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still a lack of understanding of its origin, transmission, and treatment methods. Understanding the influencing
factors of COVID-19 can help mitigate its spread, but little research on the spatial factors has been conducted.
Therefore, this study explores the effects of urban geometry and socio-demographic factors on the COVID-19
cases inHongKong. For each patient, the places they visited during the incubation period before going to hospital
were identified, andmatchedwith corresponding attributes of urban geometry (i.e., building geometry, road net-
work and greenspace) and socio-demographic factors (i.e., demographic, educational, economic, household and
housing characteristics) based on the coordinates. The local cases were then compared with the imported cases
using stepwise logistic regression, logistic regression with case-control of time, and least absolute shrinkage and
selection operator regression to identify factors influencing local disease transmission. Results show that the
building geometry, road network and certain socio-economic characteristics are significantly associated with
COVID-19 cases. In addition, the results indicate that urban geometry is playing a more important role than
ing and Geo-Informatics, The Hong Kong Polytechnic University, Kowloon, Hong Kong, China.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.144455&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.144455
mailto:Lswong@polyu.edu.hk
https://doi.org/10.1016/j.scitotenv.2020.144455
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


C.Y.T. Kwok, M.S. Wong, K.L. Chan et al. Science of the Total Environment 764 (2021) 144455
socio-demographic characteristics in affecting COVID-19 incidence. These findings provide a useful reference to
the government and the general public as to the spatial vulnerability of COVID-19 transmission and to take ap-
propriate preventive measures in high-risk areas.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Coronavirus disease 2019 (COVID-19) is a new emerging infectious
virus which is originated in Wuhan, Hubei Province, China (N. Zhu
et al., 2020), and has been announced a global pandemic by the World
Health Organization (WHO). The earliest known cases were identified
in December 2019, and the WHO officially defined COVID-19 as a pan-
demic on March 11, 2020 (World Health Organization, 2020a). As of
June 12, 2020, a cumulative total of 7,410,510 confirmed cases and
418,294 deaths have been reported from 215 countries/regions
(World Health Organization, 2020b). Although COVID-19 causes the
catastrophic results, the understanding of COVID-19 epidemiology is
limited and its mortality is only roughly estimated (Chen et al., 2020;
Huang et al., 2020; Ruan et al., 2020).

In recent research, geospatial and spatial-statistical analysis is per-
formed to identify the association between geographic variables and
disease incidences. These studies from around the world indicate that
COVID-19 cases to be highly correlated with socioeconomic and demo-
graphic factors. The socially and economically relevant factors with
prominent inter-generational and social characteristics were showing
close correlations with COVID-19 in 20 European countries (Mogi and
Spijker, 2020). In New York City, the analysis of multi-temporal positive
records suggested that occupation is playing a more important role in
disease transmission than other factors such as income, race, gender
and household size (Almagro and Orane-Hutchinson, 2020). In
Sweden, a positive relationship was observed between socio-
demographic factors (i.e., gender, income, education level, marital sta-
tus, immigration status) and the toll of COVID-19 pandemic (Drefahl
et al., 2020). Studies performed in Italy and South Korea reported that
the ages and the household composition were associated with both
the spread and mortality of COVID-19. Mollalo et al. (2020) adopted
35 environmental, socioeconomic, topographic and demographic vari-
ables to explain the spatial distribution of confirmed cases in the
United States, and they concluded that factors such as income, inequal-
ity, median household income, race, and the proportion of nursing prac-
titioners were variables with significance. Similarly, Raifman and
Raifman (2020) also suggested that race and income are factors that
are highly associated with virus exposures in the United States. Khunti
et al. (2020) highlighted the association between ethnicity and number
of confirmed cases in England and the United States, because the socio-
economic conditions are quite different among different racial or ethnic
groups in a country. As indicated by Pareek et al. (2020), ethnicity is an
important factor that closely related to people's health status, health be-
havior and social behavior, so the factor should be considered in taking
the measures for pandemic control. Therefore, there are pieces of evi-
dence that the socio-economic and demographic characteristics are
contributing factors to COVID-19 transmission.

Similar to other infectious diseases, COVID-19 transmission is more
frequently observed in urban areas. However, recent studies on
COVID-19 did not focus on factors such as urban geometry and urban
design that are considered important for the outbreak of other infec-
tious diseases. In England, for example, urbanization promotes the
transmission of an infectious disease due to increased contact rates
and altered socio-economic conditions (Zhang and Atkinson, 2008). An-
other study in China suggested that the increased connection between
rural and urban areas and the rural-to-urban migration caused by the
urbanization could speed up the transmission of infectious disease
(Gong et al., 2012). Urban geometry can affect the living environment
2

and should be considered when studying the health conditions of resi-
dents, and the factors can also be further divided into sub-factors such
as the building geometry, the road network and the distribution of
greenspaces, etc. (Johansson, 2006).

