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Water-associated diseases, such as cholera, 
dengue, and schistosomiasis, threaten the health 
and wellbeing of billions worldwide. They are most 
prevalent in tropical and sub-tropical regions, and 
are spread through contact with contaminated 
water or exposure to disease-carrying vectors 
(such as mosquitoes) that depend upon water to 
survive. Exacerbated by poor water and waste 
management, rapid urbanization, high population 
density, and changing climate conditions, water-
associated diseases are of increasing concern in 
a rapidly changing and increasingly globalized 
world.

With limited resources to treat or combat the 
spread of water-associated disease in many 
endemic regions, preventative interventions must 
be appropriately targeted and timed to maximize 
their efficacy. This requires accurate identifica-
tion of regions most vulnerable to disease, and 
the timely delivery of interventions to prevent, 
mitigate, and manage disease in these regions.

In this report, we apply the Water Associated 
Disease Index (WADI) to calculate and visually 
communicate vulnerability to dengue on a 
global scale. While a number of tools exist to 
measure vulnerability to disease, most focus on 
when and where environmental conditions are 
optimal for an outbreak to occur, with little or no 
consideration of the role social determinants play 
in shaping vulnerability. As with any disease, we 

believe that vulnerability is shaped by a diverse 
range of environmental and social conditions. 
With this in mind, the WADI was developed 
to assess vulnerability by integrating disease-
specific measures of environmental exposure (i.e., 
temperature, precipitation, land cover etc.) with 
disease-specific measures of social susceptibility 
(i.e., life expectancy, educational attainment, 
access to healthcare etc.) to provide a holistic 
picture of vulnerability to disease.  

The WADI is a practical disease-specific tool for 
assessing vulnerability at a range of different 
spatial and temporal scales using publicly available 
data. It provides a new way of conceptualizing 
and communicating vulnerability to disease and, 
in this instance, demonstrates clear patterns of 
dengue vulnerability and how these may change 
over time.

It is our hope that the WADI will be used to 
inform mid- to long-term allocation of resources 
to reduce or eradicate the burden of water-
associated disease.

Corinne Schuster-Wallace
Senior Research Fellow, UNU INWEH
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5Introduction

Water-associated diseases are responsible for 
approximately 3 million deaths annually and 
countless hours of lost productivity and illness 
(WWAP, 2009). They are spread by a range of 
transmission routes including ingestion of water, 
contact with water, and vectors that require 
water to proliferate. Approximately 10% of the 
global burden of disease could be prevented by 
improved access to safe water, sanitation and 
hygiene, and better water management (Prüss-
Ustün et al., 2008). Most prevalent in tropical and 
sub-tropical regions, the spread of these diseases, 
such as dengue, cholera, and schistosomiasis, is 
exacerbated by global changes including rapid 
population growth, uncontrolled urbanization, 
changing climate conditions, and decreasing 
water security. While preventative measures can 
be taken to lower the burden of disease, interven-
tions must be appropriately targeted for greatest 
impact. In order to effectively direct resources 
for disease control, it is crucial to understand key 
disease determinants and dynamics, and the dif-
ferential distribution of vulnerability. Vulnerability 
assessment is an approach that can be used to 
represent multi-dimensional information in order 
to identify priority regions and populations, and 

support disease control and health promotion 
interventions. This report describes the use of a 
Water-Associated Disease Index (WADI) to map 
global dengue vulnerability, a pragmatic tool that 
can be implemented with limited data or technical 
input, which is critical for decision-making in low-
resource settings. By combining key factors that 
represent exposure, individual susceptibility, and 
community susceptibility to dengue transmission, 
regions most vulnerable to dengue are identified 
and mapped.

Dengue: a complex  
water-associated disease

Dengue is a water-associated disease transmitted 
by mosquito vectors, Aedes aegypti and Aedes 
albopictus, in tropical and sub-tropical regions. A. 
aegypti is predominantly an urban mosquito that 
often lays eggs in household water containers, 
while A. albopictus is often found outdoors in 
vegetated areas. Both mosquitoes feed during 
daylight hours, and commonly bite several different 
people with each blood meal, allowing for trans-
mission of dengue virus to multiple people within 
a short period of time (Gubler, 1998).

