate healthcare burden during the course of urban 
development and aging populations has emerged as an imperative 
concern for both public health authorities and urban planners.

Urban greenspace, encompassing parks, gardens, greenways, street 
trees, and other forms of vegetation within urban environments, has 
been demonstrated to improve residents’ well-being and reduce risks of 
various NCDs and relevant mortality. The health effects of urban 
greenspaces could be attributed to their social and ecological benefits, 
such as promoting physical activities, improving social interactions, and 
mitigating various pollution (Zhang et al., 2017). Most of the existing 
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studies measure the quantity of urban greenspace with metrics, e.g., the 
area of greenspace and Normalized Difference Vegetation Index (NDVI). 
These studies have shown that increases in the quantity of greenspace 
provision were associated with reduced life expectancy loss (Wei et al., 
2024) and reduced incidence of cardiovascular diseases (Chen et al., 
2020), diabetes (Yu et al., 2022), chronic kidney diseases (Lee et al., 
2023), and chronic respiratory diseases (Yang and Jiang, 2023). Simi-
larly, urban greenspace has been demonstrated to have protective effects 
on all-cause and cause-specific mortality, especially mortality attributed 
to NCDs (Barboza et al., 2021; Crouse et al., 2017; Rojas-Rueda et al., 
2019; Zhou et al., 2024). Moreover, some studies focusing on elderly 
populations have also indicated significant protective effects of urban 
greenspaces on their health (Ji et al., 2019; Wang et al., 2017; Wei et al., 
2023). Further stratified analyses in several studies have revealed that 
the health effects of urban greenspace may be more pronounced among 
elderly populations (Besser et al., 2021; Ruijsbroek et al., 2017; Vries 
et al., 2003), probably due to elderly populations are more sensitive to 
nearby greenspace due to their limited mobility and activity space.

Another research front has shown that intrinsic characteristics of 
urban greenspace beyond mere quantity, are also crucial factors asso-
ciated with urban residents’ health. Characteristics of urban greenspaces 
have the potential to enhance the social and ecological benefits yielded 
from greenspaces, thereby affecting individual health to varying degrees 
(Knobel et al., 2019). A systematic review has revealed that different 
types of urban vegetation (e.g., forests, shrubs, and grasslands) may 
have various impacts on NCDs including cardiovascular diseases 
(Astell-Burt et al., 2021), obstructive airway diseases, and asthma 
(Nguyen et al., 2021). Besides, tree canopy, biodiversity, and amenities 
have been shown to be associated with risks of hypertension (Astell-Burt 
and Feng, 2020), cardiovascular diseases (Giacinto et al., 2021), and 
diabetes (De la Fuente et al., 2021). Regarding ecological studies tar-
geting elderly populations, an international investigation has revealed 
that the overall quality of urban greenspace may promote walking 
behavior among the elderly, thereby improving their health (Shuvo 
et al., 2021). These studies have extensively revealed the health effects 
of quality of urban greenspace.

Greenspace morphology, which describes both form and spatial 
patterns of urban greenspace, has also been demonstrated to positively 
influence residents’ health. Greenspace morphology is a landscape 
concept that measures how greenspaces are structured, organized, and 
distributed within a city. Unlike other greenspace metrics, such as 
availability and accessibility, which commonly measure the quantity of 
greenspace and how easily people can reach it, greenspace morphology 
provides a deeper understanding of how the spatial configuration of 
greenspace may deliver social and ecological benefits. Previous studies 
have well documented the associations between greenspace morphology 
and its social and ecological functions, such as increase in physical ac-
tivity (Wang and Tassinary, 2024), reduction in air pollution (Bi et al., 
2022), and mitigation of urban heat island effects (Li and Zhou, 2019). 
These social and ecological benefits of greenspace morphology may 
consequently improve urban residents’ health and wellbeing. Further-
more, several ecological and cross-sectional studies have explicitly 
demonstrated diverse health effects of various aspects of greenspace 
morphology. For example, larger and more interconnected greenspaces, 
as well as greenspaces with complex shapes, have been found to have the 
potential to reduce the risks of all-cause mortality (Wang and Tassinary, 
2019) and mortality attributed to respiratory (Jaafari et al., 2020) and 
cardiovascular diseases (Shen and Lung, 2016). More fragmented 
greenspaces have been found to be associated with higher mortality risks 
(Wang and Tassinary, 2019). Despite the insights, a notable research gap 
is that there is no comprehensive examination of greenspace 
morphology and its associations with mortality from various mortality 
risks simultaneously. Moreover, there has been limited investigation 
into potential variations in these associations among older populations 
or within neighborhoods with higher aging levels under the context of 
aging populations, with the exception of a study conducted in the UK. 

That study demonstrated the protective effects of greenspace patch size, 
diversity, and proximity on residents’ health in neighborhoods with 
higher proportions of elderly individuals (Dennis et al., 2020). However, 
relevant evidence in the Asian context warrants further examination. 
These gaps underscore the need for nuanced investigations that consider 
the diverse dimensions of greenspace morphology and their differential 
impacts on mortality risks under an aging urban context.