A key factor of urban geometry is the Sky View Factor (SVF),which is
defined as the ratio of the visible sky with obstructions to that of with-
out obstruction (Oke, 1988), and it is always considered as a typical in-
dicator of urban geometry (Krüger et al., 2011; Yang et al., 2016, 2015).
Lai et al. (2013) found that the SVF, which is related to building height
and density, would potentially serve as an indicator of the risk of health
in an urban area. Some studies stressed the role of air ventilation, which
is largely a result of the urban geometry, on disease transmission
(Cheng et al., 2011; Gao et al., 2008; Keshavarzian et al., 2020), and
poor ventilation was found to be associated with Severe Acute Respira-
tory Syndrome (SARS) infection (Gao et al., 2009) as well as asthmatic
symptoms (Smedje and Norbäck, 2000). It has also been found that
the area of outdoor space affects the quality of the indoor environment
(Chan and Liu, 2018; Niachou et al., 2008). The former proposed that the
neighborhood environment had a direct influence on people's health
conditions which is also related to the relationship between the indoor
environment and people's health condition. They found that lower den-
sity and height of buildings are most beneficial for human health, espe-
cially for those with respiratory diseases (e.g., bronchoconstriction,
asthma symptoms). Although these studies did not emphasize the in-
fectious disease, they aligned the SARS outbreak in Hong Kong with
their findings.

In addition to the building geometry, the road network is another es-
sential factor of city design as it is closely related to traffic flow and the
connectivity between different places. It is also found that this factor
could facilitate the spread of serious diseases (e.g., malaria and diarrheal
pathogens) in developing countries (Coimbra, 1988; Eisenberg et al.,
2006) as well as respiratory diseases in developed countries (Vu et al.,
2013). Furthermore, Chan and Liu (2018) found that a higher propor-
tion of greenspaces around the buildings are associated with lower
levels of air pollution, and such environment is good for people's health,
especially for those with respiratory disease. The latest research in
China (Y. Zhu et al., 2020) and Western Europe (Ogen, 2020) also
found that air pollution was associated with COVID-19 transmission.
Therefore, it is important to investigate the role that greenspace plays
in COVID-19 transmission (Qu et al., 2020). Based on the findings of
these studies, some questions are raised about how urban geometry
may affect COVID-19 cases.

With the advancements in Geographical Information System (GIS)
technologies, in 1999, Moore and Carpenter (1999) suggested that the
relationship between environmental and socio-economic factors and
infectious disease displays potential research values. With the use of
GIS, we are able to link different types of data spatially, e.g., residential
addresses, environmental exposure, building geometry, and demo-
graphic information. Indeed, spatial clustering in GIS was adopted for
epidemiologic investigations after the outbreak of SARS in Hong Kong
in 2003. Using the spatial clustering methods, it was found that SARS
was highly clustered disease in Hong Kong as the geospatial clusters
were observed in the case locations (Leung et al., 2004), and the urban
population is faced with a higher risk (Lai et al., 2004). During COVID-
19 pandemic, more than 63 scientific studies that focus on the spatial
analysis of COVID-19 have been published, covering spatiotemporal
analysis, health and social geography, environmental variables, data
mining and web-based mapping (Franch-Pardo et al., 2020).
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Spatial variables have long been found to be connected to the infec-
tious disease, and COVID-19 appears to be no exception. However, to
date, most of the studies of COVID-19 focused on the socio-
demographic factors, while little of them have touched upon the issue
of urban geometry. Therefore, it is necessary to analyze the influence
of urban geometry, including building configurations, road network
and greenspace. This study aims to investigate the importance of spatial
context, including urban geometry and socio-demographic factors, in
the COVID-19 epidemic in Hong Kong.

2. Study area and data source

2.1. Study area and COVID-19 cases

Hong Kong is selected as the study area for this research (Fig. 1). It is
a highly urbanized city with a population of more than seven million
and it covers an area of 1111 km2. Due to its mountainous terrain, the
population is squeezed in the densely built and high-rises in urban
areas, while these high-rises occupy only approximately 20% of general
land area. The first COVID-19 case in Hong Kong was reported on Janu-
ary 23, 2020, which was an imported case from Wuhan, China. Up to
June 12, 2020, 1109 COVID-19 cases were recorded, of which 1061
cases were discharged, 4 patients were deceased, and the remainder
were still hospitalized (Centre for Health Protection (HKSAR), 2020).
For this study, the details of COVID-19 cases in Hong Kong were re-
trieved from the Centre for Health Protection (hereafter government
dataset), and Internet source “covid19.vote4.hk - COVID-19 in HK”
(hereafter Internet dataset) for the period January 23 to April 30,
2020, covering 1038 cases.

The government dataset comprised two types of information about
the daily cases in Hong Kong. The first type is related to the COVID-19
infection cases in HongKong accompaniedwith the details of individual
Fig. 1. Study area and the residential spatial distribution
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patients: (1) case number, (2) date of report, (3) date of onset, (4) gen-
der, (5) age, (6) hospital admitted, (7) current status (i.e., hospitalized,
discharged, or deceased), (8) citizenship (i.e., Hong Kong or non-Hong
Kong resident), (9) case classification (i.e., imported case, close contact
of imported case, possibly local case, close contact of possibly local case,
local case, or close contact of local case), and (10) confirmation of case
(i.e., confirmed or probable). The second type of information contains
the residential buildings in which the infected patients have resided or
the non-residential buildings with two or more cases in the past
14 days, which is accompanied with detailed such as (1) district,
(2) building name, (3) last date of stay of the case(s), and (4) related
probable/confirmed cases. Since this dataset provided building names
only, the coordinates of the addresses were retrieved by using Google
Geocoding API for further spatial analysis. Fig. 1 shows the spatial distri-
bution of the patients visited inHongKongwith their case classification.