Introduction

CHAPTER ONE
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Global incidence of dengue has grown rapidly, 
putting more than half the world’s population at 
risk (WHO, 2013). Dengue is estimated to infect 
close to 400 million people and cause 250,000– 
500,000 cases of severe dengue annually, leading 
to hundreds of thousands of hospitalizations, 
countless hours of lost productivity, and approxi-
mately 20,000 deaths per year (Bhatt et al., 2013; 
Gubler, 1998; Suaya et al., 2007). Most prevalent 
in Southeast Asia, the Americas, and Western 
Pacific regions, dengue is characterized by a 
fever lasting two to seven days, and non-specific 
symptoms such as headache, rash, body aches, 
and joint pain (Gubler, 1998). Following the febrile 
phase of infection, dengue can progress into the 
more severe forms of Dengue Hemorrhagic Fever 
and Dengue Shock Syndrome (DHF, DSS). DHF 
and DSS are life-threatening conditions requiring 
hospitalization and are believed to occur most 
frequently among children, the elderly, and those 
previously infected with at least one of four strains 
(DENV-1, DENV-2, DENV-3, DENV-4) of dengue 
virus.  

With no available vaccinations or specific treatments, 
actions taken in the home and community to reduce 
mosquito habitats are of vital importance for dengue 
prevention. The WHO Global Strategy for Dengue 
Fever/Dengue Haemorrhagic Fever Prevention and 
Control is comprised of five key components:
 

1.	 Selective integrated vector control, with 
community and intersectoral collaboration, 

2.	 Active disease surveillance based on a 
strong health-information system, 

3.	 Emergency preparedness, 
4.	 Capacity building and training, and 
5.	 Vector-control research (Nathan & Dayal-

Drager, 2006; WHO, 2012). 

However, many endemic countries lack the health 
systems and data collection tools required for 
extensive disease surveillance. The WADI can 
be applied in these settings because it provides 
a targeted and adaptable approach to address 
widespread data and resource limitations.

Furthermore, due to its non-specific influenza-like 
symptoms, dengue is commonly misdiagnosed 
and underreported, especially where diseases 
with similar symptoms such as malaria, chikun-
gunya, leptospirosis, and typhoid are prevalent, 
and where rapid testing for dengue is unavailable 
(Suaya et al., 2007). For instance, new research 
indicates that dengue may represent a much 
higher burden of disease in Africa than previously 
believed, almost equivalent to that of the Americas 
(Bhatt et al., 2013). Widespread misdiagnoses 
and underreporting not only make dengue a 



7

Photo Caption

Introduction

challenging disease to monitor and measure, but 
also make it difficult to accurately quantify the 
global burden of disease. For this reason, data on 
incidence rates and resulting burden of disease 
are incomplete or unavailable for some dengue-
endemic countries and regions. Thus, innovative 
tools and strategies which identify key regions for 
action are of critical importance for informing and 
validating policy decisions, research priorities, 
prevention programmes, and training initiatives.

The development of novel tools to assess vul-
nerability is of additional relevance because 
many water-associated diseases are expanding 
globally, often linked to global changes in human-
environment systems. Dengue is considered a 
re-emerging disease, which has experienced an 
exponential increase in the number of reported 
global dengue cases in the last decade (Nathan et 

al., 2007). Global changes contributing to dengue 
expansion include rapid global population 
growth, rural to urban migration, the absence 
of effective vector controls in dengue-endemic 
regions, increased transportation from region to 
region, and poor public health infrastructure in 
many dengue-endemic countries (Gubler, 1998).

Despite existing evidence that identifies key 
disease determinants and thresholds in the 
literature, limited tools exist to translate and 
operationalize this understanding to improve 
decision-making. In light of these challenges, 
this report applies the WADI tool to map exist-
ing vulnerability to dengue in order to visualize 
global regions under greatest threat. Outcomes 
enhance understanding of factors mediating den-
gue transmission globally, which can contribute to 
better allocation of targeted resources for long-
term disease prevention and control planning. 

Charles Rondeau 
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CHAPTER TWO

Objectives

The overall goal of this report is to apply the Water 
Associated Disease Index to visualize vulnerability 
to dengue at a global scale. This can be broken 
down into several key objectives:

»» To identify and integrate global indicators 
of susceptibly and exposure to dengue

»» To develop a strategy for addressing gaps 
in global datasets

»» To visually communicate global vulner-
ability to dengue based on susceptibility 
and exposure indicators in map format
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“Accurate assessment of the global, regional, 
and country health situation and trends is critical 
for evidence-based decision making for public 
health.” 