Optimizing spatial arrangements of greenspace may represent an 
effective strategy beyond merely increasing the provision of greenspace 
to mitigate health-related mortality risks and healthcare burdens in 
cities. Hence, conducting a comprehensive investigation into the health 
effects of greenspace morphology from perspectives of different health 
outcomes and morphological features is warranted, especially in high- 
density cities characterized by significant aging populations. To bridge 
the gaps in existing evidence, this ecological study, taking Hong Kong as 
an example, aims to 1) examine the associations between greenspace 
morphology and risks of all-cause and cardiovascular disease mortality, 
respiratory disease mortality, and cancer mortality from the perspec-
tives of size, fragmentation, shape, connectedness, and proximity; and 2) 
investigate disparities in these associations between neighborhoods with 
different proportion of aging population. Notably, our study is inspired 
by, and seeks to build upon, previous research that has highlighted 
preliminary associations between greenspace morphology and health, as 
well as their potential disparities. Findings from this study will provide 
valuable insights for urban planners and policymakers into the imple-
mentation of effective and health-promoting design and planning stra-
tegies for urban greenspace, ultimately contributing to achieving 
healthy and sustainable cities and communities.

2. Methods

2.1. Mortality data

The mortality data were obtained from the Registered Death files 
provided by the Census and Statistics Department of Hong Kong. These 
files encompass all residents of Hong Kong, including both locals and 
immigrants. Each record contains detailed information, comprising 
gender, age, 3-digit codes for place of residence, date of death, and 
causes of deaths classified by the International Classification of Diseases 
10th Revision (ICD-10). Given that mortality from cardiovascular dis-
eases (ICD-10 codes: I10-I69), respiratory diseases (ICD-10 codes: J00- 
J99), and cancers (ICD-10 codes: C00-C97) account for the majority 
(76%) of global mortality from NCDs (World Health Organization, 
2023), and have been shown to be closely associated with urban 
greenspace (Yang et al., 2021), this study analyzed mortality attributed 
to these three causes, along with all-cause mortality.

Besides, according to the 3-digit codes for place of residence, the 
death records can be aggregated into Tertiary Planning Unit (TPU) level. 
TPUs are the smallest planning units in Hong Kong’s town planning 
system, with an average area of 3.88 km2 and typically accommodating 
around 25,000 residents. However, Certain TPUs with relatively smaller 
populations were frequently amalgamated with adjacent TPUs to create 
Small Tertiary Planning Unit Groups (STPUGs) in Hong Kong, resulting 
in an average area of 5.19 km2 and an average population of 34,277 
among the STPUGs. This approach ensures more reliable census statis-
tics. Hence, we aggregated the death records from TPUs to STPUGs 
based on the matching information for subsequent analyses. Addition-
ally, two STPUGs were excluded from the analyses due to unreliably 
disproportionate death records in comparison to their total population.

It is important to note that the land use data for calculation of 
greenspace morphology in Hong Kong is only available starting from 
2018. To ensure the consistency with this data, we aggregated the 
mortality data from 2014 to 2018, assuming little change in land use in 
Hong Kong during the five years. This approach was taken to enhance 
the statistical power of the analysis. Consequently, this study encom-
passed a total of 212 STPUGs, comprising 225,014 records for all-cause 
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deaths, 45,967 records for deaths from cardiovascular diseases, 50,136 
records for deaths from respiratory diseases, and 69,393 records for 
deaths from cancers in Hong Kong from 2014 to 2018. Notably, 73.55% 
of all-cause mortality in Hong Kong over the five-year period was 
attributed to these three non-communicable diseases, which is worth of 
attention.

2.2. Greenspace morphology metrics

Greenspace was defined as any vegetative elements and open space 
abundant with vegetation in this study. Two datasets were used to 
extract greenspaces in Hong Kong. Firstly, the Planning Department of 
Hong Kong provides 10m × 10m land use raster data for 2018, which 
comprises 11 primary classes and 24 sub-classes of land use. This dataset 
serves as the highest-resolution land use data in Hong Kong, among 
which woodlands, shrublands, and grass lands were identified as 
greenspaces. Besides, vector boundaries of parks and gardens in Hong 
Kong were rasterized at a resolution of 10m × 10m to merge with land 
use data. This process supplemented greenspaces identified in the land 
use dataset with open space with rich vegetations. Considering the edge 
effect of administrative units, we created buffer zones for each STPUG to 
assess greenspace morphology within the buffer zones. Given the three- 
dimensional pedestrian road networks in Hong Kong (Sun et al., 2021), a 
400m straight-line distance usually corresponds to approximately 10 
min of walking, a duration widely reported as the threshold for resi-
dents’ willingness to walk to access urban greenspaces (King et al., 
2012). Therefore, we created a 400m Euclidean buffer around the 
boundaries of each STPUG to represent a realistic probability of green-
space exposure for residents within a 10-min walk. Seven greenspace 
morphology metrics from five dimensions (i.e., size, fragmentation, 
shape, connectedness, and proximity) were calculated in buffer areas of 
each STPUG. Specifically, percentage of greenspace (PLAND), largest 
patch index (LPI), and average greenspace area (AREA_MN) were 
selected to represent the size of greenspace; patch density (PD) was 
selected to assess the fragmentation of greenspace; area-weighted shape 
index (SHAPE_AM) was selected to analyze the shape of greenspace; 
cohesion index (COHESION) was selected to measure the connectedness 
of greenspaces, specifically, to what extent urban greenspaces connect 
with each other; and aggregation index (AI) was selected to assess the 
proximity between greenspaces, that is, to what extent urban green-
spaces locate close to each other (Fig. 1). More details regarding the 
definition of these metrics are shown in supplementary materials 
(Table S1). These metrics are among the most commonly used measures 