Another datasetwas retrieved from the Internet dataset which sum-
marizes the reports of the government, Internet, and newsmedia, and it
also provides the details of patients' information and high-risk areas.
The information regarding the patients was similar to that of the gov-
ernment dataset. The second set of data providesmore specific informa-
tion such as where the patients stayed before hospitalization, the action
done (i.e., residence, working, gathering, stay, medical, arrival, depar-
ture or transportation) and the coordinates (i.e., latitude and longitude).

2.2. Spatial context

(1) Socio-demographic characteristics

The 2016 census data were extracted from the Census and Statistics
Department (Census and Statistics Department (HKSAR), 2018) at the
Tertiary Planning Unit (TPU) level. The Hong Kong Planning
of the confirmed cases from government dataset.



Fig. 2. TPU boundaries and building data used.
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Department uses these regional units for the fine-scale regional plan-
ning. The 291 TPUs in Hong Kong were aggregated by the Census and
Statistics Department into 154 TPU groups (as shown in Fig. 2) to
protect personal data privacy of census data. These data include
demographic, educational, economic, household, and housing charac-
teristics. Specifically, they provide statistics of age, ethnicity, marital sta-
tus, usual spoken language, reading and writing ability in Chinese and
English, educational attainment, economic activity status, monthly in-
come, occupation, industry, working hours per week, place of work,
household size, household composition, monthly domestic household
income, type of housing, tenure of accommodation and monthly do-
mestic household rent. All the data within the TPUs were transformed
from the number of persons into ratio variables, which indicate the per-
centage of the population within the TPU with certain socio-
demographic characteristics. In addition, the total population and the
population density of each TPU group were also involved in this study
to evaluate the influences of these factors to COVID-19 cases. The de-
tailed information of independent variables adopted in this study is pro-
vided in Table A.1 in the appendix. Individual COVID-19 cases were
combined with the socio-demographic characteristics data for each
TPU by matching the coordinates of places visited by patients in the
last 14 days before going to hospital.

(2) Building geometry

In order to understand the role that the urban geometry plays in fa-
cilitating the spread of COVID-19, three building-related settings were
included in this study (i.e., building height, building density and Sky
View Factor (SVF)). Building height was obtained from the Lands
Department of Hong Kong in 2019 (Fig. 2) based on the 1:1000 scale
building polygon that it provides, and then, the data were resampled
to 5-meter resolution. Building density was also derived from this
4

building layer by calculating the percentage of building occupation in
each 100m × 100m area, to measure the crowdedness between build-
ings (Fig. 3). An SVFmap at 10-meter resolution (Fig. 4) derived by Yang
et al. (2015) using airborne LiDAR captured by the Civil Engineering and
Development Department of Hong Kong in 2011 was adopted in this
study. SVF values range from zero to one, and zero stands for a totally
obstructed sky while one for unobstructed sky, respectively. A 500-
meter buffer zone was created for individual confirmed cases to study
these building-related variables. Within this buffer area, the sum and
standard deviation of building height, the building density and SVF
were estimated, and these parameters are usually used for representing
the urbanmorphology. The sumof building height, building density and
SVF usually represent the urbanization level, where a highly urbanized
area always has higher sum values of building height and building den-
sity and lower SVF. The standard deviation of these factors represents
the variation of the urban morphology and the building geometry. The
standard deviation of building density and building height refer to the
crowdedness between buildings and the roughness of the buildings in
urban morphology. These building related attributes have been exten-
sively utlized in other studies. For example, Hang et al. (2012) evaluated
the pollutant dispersion and pedestrian ventilation using different stan-
dard deviation of building heights and same average building height to
simulate different urban morphologies. Building height, building den-
sity and SVF were also used for studying the urban heat island effect
caused by urban geometry heterogeneity (Yang and Li, 2015).

(3) Road network

In addition to the building geometry, the road networks were also
considered, as they are related to the vehicular and pedestrian flows
and play an important role in the urban design and planning (Penn
et al., 1998). The pedestrian road networks within a 500 m walkable
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buffer zone of each case were collected with the tool “OSMnx” (Boeing,
2017), road networks can be collected and analyzed easily based on the
OpenStreetMap data using graph theory. The characteristics of the road
network and thewalkable connectivitywere considered based on infor-
mation of nodes, streets, and connectivity in this study. The list of all the
parameters adopted is shown in Table A.1.

(4) Greenspace exposure

The neighborhood green space within a 500-meter-radius buffer
zone of the residential address of each case was measured using the
Normalized Difference Vegetation Index (NDVI) image derived from a
Satellite Pour l'Observation de la Terre (SPOT) 7 image captured on Feb-
ruary 29, 2016. The NDVI is a normalized ratio of the infrared and red
bands, ranging from −1 (no vegetation) to 1 (dense vegetation)
(Goward et al., 1991) (Fig. 6). The sum and standard deviation of the
NDVIwithin a 500-meter buffer area of each casewere retrieved, to rep-
resent the total greenspace exposure and the variation of greenspace.

3. Methodology

To further investigate the influence of spatial context on COVID-19
transmission, the stepwise logistic regression, the logistic regression
with case-control of time, and the least absolute shrinkage and selection
operator (Lasso) regression were performed to identify the significant
factors. The dependent variable for the regression was the class of
cases, that is imported cases or local cases. Local confirmed cases of
COVID-19 (including local, possibly local, close contact of local, and
close contact of possibly local cases) in Hong Kongwere selected as tar-
get cases, and non-local cases (imported cases) were selected as the
controls, since the non-local cases were not subject to the local factors
when they get infected. The close contact with the imported cases was
5

not considered in this study, as they were dependent on both local fac-
tors and imported patients.