- Margaret Chan, WHO Director-General

While commonly used to assess the impacts of 
climate change and natural disasters, vulnerability 
assessment can be a useful tool in the context of 
health and wellbeing applications. Understanding 
vulnerability to water-associated diseases, such as 
dengue and schistosomiasis, can make significant 
contributions to effective monitoring, prevention 
and control strategies. However, the concept of 
vulnerability is often contested among scholars 
who conceptualize the term differently according 
to their purpose and discipline (Füssel, 2009). In 
many cases vulnerability is determined by consid-
ering dimensions of exposure, susceptibility and 
ability to adapt or cope with a hazard (Adger, 
2006). In this study, vulnerability is defined as “the 
degree to which a system is susceptible to, or 
unable to cope with, adverse effects” (McCarthy 
et al., 2001). When applied to the water-associ-
ated disease context, vulnerability is determined 
by a population’s exposure to conditions that 

support the presence and transmission of a water-
associated pathogen, and susceptibility to social, 
cultural, and economic conditions that shape sen-
sitivity to a water-associated pathogen (Figure 1). 

A challenge of vulnerability assessment is the 
synthesis of diverse social and environmental de-
terminants in order to communicate, and often 
quantify, the implications of a specific hazard. For 
instance, relevant factors may act across multiple 
spatial and temporal scales and may be repre-
sented by a range of qualitative and quantitative 
data. Because measures of exposure and suscep-
tibility are often multi-dimensional, indicators are 
commonly used as proxies to allow for the simpli-
fication and integration of diverse measures into 
a composite index (Hahn et al., 2008). Indicators 
are useful for summarizing large volumes of data 
into formats that are useful for decision-makers.

CHAPTER THREE

Applying a vulnerability framework to 
water-associated disease
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“Vulnerability assessment offers a novel way to 
conceptualize the complex web of factors 

and interactions mediating the water-associated 
disease burden, by focusing less on the likelihood 
of the hazard occurring, and instead on analyzing 
a wide range of factors that impact exposure, 
susceptibility, and ability to cope and recover 
from a disease” (Dickin et al.,  2013).

“
Figure 1: Components of vulnerability assessment used in the WADI approach

Vulnerability

Exposure

Susceptibility

The propensity of a system to be adversely 
affected by a hazard such as a water-
associated pathogen

Conditions that support the presence and 
transmission of a water-associated pathogen

Sensitivity to hazards (based on social, 
economic, and political conditions) 
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Water-Associated Disease 
Index (WADI) approach

The Water-Associated Disease Index (WADI) is 
designed to measure and visualize the vulnerability 
of communities and regions to infectious water-
related diseases in the face of global changes 
such as increasing urbanization, land use intensi-
fication and climate change. The WADI approach 
integrates environmental and social datasets to 
identify regions most vulnerable to specific water-
associated diseases at a spatial scale of interest. 
Index components representing susceptibility 
or exposure are combined to provide an overall 
score of vulnerability for each disease assessed.  
The pathway of index construction is illustrated 
in Figure 2. See Dickin et al., 2013 for technical 
details describing the Water Associated Disease 
Index methodology and construction.

In order to identify indicators of susceptibility 
and exposure that describe vulnerability to a 
water-associated disease, a WADI framework was 
developed based on evidence in the literature.
This framework provides a comprehensive view 
of the many factors and interactions contributing 
to disease presence and transmission. The WADI 
framework developed in this report identifies de-
terminants of exposure and susceptibility that 
together describe linkages between human, 
vector and virus elements in the dengue transmis-
sion cycle (Figure 3). This framework was used to 
inform the development of the ‘WADI: Dengue’ 
global approach through the identification of 
datasets to populate the index.

Figure 2: Pathway of WADI: Dengue index construction

Wadi 
framework

data assessment 
and collection

INDEX 
CONSTRUCTION

Vulnerability 
index

Evidence Assessment 

Publicly Available Data

Susceptibility and Exposure Components Combined

Map Output
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Figure 3: WADI framework for dengue describing linkages between human, 
vector and virus elements in the dengue transmission cycle
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“

T he WADI: Dengue 
approach provides a 

robust, easily applicable tool 
for assessing potential water-
associated disease hotspots 
across spatial and temporal 
domains.  Global vulnerability 
data created using the WADI: 
Dengue approach provides 
valuable information to 
decision-makers for improved 
planning and resource 
allocation for the prevention 
of disease.