of greenspace morphology in existing studies (Wang et al., 2024). The 
greenspace morphology metrics were calculated on Fragstats software 
version 4.2 (McGarigal et al., 2023).

2.3. Statistical analysis

Considering overdispersion of the death counts, with variance 
exceeding the mean, the hypothesis of Poisson regression model is 
rejected, and instead we fitted a negative binomial regression model to 
examine the associations between mortality and greenspace 
morphology metrics. We further tested the spatial dependency of both 
all-cause and cause-specific mortality, with the results indicating there is 
no statistically significant spatial autocorrelation for all-cause and 
cause-specific mortality (Table S2). The negative binomial regression 
model can be formulated as: 

log(deathi)= β0 + β1GMi +
∑

βnCOVi + offset(personyeari)

In the formula, β0 is the intercept, while β1 is the estimated coefficient 
for greenspace morphology (GM) and βn is the estimated coefficient for a 
set of covariates (COV). In each model, death counts attributed to each 
cause from 2014 to 2018 served as the response variable, while each 
greenspace morphology metric was treated as the exposure variable. We 
conducted a correlation analysis among the greenspace morphology 
metrics and found significant correlations between each pair of metrics 
(Fig. S1). Hence, single greenspace morphology metric was separately 
included in each model to avoid multicollinearity among various 
greenspace morphology metrics. Additionally, we also added an offset 
variable offset

(
personyeari

)
based on the person-year in each STPUG, 

which is typically used in environmental health studies to normalize 
death counts across spatial units with varying populations in a period.

Moreover, we included different covariates in the model. Specif-
ically, we added the proportion of the population aged 65 or above to 
represent age structure, the sex ratio to represent gender, the proportion 
of the population with post-secondary education to represent education 
level, the unemployment rate to represent employment status, and 
median household income to represent socioeconomic status. These 
variables are commonly used in environmental health studies to control 
for the impacts of demographic and socioeconomic factors. Descriptive 
summary of control variables is shown in Table S4. The demographic 
and socioeconomic variables were derived from by-census reports of 
2016 provided by the Census and Statistics Department of Hong Kong. 
We additionally tested the variance inflation factors (VIF) between 

Fig. 1. Conceptual illustration of greenspace morphology metrics adapted from (Wang and Tassinary, 2019).

Y. Zhou and Y. Lu                                                                                                                                                                                                                              Environmental Research 263 (2024) 120095 

3 



explanatory variables and control variables for each model; all VIF 
values are less than four, indicating there were no multicollinearity is-
sues in the models. Notably, the explanatory variables were standard-
ized before the regression analyses, and an exponential transformation 
was conducted for their regression coefficients to calculate rate ratio 
(RR) for better interpretation of the results.

We further conducted stratified analyses to investigate whether the 
effects of greenspace morphology on mortality significantly vary be-
tween neighborhoods (defined by STPUGs) with high and low aging 
levels. The aging level of neighborhoods is defined by the proportion of 
older adults in a community in this study. Specifically, STPUGs were 
divided into high and low groups based on the median value of the 
elderly proportion (16.1%), which closely matches the proportion of 
individuals aged 65 or above in Hong Kong. Neighborhoods with an 
elderly proportion greater than 16.1% were classified as having rela-
tively high aging levels, while those with an elderly proportion below 
16.1% were classified as having relatively low aging levels. We sepa-
rately performed the regression analyses for each group and compared 
the results to explore the disparity of the results between neighborhoods 
with high and low aging levels. This approach provides a more 
comprehensive understanding of how the greenspace morphology of 
neighborhoods with varying aging levels affects mortality, which could 
capture the broader community context in which older adults reside. 
The regression analyses in this study were conducted using MASS 
package in R software version 4.1.1.