A total of 125 independent variables were used in this study, as
shown in Table A.1 included in the appendix, that is, building geometry,
road network, greenspace and socio-demographic characteristics, re-
spectively. These variableswere extracted from the government and In-
ternet datasets based on the location list. Hospitals, ports of entry and
quarantine facilities were excluded from the list because the patients
are infected with COVID-19 before they visit these sites. Information
such as neighborhood greenspace, building geometry, road networks,
and the census information of individual location retrieved from the
government dataset and the Internet were normalized within a range
of 0 to 1, to determine the critical risk factors for COVID-19 cases.
Spearman's correlation analysis was conducted to evaluate the relation-
ship between variables, and the variables were removed if the correla-
tion value was higher than 0.8 so that the variables with high
correlation can be excluded.
3.1. Evaluation of the association between spatial context and the COVID-
19 infection

Logistic regression was performed to describe the relationships be-
tween independent variables and dependent variable (Kleinbaum and
Klein, 2002), while the stepwise approach is adopted to estimate the pa-
rameters to be included in themodel (Steyerberg et al., 1999). However,
there are several limitations if logistic regression is used. First, the date
of onset is a crucial factor for understanding the transmission of infec-
tious disease, especially for those diseases which are contagious before
the onset (Fraser et al., 2004). Therefore, the dataset was further ana-
lyzed using the conditional logistic regression to confirm the time of
case confirmation.



Fig. 4. Map of sky view factor.
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To tackle the problem of the unequal number of cases and control
that is commonly occurred in the epidemiological studies, as well as to
control the time-related variables, logistic regression with case-control
analysis was performed to account for the 1-n matched design. The
imported cases were considered as controls and the local cases were
considered as the target cases for the analysis in the case-control
study. Since the ratio of local cases to imported caseswas approximately
1/2 in Hong Kong, two imported case records were matched with each
local case record by the closest dates of confirmation for case-control
comparison. In addition, in order to conduct temporal evaluation of
the influence of the urban geometry and socio-demographic character-
istics on COVID-19 local cases, the difference in the confirmation date
was set at most three days for each pair of case-control group so that
this method evaluated the changes of COVID-19 cases over time
among the groups. The commercial software SPSS was adopted to per-
form the stepwise logistic regression and logistic regression with case-
control of time in this study.

To avoid the multicollinearity problem caused by a large number of
highly correlated parameters (Shen and Gao, 2008), logistic regression
with Lasso regularization was also performed in the current study.
Tibshirani (1996) developed Lasso regularization to minimize the sum
of squared residuals by applying a penalization parameter to shrink
smaller coefficients toward zero, leaving only the most predictive vari-
ables in the model:

bβlasso ¼ min ∑
n

i¼1
yi−β0−∑

p

j¼1
βjxij

 !2

þ λ∑
p

j¼1
βj

�� ��0@ 1A ð1Þ

where yi denotes the dependent variable for the ith data, xi=(xi1,xi2,…,
xip)T denotes the predictor variables for the ith data, βj denotes the coef-
ficient of the regression model for the jth dependent variable, p denotes
6

the number of independent variables, and λ denotes the penalization
parameter which is determined by 10-fold cross-validation in this
study. This method is useful in identifying the specific factors that were
most associated with the confirmed case by eliminating those unassoci-
ated variables, so that the predictive performance can be improved
(Tibshirani, 2011, 1996). In this study, the logistic regression with Lasso
regularization was conducted in R software with “glmnet” package
(Friedman et al., 2010; Simon et al., 2011).

4. Results

From January 23, 2020, to April 30, 2020, therewere 1038 COVID-19
cases confirmed in Hong Kong, including 616 imported cases, 25 cases
that have been in close contacts with imported cases, 67 local cases,
165 cases that have been in close connection with local cases, 103 likely
local cases and 62 cases that have been in close contacts with the likely
local cases. The temporal distribution of confirmed cases is shown in
Fig. 7. The age of patients ranged from40 days to 96 years,while 559pa-
tients were males and 479 patients were females. Since the cases that
have been in close contact with the imported cases were excluded,
1013 cases were analyzed. Based on the selection criteria as described
in the methodology, 1893 records retrieved from the government
dataset and 1880 records were retrieved from the Internet dataset for
logistic regression and Lasso regression. After considering the
three-day interval for case-control study, only 1053 and 1005 records
were retrieved from the government and Internet datasets respectively.
The reason why there are more locations than COVID-19 cases is that
the patients have been to a number of locations during their incubation
period as reported. Some cases reported several locations, and some re-
ported one or none, especially for the imported cases which were diag-
nosed during entry or the home confinement period. For each reported



Table 1
Coefficient of significant spatial variables from logistic regression analysis, case-control analysis and Lasso regression analysis. The bold text indicates the significant variables from at least
three out of six models.