UNU-INWEH, Sarah Dickin 
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Case study: Applying the WADI to dengue  
to assess changes in vulnerability aT  
regional level in Northeast, Brazil

Vulnerability was assessed and compared in 2000 and 
2010 in Pernambuco, Northeast Brazil (Dickin et al., 
2014). Highest vulnerability was observed in the densely 
populated capital Recife and surrounding coastal areas 
in both time periods, illustrated in the below figure 
showing conditions in March, 2010. Throughout the 
period of analysis climate conditions were found to 
create seasonal trends in exposure to dengue. While 
more remote areas in the semi-arid Sertão (western 
region) showed low vulnerability overall, increases were 
observed in some areas between 2000 to 2010 due 
to land use changes and growing populations. These 
findings illustrate the insight that analysing short-term 
and long-term regional changes can provide to a 
vulnerability assessment using the WADI approach.
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This report applies the WADI: Dengue approach 
to assess, visualize and compare trends in 
vulnerability to dengue on a global scale, providing 
a key source of information for decision-makers 
to target resources for water-associated disease 
intervention.

Data selection process

The global WADI: Dengue was constructed with 
vulnerability components representing exposure 
and susceptibility to dengue (Table 1). Identifica-
tion of indicators to describe these components 
was guided by a framework illustrated in Figure 
3, based on social and ecological factors and 
thresholds thought to mediate dengue transmis-
sion in the literature (Table 2). Selection of data to 
measure these indicators was based on the quality 
and availability of global datasets identified from 
publicly accessible data repositories online. 

In order to identify datasets to populate the 
indicators, search terms were used to identify 
website with relevant datasets, which led to WHO 
and UN divisional websites. Databases searched in 
this research included: WHO Global Health Obser-

vatory, WHO/UNICEF Joint Monitoring Programme, 
UN Statistics Division, UN Data, UNESCO Institute 
for Statistics, UN DESA Population Division, UN 
MDG Indicators, and World Bank Data. Published 
documents consulted in this research include WHO 
World Health Statistics Report 2012 and World 
Bank 2010 World Development Indicators (WDI) 
Report. Original data sources were used for each 
measure where available, i.e. if the same dataset 
appeared on multiple data platforms the organiza-
tion responsible for collecting the data was used as 
the source. 

While acceptable datasets to measure exposure 
were readily available, measures of susceptibility 
indicators were more challenging to obtain, and 
in some countries this susceptibility informa-
tion was not available. In order to determine the 
best types of information to measure indicators 
comprising the global WADI: Dengue, it was 
necessary to set indicator selection criteria to 
guide the assessment and selection process. 
Indicator selection criteria ensure measures are 
selected systematically based on their quality and 
appropriateness (Cole et al., 1998). Indicators of 
susceptibility were selected for their ability to 

Applying the WADI-Dengue 
at a global level

CHAPTER FOUR
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Table 1: Indicators used in the WADI: Dengue applied at a global level,  
guided by data availability 

Vulnerability 
component

Category WADI: Dengue 
Indicator

Ideal indicator 
measure

Actual  
indicator 
measure

Exposure Climate Temperature Temperature	 Maximum 
temperature 

Precipitation Precipitation	 Monthly 
precipitation

Land Environment Type of land use Distribution of 
urban, rural and 
uninhabited land uses

Forest, mixed 
vegetation, 
cropland, or 
urban land uses

Human Environment Population 
Density

Population Density Population/
square km

Susceptibility Individual Young or  
old age 

Age < 15 years
Age > 60 years

Age < 15 years
Age > 60 years

Immunity level Dengue 
seroprevalence

Not available

Community Healthcare 
Access

Access to nearby 
healthcare services

Physician density

Water access Access to 
affordable, reliable 
water source

Unimproved 
drinking water 
source

Housing quality Housing 
construction 
and solid waste 
collection

Unimproved 
sanitation 
facilities

Health Status Existing health 
conditions

Life expectancy 
at birth

Household 
dengue control

Female knowledge of 
disease prevention

Female 
progression 
to secondary 
school

Government 
policies and 
activities

Surveillance and 
control measures

Not available

Social capital Participation in 
community dengue 
activities

Not available
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Table 2: Rationale for inclusion of selected measures for  
WADI: Dengue indicators used in this report 

Vulnerability 
component

Indicator measure Rationale for 
inclusion

Data source

Exposure Maximum temperature High temperature is conducive 
to vector proliferation

WorldClim climate grids 
(Hijmans et al. 2005)

Monthly precipitation Rainfall provides outdoor 
breeding sites

WorldClim climate grids 
(Hijmans et al. 2005)