3. Results

3.1. Descriptive statistics of mortality and greenspace morphology

The descriptive statistics of mortality and greenspace morphology 
metrics are shown in Table 1. The average all-cause deaths, cardiovas-
cular diseases mortality, respiratory disease mortality, and cancer 
mortality in Hong Kong during five years were 1061.40 (SD = 1628.95), 
216.83 (SD = 326.30), 236.49 (SD = 395.01), 327.33 (SD = 484.57). 
Mortality from these three NCDs accounted for 73.55% of all-cause 
mortality, indicating these NCDs caused most of the all-cause mortal-
ity in Hong Kong. Over the five-year period, the mortality rate (deaths 
per 1000 persons) from cardiovascular diseases showed a continuous 
decreasing trend, declining from 1.35 in 2014 to 1.21 in 2018. In 
contrast, the all-cause mortality rate, respiratory disease mortality rate, 
and cancer mortality rate exhibited fluctuations over the same period 
(Fig. S2). For greenspace morphology metrics, the average values of the 
percentage of greenspace (PLAND), the largest pixel index of greenspace 
(LPI), the average greenspace area of greenspace (AREA_MN), the patch 
density of greenspace (PD), the area-weighted shape index of greenspace 
(SHAPE_AM), the cohesion index of greenspace (COHESION), and the 
aggregation index of greenspace (AI) were 42.85% (SD = 24.47), 
29.44% (SD = 25.78), 2.01 ha (SD = 2.36), 34.90 per 100 ha (SD =
19.59), 4.15 units (SD = 2.75), 96.46 (SD = 3.73), and 91.05% (SD =

5.59). Notably, the average values of COHESION and AI were relatively 
high, indicating the urban greenspaces in Hong Kong exhibited high 
connectedness and proximity. In addition to connectedness and prox-
imity, notable disparities were observed in the maximum and minimum 
values of other greenspace morphology metrics. These differences sug-
gest that the size, fragmentation, and shape of urban greenspaces vary 
significantly among neighborhoods in Hong Kong, indicating inequities 
in spatial configuration of greenspace.

3.2. Effects of greenspace morphology on mortality

Fig. 2 and Table S5 show the independent associations between 
greenspace morphology metrics and mortality, reported as RR with 
accompanying 95% confidence intervals (95%). The impacts of green-
space morphology metrics were similar on mortality from each type of 
causes. For size metrics, PLAND and LPI exhibited significantly negative 
associations with mortality, while the associations between AREA_MN 
and mortality were found to be statistically insignificant. For every 1 
Standard Deviation (SD) increase in PLAND, the risk of mortality from 
all-causes, cardiovascular diseases, respiratory diseases, and cancers 
may decrease by 14.7% (95% CI: 8.1%–27.1%), 17.7% (7.6%–26.7%), 
21.7% (10.5%–31.5%), and 13.8% (3.2%–23.2%). LPI demonstrated 
stronger protective effects compared to PLAND, potentially reducing the 
risks of mortality by 20.3% (10.0%–29.4%) for all causes, 20.2% 
(10.4%–28.9%) for cardiovascular diseases, 24.3% (13.5%–33.7%) for 
respiratory diseases, and 16.8% (6.6%–25.9%) for cancers. In addition, 
statistically insignificant results of PD indicates that fragmentation of 
greenspace were not significantly associated with mortality in Hong 
Kong.

Regarding shape, mortality from all-causes, cardiovascular diseases, 
respiratory diseases, and cancers were observed to decrease by 22.1% 
(95% CI: 12.0%–31.0%), 22.1% (12.2%–30.8%), 25.0% (14.0%– 
34.6%), and 22.0% (12.3%–30.6%) for every 1 SD increase in 
SHAPE_AM. This suggests that neighborhoods with more complex 
greenspace shapes tend to have lower mortality risks. Similarly, both the 
connectedness and proximity of greenspaces were found to be nega-
tively associated with all-cause mortality, mortality from cardiovascular 
diseases and respiratory diseases. Specifically, every 1 SD increase in 
COHESION and AI was associated with a reduction of 12.3% (95%CI: 
0.7%–22.5%) and 12.8% (1.7%–22.6%) in all-cause mortality, 12.5% 
(1.6%–22.2%) and 12.3% (1.7%–21.7%) in mortality from cardiovas-
cular diseases, 15.7% (3.4%–26.4%) and 15.8% (4.0%–26.2%) in mor-
tality from respiratory diseases. However, the significantly protective 
effects of greenspace connectedness and proximity were not observed 
for mortality from cancers.

3.3. Health effects of greenspace morphology in neighborhoods with 
different aging level

We further selected greenspace morphology metrics that 

Table 1 
Descriptive statistics of mortality and greenspace morphology.

Mean Median Std.dev (SD) Max Min units

Mortality (outcome)
All-cause mortality 1061.40 351.50 1628.95 9258.00 0.00 Numbers
Cardiovascular disease mortality 216.83 68.50 326.30 1881.00 0.00 Numbers
Respiratory disease mortality 236.49 73.00 395.01 2543.00 0.00 Numbers
Cancer mortality 327.33 106.00 484.57 2393.00 0.00 Numbers
Greenspace morphology metrics (exposure)
The percentage of greenspace (PLAND) 42.85 42.74 24.47 93.82 5.67 Percent
The largest pixel index of greenspace (LPI) 29.44 21.75 25.78 91.76 0.71 Percent
The average greenspace area (AREA_MN) 2.01 1.07 2.36 18.22 0.14 Hectares
The patch density (PD) 34.90 30.07 19.59 102.94 5.06 Number per 100 ha
The area-weighted shape index (SHAPE_AM) 4.15 3.27 2.75 19.69 1.24 units
The cohesion index (COHESION) 96.46 98.09 3.73 99.98 84.75 –
The aggregation index (AI) 91.05 92.12 5.59 98.83 70.55 percent
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significantly associated with mortality for stratified analyses. Significant 
differences in protective effects of several greenspace morphology 
metrics on mortality between neighborhoods with different aging levels 

were found in stratified analyses (Table 2). Specifically, PLAND showed 
greater protective effects on mortality from cardiovascular diseases (RR: 
0.805, 95%CI: 0.665–0.976) in neighborhoods with higher aging levels, 

Fig. 2. Associations between greenspace morphology metrics and mortality (ns is not significant, *p < 0.05, **p < 0.01, ***p < 0.001).