Spatial variable Government dataset Internet dataset

Main category Sub-category Variable Logistic
regression

Case-control Lasso
regression

Logistic
regression

Case-control Lasso
regression

Urban geometry Building
geometry

Building height (sum) 2.132⁎⁎ 2.710⁎⁎ 1.159 3.210⁎⁎ 2.240⁎⁎ 0.951
Building height (standard deviation) – – – −2.302⁎⁎ – –
Building density (sum) – – – – – 0.273
Building density (standard deviation) −1.590⁎⁎ −1.797⁎⁎ −0.030 −1.536⁎⁎ −1.924⁎⁎ −0.140
Sky view factor (sum) – – −0.419 – – −0.234

Road network Street length (average) −2.304⁎⁎ – −0.675 −2.870⁎⁎ – −0.226
Socio-demographic
characteristics

Demographic
characteristics

Population density 0.849⁎⁎ – 0.213 – – –
Age group: 65+ (male) 1.007⁎⁎ – 0.290 – – –

Educational
characteristics

Highest educational attainment: Sub-degree course – – – 1.316⁎⁎ – 0.100

Economic
characteristics

Economic status: Others – – – – – 0.298
Occupation: Professionals – – – −2.543⁎⁎ −1.669⁎⁎ –
Occupation: Service and sales workers – – 0.093 1.278⁎ – 0.325
Occupation: Craft and related workers – – – −3.459⁎⁎ – –
Occupation: Skilled agricultural and fishery
workers; and occupations not classifiable

−2.123⁎⁎ −3.475⁎⁎ −0.719 – – –

Industry: Accommodation and food services – – – – – 0.415
Industry: Manufacturing – – – – – −0.049
Industry: Public administration, education, human
health and social work activities

– – – – – −0.183

Working location: Another district on Hong Kong
Island#

– – 0.153 0.813⁎⁎ 1.058⁎⁎ 0.638

Working location: Outside Hong Kong – – – −1.116⁎⁎ – –
Weekly working hours: 18–34 – – – – – 0.108
Weekly working hours: 65 and over – 1.458⁎ – – – –
Median monthly income from main employment
(male)

– −1.723⁎⁎ – – – –

Median monthly income from main employment
(female)

– – – – – −0.073

Household
characteristics

Median monthly domestic household income – – – – – −0.732

Housing
characteristics

Tenure of accommodation: Owner-occupier (with
mortgage and loan)

– – −0.018 – – –

Tenure of accommodation: Owner-occupier (without
mortgage and loan)

– – – −1.421⁎⁎ – –

Tenure of accommodation: Sole tenant – – – – – 0.309
Tenure of accommodation: Co-tenant −0.642⁎⁎ – – −0.705⁎ – –
Tenure of accommodation: Provided by employer – – – −1.229⁎ – –

⁎⁎ Significant result with p-value < 0.01.
⁎ Significant result with p-value < 0.05.
# “Working location: Another district on Hong Kong Island”means the number of persons working on Hong Kong Island, excluding the persons living and working in the same district

on Hong Kong Island.
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location, 125 variables were input to the three proposed models after
the highly correlated variables (correlation higher than 0.8) were fil-
tered, including six building geometry variables, eight road network
variables, two greenspace variables and 109 socio-demographic
characteristics.

Table 1 presents the coefficients of spatial factors with significance
obtained from logistic regression, case-control and Lasso regression for
both government and Internet datasets. The insignificant variables
were not presented because there are a large number of variables. The
independent variables used in logistic regression and case-control
Table 2
Summary of important spatial variables from at least three models.

Spatial variable

Main category Sub-category Variable

Urban geometry Building geometry Building height (sum)
Building density (standard deviation

Road network Street length (average)
Socio-demographic
characteristics

Economic
characteristics

Working location: Another district o
Occupation: Service and sales worke
Occupation: Skilled agricultural and
not classifiable
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analysis were tested using the Chi-square test, and Table 1 shows the
variables with p-value smaller than 0.05. For Lasso regression, the coef-
ficients of selected variables from 10-fold cross-validation are listed in
Table 1 as well. Among the 125 independent variables, 29 variables
were found to have a significant relationship with COVID-19 cases in
Hong Kong, in either one of the models or datasets. From the table, it
is found that 13 variables displayed a positive relationship, and 16 had
a negative relationship with the confirmed cases. Among the significant
factors, five variables are associated with the building geometry, one
with the road network, two with the demographic characteristics, one
Number of models
indicated as
significant factors

Sign of the
coefficient in
the model

6 (+)
) 6 (−)

4 (−)
n Hong Kong Island 4 (+)
rs 3 (+)
fishery workers; and occupations 3 (−)
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with the educational characteristics, 14 with the economic characteris-
tics, one with the household characteristics and five with the housing
characteristics. However, no significant relationship was found in its re-
lationship with greenspace exposure.

The results from the three models using the two datasets are not
identical, we selected those factors which were significant in at least
three models for the investigation, and there are six factors in total
(Table 2). Three factors are associated with urban geometry and three
are associatedwith the socio-demographic characteristics. These factors
were the sum of building height (positive in six models), the standard
deviation of building density (negative in six models), average street
length (negative in four models), working location in another district
on Hong Kong Island (i.e., the number of persons working on Hong
Kong Island, excluding the persons living and working in the same dis-
trict on Hong Kong Island) (positive in five models), service and sales
workers (positive in three models), skilled agricultural, fishery workers
and occupations not classifiable (negative in three models).

Table 3 generalizes the absolute contribution of the spatial factors
(i.e., sum of the absolute coefficient of the factors listed in Table 2) to
each of the models. Since the values were normalized through pre-
processing phases, theseweightings can be directly compared. Compar-
ison of the coefficients of urban geometry with the socio-demographic
characteristics shows that the weighting of urban geometry is higher
than that of socio-demographic characteristics in all models. By analyz-
ing the ratio of the important factors between urban geometry and
socio-demographic characteristics as shown in brackets of Table 3, it is
found that thenumber of variables related to theurban geometry is usu-
ally greater than or equal to the socio-demographic characteristics.
These two findings indicate the importance of urban geometry to
COVID-19 cases in Hong Kong.