Forest, mixed 
vegetation, cropland, 
or urban land uses

Aedes vectors prefer human 
environments, especially urban 
land uses

Globcover land cover 
map (2010)

Population/square km Densely populated areas 
increase human reservoirs of 
virus of required for dengue 
transmission

LandScan 2000-Global 
Population Database

Susceptibility Age < 15 years
Age > 60 years

Children 0-15 years of age 
have a higher susceptibility to 
severe dengue than the adult 
population. Older adults are 
more susceptible to dengue 
infections

UN DESA Population 
Division

Physician density Physician density indicates 
availability and accessibility of 
health care

WHO Global Health 
Observatory

Unimproved drinking 
water source

Lack of access to water supplies 
requires storage of water around 
the home

WHO/UNICEF Joint 
Monitoring Programme 
(JMP)

Unimproved sanitation 
facilities

Unimproved sanitation indicates 
possible proximity to poorly 
managed water resources and 
poor quality housing

WHO/UNICEF Joint 
Monitoring Programme 
(JMP)

Life expectancy at 
birth

Life expectancy at birth 
provides an estimate of general 
population health status

UN DESA World 
Population Prospects 
Report

Female progression to 
secondary school

Progression to secondary school 
indicates a sufficient level of 
educational attainment to read, 
interpret and act upon public 
health information about water-
associated diseases

UN Statistics Division

Surveillance and 
control measures

Provides information on 
government actions to reduce 
dengue transmission

Not available

Participation in 
community dengue 
activities

Provides information on 
community actions to reduce 
dengue transmission

Not available
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meet indicator criteria outlined by Garriga and 
Foguet (2010), and their ability to closely describe 
the susceptibility indicator they were chosen to 
represent. However, where no exact measures 
were available, proxies were used to describe 
indicators, such as in the case of health care 
access. In other instances, some indicators could 
be measured in a number of different ways (i.e., 
female educational attainment could be measured 
using female completion of primary school, female 
literacy rate, female progression to secondary 
school, female completion of secondary school, 
etc.). In this case, closely related measures were 
extracted and entered into a global database for 
potential use if the optimal indicator measure 
was unavailable. Potential indicator measures and 
substitutes were compared and assessed by the 
research team, according to the selection criteria 
described above, to determine optimal suscep-
tibility measures for use in the global WADI: 
Dengue tool. Data entry was verified by the 
researcher and by a research assistant to ensure 
accuracy. 

Following indicator selection, a sensitivity analysis 
was conducted to test the robustness of suscepti-
bility measures used in the global WADI: Dengue 
assessment. A one-way sensitivity analysis approach 
was applied to evaluate the influence of changes 
on the susceptibility index. The analysis focused 
on assessing the impact of missing data and sub-
stitution indicator measures on index outcomes. 

Creating maps from vulnerability 
components 

In order to construct the index and create map 
outputs, each indicator dataset was standardized 
to a range from 0 to 1 and converted into a raster 
format (see Appendix I). Indicators comprising 

exposure (e.g. temperature) were weighted 
equally to create the exposure component as were 
indicators comprising the susceptibility component 
(e.g. water access). The resulting exposure and 
susceptibility raster layers were combined to 
produce vulnerability maps by month. A larger 
weighting towards the overall vulnerability index 
was attached to the exposure component, based 
on weightings identified in a WADI proof of 
concept study (Dickin et al., 2013) and evidence in 
the literature describing the relative contributions 
of environmental and social factors to dengue 
transmission. Global maps were created for each 
month of the year using ArcGIS software (version 
10.1; Esri, Redlands, CA) in order to visually com-
municate temporal changes in vulnerability to 
dengue. Regions that did not reach the tempera-
tures required to support dengue transmission had 
no vulnerability, despite the possible presence of 
other indicators of exposure or susceptibility. 

“Garriga and Foguet (2010) 
recommended that 

indicators are: 1) available 
(without prohibitive costs);  
2) understandable (clearly 
defined); 3) accurate (from 
reliable sources); 4) scalable 
(ability to move between 
levels of analysis); 5) relevant 
(adaptable to change); 6) 
regularly updatable; and 7) 
integrative (can work across 
disciplinary sectors).