Table 2 
Associations between metrics of greenspace morphology and mortality in neighborhood with different aging level.

All-cause mortality RR (95% 
CI)

Cardiovascular disease mortality RR (95% 
CI)

Respiratory disease mortality RR (95% 
CI)

Cancer mortality RR (95% 
CI)

PLAND
Higher aging 

neighborhoods
0.823 (0.674–1.005) 0.805a (0.665–0.976) 0.825 (0.671–1.013) 0.850 (0.696–1.038)

Lower aging 
neighborhoods

0.853a (0.734–0.990) 0.875 (0.760–1.007) 0.768b (0.647–0.912) 0.889 (0.774–1.020)

LPI
Higher aging 

neighborhoods
0.779b (0.645–0.941) 0.765b(0.638–0.917) 0.788a (0.648–0.958) 0.793a (0.656–0.958)

Lower aging 
neighborhoods

0.844a (0.726–0.981) 0.865a (0.751–0.997) 0.753b (0.634–0.895) 0.881 (0.767–1.013)

SHAPE_AM
Higher aging 

neighborhoods
0.767b (0.643–0.915) 0.745b (0.623–0.891) 0.763b (0.631–0.922) 0.728c (0.606–0.874)

Lower aging 
neighborhoods

0.811a (0.692–0.952) 0.844a (0.726–0.982) 0.731c (0.608–0.878) 0.837* (0.723–0.969)

COHESION
Higher aging 

neighborhoods
0.787a (0.637–0.972) 0.775a (0.634–0.947) 0.774a (0.624–0.960) 0.813 (0.659–1.004)

Lower aging 
neighborhoods

0.942 (0.813–1.093) 0.950 (0.827–1.091) 0.892 (0.752–1.059) 0.970 (0.847–1.111)

AI
Higher aging 

neighborhoods
0.793a (0.660–0.952) 0.798a (0.670–0.950) 0.793a (0.657–0.956) 0.801a (0.667–0.960)

Lower aging 
neighborhoods

0.975 (0.839–1.132) 0.979 (0.850–1.127) 0.921 (0.774–1.096) 0.996 (0.868–1.143)

a p < 0.05.
b p < 0.01.
c p < 0.001.
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while the protective effects were insignificant in neighborhoods with 
lower aging levels (RR: 0.875, 95%CI: 0.760–1.007). Inverse results 
were found for all-cause mortality and mortality from respiratory dis-
ease mortality, while the protective effects of PLAND on cancer mor-
tality were insignificant in two groups of neighborhoods. For LPI, both 
two groups of neighborhoods presented significant results in mortality 
from different causes, except for cancers. The protective effects of LPI on 
all-cause mortality and mortality from cardiovascular diseases and 
cancers were slightly greater in neighborhoods with higher aging levels, 
even though some of the differences were not statistically significant. In 
contrast, inverse results were observed for mortality from respiratory 
diseases. Similar findings were observed for SHAPE_AM, indicating that 
the shape of greenspaces may be more strongly associated with reduced 
mortality in neighborhoods with higher aging levels. Interestingly, 
while the protective effects of greenspace connectedness and proximity 
were insignificant on mortality from all types of causes in neighbor-
hoods with lower aging levels, they exhibited significant and more 
pronounced protective effects in neighborhoods with higher levels of 
aging. Specifically, every 1 SD increase in COHESION, the risk of mor-
tality from all-causes, cardiovascular diseases, and respiratory diseases 
significantly decreased by 21.3% (95% CI: 2.8%–36.3%), 22.5% (5.3%– 
36.6%), and 22.6% (4.0%–37.6%). By comparison, every 1 SD increase 
in AI was associated with a significant reduction of 20.7% (4.8%–34.0%) 
in all-cause mortality, 20.2% (5.0%–33.0%) in mortality from cardio-
vascular diseases, 20.7% (4.4%–34.3%) in mortality from respiratory 
diseases, and 19.9% (4.0%–33.3%) in mortality from cancers. We 
further included interaction terms in the models to assess whether the 
health effects of greenspace morphology differ significantly between 
neighborhoods with varying aging levels (Tables S6–S10). The results 
indicate that the interaction term between COHESION and aging level is 
significant for all-cause mortality and cardiovascular disease mortality, 
while the interaction terms between AI and aging level is significant for 

all-cause mortality, cardiovascular disease mortality, and cancer mor-
tality. These findings suggest that the impact of COHESION on all-cause 
and cardiovascular disease mortality is significantly more pronounced in 
neighborhoods with higher aging levels, while the effects of AI on all- 
cause, cardiovascular disease, and cancer mortality are similarly 
amplified in these neighborhoods.