5. Discussion

This study compared the local with the imported COVID-19 cases in
Hong Kongwith the use of logistic, case-control and Lasso regressions to
identify the relevant spatial factors in the transmission and spread of the
disease. A total of 125 variables were analyzed with six of them related
to the building geometry, eight related to the road networks, two re-
lated to the greenspace and 109 related to the socio-demographic char-
acteristics. Six important factors were determined through six models,
to explain the relationship between urban geometry, socio-
demographic characteristics and the incidence of COVID-19.

Of the socio-demographic characteristics investigated, those found
to be associatedwith COVID-19 patientswere related to theworking lo-
cations and occupations, which are consistent with the findings of other
studies (Almagro and Orane-Hutchinson, 2020). Positively related fac-
tors included theworking location onHongKong Island and the occupa-
tion as service and sales workers. Hong Kong Island is the central
business district of Hong Kong, which occupies 7% of the land area,
while but 23% of the working population resides on the island. High
population density has been discussed in several studies, as one of the
factors leading to the transmission or mortality of COVID-19 (Rocklöv
and Sjödin, 2020;Wu et al., 2020). The densely populatedHongKong Is-
land provides many chances of social contacts among the large working
population. In addition, theworkers engaged in the service and sales in-
dustry have a greater chance of getting close the contact with the cus-
tomers and clients, so they are faced with greater risks due to the
nature of their jobs. This finding aligned with findings from the first
Table 3
Weighting of the important spatial variables to COVID-19 cases based on the main category an

Spatial variable Government dataset

Logistic regression Case-control L

Urban geometry 6.026 (3) 4.507 (2) 1
Socio-demographic characteristics 2.123 (1) 3.475 (1) 0
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outbreak of the COVID-19 in Wuhan, China, and those earliest con-
firmed cases were salesmen or saleswomen at Huanan SeafoodWhole-
sale Market (Rothan and Byrareddy, 2020). Based on the experience
from Singapore, Koh (2020) also suggested that occupational exposure
are the main reasons for earliest confirmed cases engaged in the tour-
ism, retail and transportation industries. The result of this study further
supports the findings of these previous studies, indicating high expo-
sure risk of certain occupations. In contrast, the occupation of the
group “skilled agricultural, fishery workers and occupations not classifi-
able”wasnegatively correlatedwith the infection. Theseworkers are ei-
ther working outdoors or tend to work at one location away fromurban
areas (e.g., cultivated field, mariculture raft, fishing boat or home) lead-
ing to lower contact with others.

Some of the other studies highlighted the importance of the
socio-demographic characteristics on COVID-19 cases, especially the
population density on the COVID-19 case number and the spread of
the disease. For example, direct relationship was found between the
COVID-19 outbreak and the population density in Iran (Ahmadi et al.,
2020). Similar finding from the study in Japan suggested the positive
correlations between the morbidity and mortality rates and population
density (Kodera et al., 2020). The study in Turkey emphasized the im-
portance of the population density and wind that these two factors
can explain 94% of the variance in the spread of COVID-19 in the country
(Coşkun et al., 2021). However, most of the studies have not yet consid-
ered the urban geometry as a factor in their analysis. In this study, the
population density was found to be less important than the urban ge-
ometry to COVID-19 cases. From Table 1, population density is the sig-
nificant factor in two out of six models only while the sum of building
height and standard deviation of building density are involved in all
sixmodels. In logistic regression and Lasso regression using government
dataset, the coefficients of population density are 0.849 and 0.213 re-
spectively, while the coefficients of the sum of building height are
2.132 and 1.159, in which the standard deviation of building density
are −1.590 and −0.030, and that of average street length are −2.304
and −0.675 respectively. When comparing the coefficients of the vari-
ables, it is clearly observed that the contribution of urban geometry
characteristics is higher than the population density in the models.

To our understanding, there was no research on the relationship be-
tween COVID-19 and urban geometry in the past. The results of the
study reveal the importance of urban geometry to COVID-19. The
most important spatial factors found in this study were the building
height and the building density, and they were two variables with sig-
nificance in all six models. There was a positive association between
COVID-19 cases and the sum of building height, and a negative associa-
tionwith the standard deviation of building density. Buildingheight and
building density are key components of urban geometry and surface
roughness, and these greatly determine themagnitude of wind ventila-
tion (Kubota et al., 2008; Rafailidis, 1997; Wong et al., 2010). The total
building height evaluates the level of urbanization level in an area, as
high buildings usually exist in urban areas where there are densely
built high-rises. In Hong Kong, there are 20 floors to 50 floors in most
urban buildings (Wong et al., 2010), and high-rise and dense buildings
are always considered as factors that are not good for wind ventilation,
and in such an environment, people's health conditionwill be adversely
affected (Wargocki, 2013). Building density is an indicator of howdense
of the buildings in an area, and thewindventilation is always poor in the
high building density area since the wind is obstructed by the buildings
(Yang et al., 2019). The standard deviation of building density can
d the number in brackets indicates the important factors from the model.