“

Applying the WADI-Dengue at a global level
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Case study: Applying the WADI to dengue at a national level in Malaysia

The WADI was applied to dengue at a subnational level in Malaysia, where urban environments, 
especially the Kuala Lumpur region, were highlighted as highly vulnerable areas (Dickin et 
al., 2013). This figure, illustrating vulnerability conditions in December, shows that eastern 
Malaysia is strongly affected by the monsoon season, which brings heavy rainfall to the 
coast, possibly washing away mosquito breeding sites. However, in drier months, exposure 
in this region increases, possibly due to more moderate rainfall. With high susceptibility in 
the region, this increases vulnerability. In contrast, some areas of Malaysia have consistently 
low vulnerability due to low exposure from unsuitable land uses for Aedes vectors, as well 
as low population density. No vulnerability is observed in areas where temperatures are too 
low, mainly the mountainous regions in central Malaysia.
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Figure 4: Overall vulnerability to dengue in January (A), April (B), July (C), and October (D)  
(showing countries with data on at least 5 of 7 susceptibility indicators).
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Global patterns of 
vulnerability to dengue

The vulnerability maps produced using the WADI: 
Dengue approach illustrate heterogeneous spatial 
and temporal trends in vulnerability at a global 
level (Figure 4). These trends are discussed in the 
context of exposure to dengue, followed by sus-
ceptibility. Overall, highest levels of vulnerability to 
dengue are observed in South Asia and Southeast 
Asia. In addition, countries located close the 
equator tend to maintain some level of vulnera-
bility to dengue throughout the year because they 
experience moderate to high susceptibility and 
consistently favourable exposure conditions (e.g., 
Colombia, Sierra Leone, Nigeria, Southern India, 
Indonesia).

When exposure conditions are optimal for mosquito 
vector survival and virus transmission, adequate 
control measures are very important because the 
disease can easily transmitted, even in conditions 
of low susceptibility. Vulnerability to dengue is 
generally higher in areas with exposure to urban 
and agricultural land use, as well as regions with 
high population density. High population density 
increases exposure by providing human virus 
reservoirs that allow rapid dengue transmission. 
For instance, in Asian countries where population 
density is high, such as India, Bangladesh, China, 
and Indonesia, vulnerability to dengue is also high 
(Figure 5). Similar trends are observed in Central 
America and Western Africa where regions with 
high population density also have a high vulner-
ability to dengue. Although high population 
density increases exposure to dengue, vulner-
ability may still be high in regions with a moderate 
or low population density if other conditions of 
exposure and susceptibility are high, illustrating 
complex interactions between social and envi-
ronmental factors. For example, Colombia has a 
relatively low population density, yet experiences 

high vulnerability to dengue because of other 
optimal indicators of exposure and susceptibility.  
Although many regions within Europe, North 
America, Northern China, and Japan are charac-
terized by high population density or large urban 
areas, they are not exposed to dengue because 
climate thresholds are not conducive for mosquito 
vector populations.

In addition to population density and anthropo-
genic land uses, it is clear that exposure to dengue 
is significantly mediated by global climate trends 
and does not remain static. Maps display consid-
erable seasonal variation in levels of vulnerability 
to dengue on all continents, due mainly to annual 
fluctuations in temperature and precipitation that 
contribute to exposure (Figure 6). Areas shown 
in white indicate no exposure, and thus no vul-
nerability, to dengue, because temperatures are 
too low to sustain vector populations year-round. 
All regions vulnerable to dengue are located in 
tropical and subtropical regions where minimum 
temperature is always -2°C or higher. 

By highlighting vulnerability to dengue across four 
time periods January, April, July and October, it is 
possible to track dynamic expansion and contrac-
tion of hotspots. While exposure is more consis-
tent in equatorial regions, sub-tropical latitudes 
experience greater seasonal trends. Temperatures 
and rainfall amounts that are too low or high for 
vector proliferation contribute to these trends 
that have important impacts on dengue trans-
mission. For example, large temporal trends are 
observed in South Asia due to varying conditions 
throughout the year. In addition, less well defined 
seasonal trends can be observed in Central Africa 
and South America. Although most regions ex-
perience highest exposure during their hottest 
months, hot and dry regions such as North Africa 
and the Middle East experience highest exposure 
to dengue in the months before and after their 
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hottest months, when temperatures and rainfall are 
most conducive to mosquito survival.In addition, 
regions at the most northern and southern ranges 
of vulnerability are characterized by moderate 
exposure conditions during their hotter months, 
but zero vulnerability in their cooler months 
(e.g., Argentina and Southern United States). For 
instance, southern Europe experiences moderate 
vulnerability from May until September, but zero 
vulnerability from October until April due to the 
onset of colder conditions. 