3.4. Robustness test

We conducted the first robustness test by reperforming the afore-
mentioned regression analyses using greenspace morphology metrics 
measured by 200m Euclidean buffers, which correspond to approxi-
mately a 5-min walking distance in the Hong Kong context. Descriptive 
summary of greenspace morphology is depicted in Table S3. The pro-
tective effects of PLAND, LPI, SHAPE_AM, COHESION, and AI on all- 
cause and cause-specific mortality remain statistically significant 
(Fig. 3, Table S11). Moreover, the health effects of COHESION and AI are 
more pronounced in neighborhoods with higher aging levels, while 
these effects are not statistically significant in neighborhoods with lower 
aging levels (Table S12). These results are consistent with our primary 
findings. Additionally, we conducted the second robustness test by re- 
performed the analyses for male and female mortality, respectively. 
Descriptive summary of mortality by gender is shown in Table S4. The 
regression results depicted in Fig. 4, Table S13 and Table S14 shows 
similar patterns compared to full-sample analyses. The protective effects 
of PLAND, LPI, SHAPE_AM, and AI on all-cause mortality, cardiovas-
cular disease mortality, and respiratory disease mortality remain sta-
tistically significant for both male and female. However, while the 
association between COHESION and all-cause mortality remains statis-
tically significant for male, it is not significant for female. For cancer 
mortality, the protective effects of PLAND and SHAPE_AM remain sta-
tistically significant for both males and females, consistent with the 

Fig. 3. Associations between metrics of greenspace morphology (measured by 200m buffer) and mortality (ns is not significant, *p < 0.05, **p < 0.01, ***p 
< 0.001).
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main findings of the full-sample analyses. Additionally, neighborhoods 
with higher aging levels show greater protective effects of COHESION 
and AI on mortality for both males and females, except for cancer 
mortality for male. Overall, the main findings in our study remain 
largely consistent, suggesting that the primary analyses in our study are 
robust.

4. Discussion

In this ecological study, we examined the associations between 
greenspace morphology and mortality from all causes and three non- 
communicable diseases in Hong Kong. Greenspace morphology met-
rics from five dimensions (i.e., size, fragmentation, shape, connected-
ness, and proximity) were considered in this study, providing a 
comprehensive description of form and spatial configuration of green-
spaces. In addition, we conducted stratified analyses to detect the var-
iations in these associations between neighborhoods with high and low 
aging levels. This study extends to existing studies by providing robust 
evidence on the protective effects of greenspace morphology on mor-
tality risks in a high-density Asian city (i.e. Hong Kong) from various 
aspects. The findings of this study underscore the significance of spatial 
structure and organization of greenspace for health, extending beyond 
simply increasing the quantitative provision of greenspace, particularly 
for society with high aging populations.

4.1. Principle findings and interpretation

By performing the negative binomial regression, we identified 
varying effects of size, fragmentation, shape, connectedness, and prox-
imity of greenspaces on different types of mortality. For greenspace size, 
a higher proportion of greenspace area and a larger area of the largest 
greenspace in neighborhoods were associated with reduced risks of all- 

cause mortality and mortality from cardiovascular diseases, respiratory 
diseases, and cancers. These results are aligned with many previous 
studies, suggesting the protective effects of greenspace quantity on 
residents’ health (Yang et al., 2021). By comparison, we also performed 
the analysis for normalized difference vegetation index (NDVI), a metric 
commonly used to quantify the magnitude of urban greenspaces. The 
results reveal significant associations between NDVI and reduced mor-
tality risks (Table S15). It has been demonstrated that quantity metrics 
of greenspace, such as NDVI, accessibility, and availability are tightly 
associated with improving ecological environments, increasing physical 
activity, and promoting social interaction, thereby contributing to im-
provements in various health outcomes (Browning et al., 2022). Our 
findings contribute additional evidence on the potential health effects of 
greenspace quantity, specifically from a landscape perspective, partic-
ularly highlighting the importance of the largest greenspace area. The 
findings are aligned with existing evidence, which has demonstrated 
that larger parks tend to offer a wider range of recreational opportunities 
compared to smaller parks, thereby potentially offering greater health 
benefits (Sugiyama et al., 2010). Interestingly, the associations between 
average areas of greenspaces in neighborhoods and all types of mortality 
were found to be statistically insignificant, which is contradicted with 
previous evidence (Wang and Tassinary, 2019). A possible explanation 
is that greenspaces in the downtown areas of Hong Kong are typically 
small since its high-density nature. Thus, the general small size and 
limited variation in greenspace area may reduce the statistical power to 
detect such effect.

Regarding other morphology metrics, fragmentation of greenspaces 
in Hong Kong were found to be not statistically associated with mor-
tality, probably due to relatively high proportion of small-size gardens in 
the urban settings (Tian et al., 2014). For the shape of greenspaces, our 
findings reveal the greatest protective effects of the shape index on all 
types of mortality compared to other greenspace morphology metrics. 