Internet dataset

asso regression Logistic regression Case-control Lasso regression

.863 (3) 7.616 (3) 4.164 (2) 1.317 (3)

.965 (3) 2.091 (2) 1.058 (1) 0.963 (2)
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represent the building distribution of the area, and the higher building
density (standard deviation) means more diversified the building
blockage. More diversified building blockage improves ventilation be-
cause of the enhanced turbulence generation by rough surfaces. A typi-
cal case of the building environment affecting the spread of infectious
disease was happened during SARS outbreak in 2003, where more
than 300 people who lived in Amoy Gardens housing complex in
Hong Kongwere infected. The consensus document of theWorld Health
Organization reported the large number of infection in building Block E
that the dry U-traps in bathroom allowed the contaminated sewage
droplets entering households, and the increasing number of virus in
the sewer system was aerosolized in bathroom (World Health
Organization, 2003) and contaminated droplets were transported
through the running exhaust fan to air shaft and thus to the upper
part of the building (World Health Organization Regional Office for
the Western Pacific, 2003). Since some of the patients did not have
person-to-person contacts with others, Yu et al. (2004) conducted
some epidemiologic analysis, experimental studies and airflow simula-
tions to further examinate and confirm the airborne spread of SARS be-
tween building blocks. Since the outbreak of SARS and avian flu in 2003,
researchers start investigating the relationship between urban environ-
ments and the infectious diseases, and how different urban settings can
affect health of inhabitants and the spread of diseases (Wolf, 2016). This
study further emphasizes the relationship between building geometry
and COVID-19 cases.

The average street lengthwas significantly related to urban geometry,
as four models suggested the negative correlation of this factor with the
infection riskwithin a 500mwalkable zone. Longer lengths generally rep-
resented by main roads and shorter lengths represented by short streets
and lanes. As shown in Fig. 5a, the pedestrian networks in Hong Kong
urban areas usually consist of several main roads and a number of short
streets connecting with the main roads. Long average street length is
the result of low connectivity where only main roads exist in the target
zone (Fig. 5b) and there are fewer connections between roads. The walk-
ingmobility is thus restricted by limited connectivity and this also reduces
the social contact. Increasing social distancing has been demonstrated as a
mean to reduce the spread of COVID-19, and the low walking mobility
from low connectivity is able to achieve the objective in reducing the in-
fection risk, probably through increased social distancing.

In addition to the analysis of individual factors, amajor conclusion of
this study is that urban geometry is more important than socio-
Fig. 5. Examples of road network collected fro
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demographic characteristics in COVID-19 risk. Most other studies of
the spatial-statistical factors related to COVID-19 cases focused on
socio-demographic characteristics, (e.g., Drefahl et al., 2020; Mogi and
Spijker, 2020; Raifman and Raifman, 2020) while the urban geometry
is rarely considered. In this study, although the number of independent
variables for urban geometry was fewer than socio-demographic char-
acteristics, the results indicate that urban geometry is more important
than socio-demography in affecting the COVID-19 cases in Hong Kong.
Although this significant association has not been mentioned in the lit-
erature, urban geometry has been found influential to other diseases.
For example, building properties were found correlated with
tuberculosis (Lai et al., 2013), respiratory conditions (McCarthy et al.,
1985), visual and acoustic comfort (Chan and Liu, 2018), thermal com-
fort (Ali-Toudert and Mayer, 2006) and excess mortality (Wong et al.,
2017). The results of this study confirm the association between urban
geometry and disease in the case of COVID-19. The findings on the im-
portance of the urban geometry in this study can be further extended
to other infectious diseases, e.g. influenza, tuberculosis and dengue
fever. Since there are only a few studies evaluating the association be-
tween infectious diseases and urban geometry, this study could further
be extended once the data are available.

Limitations of the study include the use of the imported cases as a
control group for comparison with the local cases, as it is based on the
assumption that the imported cases were not exposed in the high-risk
areas when they became infected. The reason for not selecting healthy
people as the control group was to prevent bias caused by the differ-
ences between the control group and target group, as more than
seven million people did not catch the disease. Regarding the data
used, all the urban geometry and socio-demographic factors considered
were collected at a fixed time, as the spatially and temporally dynamic
data were unavailable. In addition, the socio-demographic data have
been retrieved from the census at TPU, rather than based on the charac-
teristics of an individual patient. Themethod used in this study displays
great applicability in determining the influence of the social
environment on the individuals, rather than the individual personal
characteristics (Kosatsky et al., 2012). If the personal characteristics of
individual patients could be obtained, an individual vulnerability could
be identified using a similar approach. Although this study could not ex-
haust all the potential factors, it provides a useful approach to the iden-
tification and highlights the importance of urban geometry to COVID-19
cases.
m “OSMnx” (a) urban area; (b) rural area.



Fig. 6. NDVI map for the calculation of greenspace exposure.
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6. Conclusions

In this study, a combination of logistic, case-control and Lasso re-
gressions was performed to evaluate the importance of urban geom-
etry and socio-demographic factors in the transmission and spread
Fig. 7. Temporal distribution of the c
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of COVID-19 cases in Hong Kong. Themain factors contributing to in-
creased risk were building height, working in another district on
Hong Kong Island, and service and sales occupations. Low-risk fac-
tors included districts with large variation in building density, low
walkability and occupation of skilled agricultural and fishery
ase class of the confirmed cases.
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workers, and occupations not classifiable. The results suggest the im-
portant contribution of urban design and geometry, including build-
ing geometry and road network settings, to risk from COVID-19
when compared with socio-demographic characteristics. This result
can provide insight for citizens to understand and avoid risk, and
for government to establish planning and design policies to mini-
mize disease transmission in the short-term and better urban plan-
ning in the long-term.
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Table A.1
Variables used in this study.