Countries with high susceptibility in this WADI: 
Dengue report were generally characterized by 
higher vulnerability to dengue than countries 
with low susceptibility — even when experiencing 
similar exposure conditions. For example, differ-
ences in susceptibility indicators (healthcare access, 

water and sanitation access, etc.) in Southeast 
Asian countries resulted in different levels of 
susceptibility and subsequently vulnerability to 
dengue. Because certain countries report higher 
female educational attainment, better health 
status, improved water and sanitation facilities, 
and better access to healthcare than others, they 
are less susceptible to dengue — because the 
populations are less sensitive to the presence of 
disease vectors, and because national ability to 
adapt and manage disease is improved (Figure 
7). Similar trends are observed among countries 
in Central America where access to improved 
water, sanitation facilities, and healthcare varies, 
despite similar conditions of dengue exposure. 
However, these susceptibility conditions do not 
provide a complete picture because information 
on community and government dengue control 

Figure 5: Regional population density in 2000  
(adapted from the LandScan 2000-Global Population Database)

Applying the WADI-Dengue at a global level
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Photo Caption

Mapping Global Vulnerability to Dengue using the Water Associated Disease Index

Figure 6: Comparison of global exposure to dengue in January (A) and July (B)
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“A strength of the                    
 WADI: Dengue 

approach is that it directs 
attention to areas of high 
vulnerability that may not 
be currently reporting 
dengue cases – where 
dengue may be a future 
challenge.

“

Applying the WADI-Dengue at a global level

activities were not available. In addition, existing 
water access data does not provide information 
on reliability or affordability of water supplies. 
Collection of these types of data at a global level 
will improve understanding of dengue suscepti-
bility and allow better comparisons to be made.
 
In Central and West African regions, susceptibility 
to dengue was very high because most indicator 
measures were elevated, including access to water 
resources, sanitation facilities and health care 
services. With very high susceptibility to dengue, 
vulnerability in this region was higher than other 
regions with similar exposure levels but lower 
levels of susceptibility to dengue. These regions 
are of importance because future increases in 
exposure conditions would lead to expansion of 
vulnerability in areas without dengue surveillance 
or control programs. In addition, while extensive 
dengue virus circulation has not been reported in 
these regions it is a possible future risk.

Figure 7: Susceptibility by country  
(for countries with data for at least 5 of 7 indicators)
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WADI: Dengue in the context of 
current global of dengue patterns

Dengue is endemic in more than 100 countries and 
continues to expand. The WADI: Dengue maps 
showing areas of high vulnerability correspond 
to many of the countries and regions threatened 
by dengue (Figure 8). They advance existing 
global dengue maps that rely on isotherms to 
show exposed areas. Similar trends have been 
observed in modeling-based approaches that 
predict dengue risk using variables including 
temperature, precipitation, land use and poverty 
(Bhatt et al., 2013). It is important to consider 
that the WADI: Dengue approach is a tool which 
highlights areas of exposure and susceptibility 
that contribute to vulnerability, however the 
dengue virus must be present to result in actual 
risk of infection. Despite similar conditions of vul-
nerability, some regions may experience more 
virulent forms of the dengue virus, or display 
varying levels of immunity in the population which 

have important impacts on dengue transmission. 
A strength of the WADI: Dengue approach is that 
it directs attention to areas of high vulnerability 
that may not be currently reporting dengue cases, 
where dengue may be a future challenge.

Figure 8: Average annual cases reported to the WHO in the top ten endemic countries 
(Adapted from Global Strategy for Dengue Prevention and Control: 2012−2020, 2012)
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Impacts of rising global temperatures

While exposure conditions may not be optimal 
in some areas with high susceptibility, changes 
to climate could result in increased exposure and 
pose a serious threat to areas that do not currently 
experience endemic dengue. Increasing tempera-
tures will likely have the biggest impact at the most 
northern and southern range of dengue vulner-
ability. Although dengue-carrying mosquitoes do 
not reproduce in temperatures lower than approxi-
mately 14°C, Aedes eggs can survive long-term 
exposure to temperatures as low as -2°C (Thomas et 
al., 2012). This -2°C threshold was applied across all 
map outputs to eliminate areas that cannot support 
mosquito survival at any point during the year. 