Fig. 4. Associations between metrics of greenspace morphology and mortality by gender (ns is not significant, *p < 0.05, **p < 0.01, ***p < 0.001).
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Previous studies have also demonstrated the protective effects of the 
shape index on health (Wang and Tassinary, 2019). Greenspaces with 
more complex shapes may tend to be more connected to nearby resi-
dential areas and feature a greater variety of functional amenities and 
entrances, thereby facilitating residents’ access to these greenspaces (Li 
et al., 2020; Rigolon, 2016). Also, previous evidence has shown that 
parks with more complex shapes may increase accessibility compared to 
parks with regular shapes (e.g., compact shapes) (Ngom et al., 2016). 
These, in turn, contribute to improving residents’ health-related be-
haviors, such as social interaction and physical activity, thereby 
improving their health outcomes (Huang and Lin, 2023).

In addition, we further observed significant protective effects of 
connectedness and proximity of greenspaces on mortality from all- 
causes, cardiovascular diseases, and respiratory diseases, while such 
effects were not statistically significant for cancer mortality. These 
findings, however, remain inconsistent in previous studies, with some 
demonstrating significant protective effects while others have found 
insignificant associations (Jaafari et al., 2020; Shen and Lung, 2017; 
Wang and Tassinary, 2019). In a high-density environment (i.e., Hong 
Kong), interconnected small greenspaces like rest gardens or sitting-out 
areas, located closely to each other, could potentially enhance residents’ 
accessibility, and extend their stay, thereby amplifying the health ben-
efits associated with such greenspaces. Besides, some connected green-
spaces along streets may provide residents with passive exposure to 
urban greenery during their commutes, thereby indirectly contributing 
to health benefits. Moreover, greenspaces characterized by higher levels 
of connectedness and proximity may have greater capacity to mitigate 
pollution and provide shading effects, thereby reducing risks of 
heat-related, respiratory, and other heart-related health issue (Liu et al., 
2021; Wang and Tassinary, 2024). These findings and potential mech-
anisms extend beyond existing studies that focus solely on the health 
effects of greenspace quantity using traditional metrics such as acces-
sibility and availability. While previous research has illustrated mech-
anisms linking urban greenspaces with health, such as reducing air 
pollution, promoting physical activity, and enhancing social in-
teractions, these mechanisms also merit investigation in the context of 
greenspace morphology and its association with mortality. However, 
this falls outside the scope of our current study and is recommended as a 
direction for future studies.

Based on the stratified analyses, we observed that the protective 
effects of greenspace morphology on mortality risks tend to be higher in 
neighborhoods with higher aging levels than those with lower aging 
levels. Previous studies have suggested that neighborhoods with a 
higher proportion of elderly residents or an aging population may derive 
greater physical health from urban greenspaces (Besser et al., 2021; 
Ruijsbroek et al., 2017). Our study confirms and extends these findings 
from previous research by assessing such health effects of greenspaces 
from a perspective of their morphological features. While the disparities 
in the health effects of greenspace size and shape between neighbor-
hoods with different aging levels were not statistically significant, the 
connectedness and proximity of greenspaces were found to significantly 
reduce mortality risks only in neighborhoods with higher aging levels. 
These findings are consistent with a previous study (Wang and Tassi-
nary, 2019). An ecological study conducted in the UK has also found 
protective effects of greenspace proximity on health outcomes in 
neighborhoods characterized by higher proportion of older adults 
(Dennis et al., 2020), which supports our results to some extent. Higher 
levels of connectedness and proximity of urban greenspaces may make it 
more convenient for the elderly with limited mobility to access urban 
greenspaces, extend their stay, and increase their willingness to engage 
in health-related activities in these urban greenspaces, especially in a 
high-density urban environment (Ali et al., 2022). Hence, the connect-
edness and proximity of greenspaces may exhibit greater health effects 
in neighborhoods with higher aging level. By comparison, NDVI did not 
demonstrate a similar disparity in mortality, as indicated by the insig-
nificant interaction terms (Table S16). These findings underscore the 

need for equitable and reliable landscape design of greenspaces in 
neighborhoods with higher aging levels.

4.2. Policy implications

Insights from our study provide several policy implications for urban 
planning and design, as well as public health policies. First, we highlight 
the importance of urban greenspace morphology besides greenspace 
quantity on mortality outcomes. Our findings suggest that large, 
irregular-shaped (high shape index), well-connected (high connected-
ness) and close-clustered (high proximity) greenspaces may effectively 
reduce all-cause and cause-specific mortality. Based on the findings, 
policymakers are suggested to prioritize these spatial structure charac-
teristics when constructing new network of urban greenspaces. In high- 
density area with limited land resource, it is recommended to develop 
small- or medium-size greenspaces, such as rest gardens and pocket 
parks, to enhance the proximity between urban greenspaces within 
neighborhoods. Also, urban planners are recommended to enhance the 
connectivity of existing greenspaces using other vegetative elements, 
such as tree-lined streets or greenways, to improve the connectedness of 
urban greenspaces within neighborhoods. Moreover, it is advisable to 
incorporate diverse functional facilities, amenities, and vegetation ar-
rangements in existing urban greenspaces with irregular shapes to 
enhance their quality, thereby maximizing their health effects. This 
approach may serve as an alternative intervention strategy for the 
existing urban greenspaces. Considering more pronounced health effects 
of greenspace connectedness and proximity in neighborhoods with 
higher aging levels, these two characteristics of greenspace morphology 
should be considered as two primary metrics to provide their health 
effects in neighborhoods with high aging levels. Urban planners and 
policymakers are suggested to prioritize the improvement of greenspace 
connectedness and proximity in neighborhoods with higher aging levels. 
In addition, our study also revealed the health effects of greenspaces 
with large size. Given there is limited available land in a high-density 
city to construct large greenspaces, it is recommended to effectively 
improve transportation infrastructure in these areas to enhance acces-
sibility to existing large-scale but remote greenspaces (e.g., puri-urban 
parks) for elderly populations. We believe that these implications 
would be beneficial for policymakers in designing environmental in-
terventions aimed at promoting urban residents’ health.