Main category Sub-category Variable

Urban geometry Building geometry 1. Building height (Sum/Standard deviat
2. Building density (Sum/Standard devia
3. Sky view factor (Sum/Standard deviat

Road network 1. Number of nodes in network
2. Number of edges in network
3. Average node degree
4. Intersection count
5. Average streets per node
6. Counts of streets per node
7. Total edge length
8. Average edge length
9. Total street length

10. Average street length
11. Count of street segments
12. Average circuity
13. Self-loop proportion
14. Mean average neighbourhood degree
15. Mean average weighted neighbourho
16. Average degree centrality
17. Average weighted clustering coeffici
18. Average betweenness centrality

Greenspace 1. Normalized difference vegetation inde
Socio-demographic
characteristics

Demographic
characteristics

1. Total number of populations
2. Population density
3. Age

(i) 0–19 (Male/Female/Both sex)
(ii) 10–64 (Male/Female/Both sex)
(iii) 65+ (Male/Female/Both sex)

4. Median age (Male/Female/Both sex)
5. Ethnicity

(i) Chinese
(ii) Filipino
(iii) Indonesian
(iv) White
(v) Others
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Table A.1 (continued)

Main category Sub-category Variable

6. Marital Status

(i) Never married
(ii) Married
(iii) Widowed
(iv) Divorced
(v) Separated

7. Usual spoken language

(i) Cantonese
(ii) Putonghua
(iii) Other Chinese dialects
(iv) English
(v) Other languages

8. Whether able to read Chinese

(i) Able to read
(ii) Not able to read

9. Whether able to read English

(i) Able to read
(ii) Not able to read

10. Whether able to write Chinese

(i) Able to write
(ii) Not able to write

11. Whether able to write English

(i) Able to write
(ii) Not able to write

Educational
characteristics

1. Educational attainment (highest level attended)

(i) No schooling/Pre-primary
(ii) Primary
(iii) Lower secondary
(iv) Upper secondary
(v) Post-secondary: Diploma/Certificate
(vi) Post-secondary: Sub-degree course
(vii) Post-secondary: Degree course

Economic
characteristics

1. Economic activity status

(i) Employees
(ii) Employers
(iii) Self-employed
(iv) Unpaid family workers
(v) Home-makers
(vi) Students
(vii) Retired
(viii) Others

2. Place of Work

(i) Work in the same district
(ii) Work in another district on Hong Kong Island
(iii) Work in another district in Kowloon
(iv) Work in another district in New Towns
(v) Work in another district in other areas in the New Territories
(vi) No fixed place/Marine
(vii) Work at home
(viii) Places outside Hong Kong

3. Monthly income from main employment

(i) <HK$10,000
(ii) HK$10,000–HK$19,999
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Table A.1 (continued)

Main category Sub-category Variable

(iii) HK$20,000–HK$39,999
(iv) ≥HK$ 40,000

4. Median monthly income from main employment (Male/Female/Both sex)
5. Occupation

(i) Managers and administrators
(ii) Professionals
(iii) Associate professionals
(iv) Clerical support workers
(v) Service and sales workers
(vi) Craft and related workers
(vii) Plant and machine operators and assemblers
(viii) Elementary occupations
(ix) Skilled agricultural and fishery workers; and occupations not classifiable

6. Industry

(i) Manufacturing
(ii) Construction
(iii) Import/export, wholesale and retail trades
(iv) Transportation, storage, postal and courier services
(v) Accommodation and food services
(vi) Information and communications
(vii) Financing and insurance
(viii) Real estate, professional and business services
(ix) Public administration, education, human health and social work activities
(x) Miscellaneous social and personal services
(xi) Others: including “Agriculture; forestry and fishing”; “Mining and quarrying”; “Electricity and gas supply”; “Water

supply; sewerage, waste management and remediation activities” and industrial activities unidentifiable or inade-
quately described

7. Weekly usual hours of work of all employment

(i) <18
(ii) 18– 34
(iii) 35– 44
(iv) 45– 54
(v) 55– 64
(vi) 65+

Household
characteristics

1. Household size

(i) 1
(ii) 2
(iii) 3
(iv) 4
(v) 5
(vi) 6+

2. Average domestic household size
3. Household composition

(i) Composed of couple
(ii) Composed of couple and unmarried children
(iii) Composed of lone parent and unmarried children
(iv) Composed of couple and at least one of their parents
(v) Composed of couple, at least one of their parents and their unmarried children
(vi) Composed of other relationship combinations
(vii) One-person households
(viii) Non-relative households

4. Monthly domestic household income

(i) <HK$10,000
(ii) HK$10,000–HK$19,999
(iii) HK$20,000–HK$39,999
(iv) HK$40,000–HK$79,999
(v) ≥HK$ 80,000

(continued on next page)
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Table A.1 (continued)

Main category Sub-category Variable

5. Median monthly domestic household income
6. Median monthly household income of economically active households

Housing
characteristics

1. Type of Housing

(i) Public rental housing
(ii) Subsidised home ownership housing
(iii) Private permanent housing
(iv) Non-domestic housing
(v) Temporary housing

2. Tenure of Accommodation

(i) Owner-occupier – With mortgage or loan
(ii) Owner-occupier – Without mortgage and loan
(iii) Sole tenant
(iv) Co-tenant/Main tenant/Sub-tenant
(v) Rent free
(vi) Provided by employer

3. Median monthly domestic household rent
4. Median rent to income ratio
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