4.3. Limitations and future directions

Several limitations in this study may introduce bias on the results, 
which requires to be addressed in future studies. First, the land use data 
with 10-m resolution may result in inaccurate identification of urban 
greenspace. Even though this is public-available data with the sufficient 
resolution to detect most small-scale greenspaces, this resolution may 
still not accurately capture small landscape elements, potentially 
introducing bias in the calculation of landscape metrics for greenspaces. 
Future studies are recommended to make an effort to develop land use 
data with higher resolution and conduct more nuanced analyses. For 
example, classifying the land use types from high-resolution satellite 
images using geospatial artificial intelligence (GeoAI) techniques may 
serve as a helpful approach (Tong et al., 2020).

Second, the residence-based paradigm of this ecological study may 
introduce spatiotemporal uncertainty of environmental exposure 
assessment. While the death records are at individual-level, the infor-
mation regarding their residential locations is only available at the TPU 
level for the purpose of privacy protection. Additionally, the available 
census data finally constrained our study to the STPUG level, which 
served as neighborhoods in this study. The neighborhood-based para-
digm of environmental health may be susceptible to the Uncertain 
Geographic Context Problem (UGCoP) as the spatiotemporal uncer-
tainty in the given geographic units when measuring environmental 
exposure for individuals (Kwan, 2012). Moreover, the records lack 
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information on the duration of residency, preventing us from dis-
tinguishing between long-term or short-term residents before their 
deaths. This limitation also introduces spatiotemporal uncertainty in 
measuring environmental exposure, potentially leading to the UGCoP. 
Hence, if individual-level data with more precise mobility information is 
available, future studies are recommended to conduct individual-level 
analyses to mitigate UGCoP and validate results found in this study.

Third, the absence of longitudinal data limits our study to revealing 
correlations between greenspace morphology and mortality, rather than 
establishing causal relationships. It should be acknowledged that we 
only conducted a cross-sectional ecological analysis to examine the 
health effects of greenspace morphology, primarily due to the unavail-
ability of longitudinal land use data. Hence, the interpretation of our 
findings needs to be approached with caution, as they represent corre-
lations rather than causal relationships (van den Berg et al., 2015). We 
call for further studies to conduct longitudinal analyses, if relevant data 
is available, to generate more compelling evidence regarding the link 
between urban greenspace morphology and diverse health outcomes.

Finally, the lack of a more nuanced classification of cause-specific 
mortality may limit our ability to distinguish results within broader 
categories of causes. For example, while our study suggests positive 
health effects of greenspace morphology on mortality from respiratory 
diseases, existing studies have demonstrated that the health impacts of 
greenspaces may differ between lung function and asthma. In our 
dataset, asthma cases were sparse, with 99 neighborhoods reporting 
zero cases and 29 reporting only one case. Besides, we also conducted a 
correlation analysis between respiratory disease records with and 
without asthma, finding a very strong correlation (Fig. S3). Given the 
ecological nature of our study, excluding asthma is unlikely to change 
the overall results significantly. Hence, we included the broader cate-
gory of respiratory diseases in the analyses, consistent existing studies 
(Bauwelinck et al., 2021). The same issue applies to cancer mortality, 
where distinguishing between cancer subtypes could lead to sparse re-
cords and reduced statistical power. However, existing research in-
dicates that associations between greenspace and cancer mortality may 
vary across different cancer types (Zare Sakhvidi et al., 2022). This 
limitation in our study, or in many ecological studies could be addressed 
by conducting individual-level studies. Where data is available, such 
studies could better distinguish the nuanced associations between 
greenspace morphology and health outcomes in individuals with 
different types of diseases.

5. Conclusion

In conclusion, we observed potentially protective effects of green-
space morphology metrics including size, shape, connectedness, and 
proximity on different types of mortality in Hong Kong. Concurrently, 
more pronounced protective effects of connectedness and proximity 
were found in neighborhoods with higher aging levels. Our study 
highlights the significance of greenspace morphology on improving 
urban residents’ health in a high-density Asian city with high aging 
populations. Findings from this study provide valuable insights for 
policymakers and urban planners to prioritize the design of large-scale, 
irregular, connected, and close-clustered greenspaces in urban settings, 
particularly in neighborhoods with higher aging levels, with the aim of 
achieving a healthy aging society.
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