Climate change is expected to increase tempera-
ture extremes, resulting in less frequent cold days, 
cold nights and frost, and a rise in minimum tem-
peratures (Field et al., 2012). This is likely to impact 
the survival of Aedes eggs, and could expand the

geographical range of the vector and therefore 
dengue. Thus, a temperature threshold of -4°C 
and of -6°C was compared with the -2°C threshold 
to highlight the possible changes in exposure to 
dengue representing a 2°C and 4°C increase in 
minimum temperature. This was applied to dem-
onstrate that warmer conditions may have impli-
cations for dengue exposure, although it should 
be noted that climate change models would be 
required to make accurate spatial predictions 
of changing temperature impacts. Results show 
several key areas where temperature changes 
could make a difference, such as mountainous 
regions in South America that are currently too 
cold to sustain mosquito populations year round, 
and large areas in Europe that could potentially 
experience an increase in exposure (Figure 9). In 
addition, increased temperature maximums could 
shrink vector range in areas where it becomes too 
hot for mosquito populations.

Figure 9: Comparison of dengue -2°C (current range) temperature,  
and range expansion using -4°C  and -6°C thresholds
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Sensitivity analysis

A series of sensitivity analyses were applied to 
the susceptibility component of the global WADI: 
Dengue to determine the response to changes in 
input variables and missing data. Because many 
global datasets contain missing data, the impact 
of removing variables is an important consid-
eration. The difference between the complete 
susceptibility index and an index with missing 
data was calculated (Figure 10), showing that 
certain types of missing information have a larger 
impact on the outcome. The largest % decrease 
is observed with the removal of the healthcare 
access variable. Another challenge is assessing 
the impact of using alternate variables when an 
ideal dataset is unavailable. A sensitivity analysis 
was applied by substituting variables from 
alternate data sources (see Appendix II). Each 
optimal susceptibility variable was substituted 
with a potential alternate variable and the change 
was assessed. The results of this analysis did not 
indicate that substituting variables would have a 
large impact on the WADI: Dengue susceptibility 
component (Figure 11). However, the ranking of 
highest and lowest countries by susceptibility did 
change with substitutions, an important consider-
ation for decision-makers.
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Figure 10: Sensitivity analysis of component removal on the susceptibility index. Results show the  
percentage change in the mean susceptibility index when each component is systemically removed.

Figure 11: Sensitivity analysis of substituting alternate data sources (Substitutions described in Appendix II).  
The red line indicates a half a standard deviation in the original index for reference
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Indicators are commonly used to summarize and 
simplify data to facilitate the communication and 
comparison of information (Hammond et al. 1995). 
The WADI: Dengue was applied at a global level 
using freely available datasets from a number of 
sources. Several challenges arose when attempting 
to identify global datasets for indicator measures 
of susceptibility as well as data on global dengue 
incidence. The most common challenges were 
incomplete and outdated datasets, inaccessible 
original data sources, inconsistent data reports 
from datasets of the same year or indicator 
measure, and unspecified statistical processes 
behind data configuration. In addition, when ideal 
indicator measures are not available, replace-
ment measures may reflect conditions beyond 
the specific scope of interest. For example, as a 
measure health status life expectancy values for 
a country indicate not only the average age of a 
population, but also the physical and socio-eco-
nomic conditions experienced by a population.  
While some challenges are more limiting than 
others, these issues influenced indicator selection 
for the susceptibility components used in the vul-
nerability index.

Countries with missing, unavailable and/or outdated 
data were most often developing countries, small 
countries, island states, and countries with recent/
ongoing conflict or newly formed borders. Some 
indicator measures had more complete datasets 
than others, likely related to how certain 
measures are prioritized by governments, inter-
national governing bodies and researchers.  For 
example, in the construction of the global WADI: 
Dengue, the most complete data set considered 
measured life expectancy at birth, calculated 
by the UNDP as part of the Human Develop-
ment Index (n=193/262). The measure with the 
most incomplete data set in the global applica-
tion of WADI: Dengue was female educational 
attainment (n=156/262). Additionally, while some 
datasets are complete and freely available, they 
may not tell the entire story. For instance, data 
on access to improved water does not indicate 
whether there is consistent service, an important 
risk factor for dengue due to breeding habitats 
created in stored water around the home when a 
supply cannot be relied upon.

Moving forward: challenges with  
the use of global datasets

CHAPTER FIVE
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The absence of global data on disease incidence, 
burden, and other social and health-related 
measures, is part of a large challenge in global 
health research associated with the monitoring 
of basic health measures, such as birth and death 
rates, disease incidence and prevalence, and risk 
factors for disease (Bollyky, 2013). While some 
countries and regions have effective systems for 
the surveillance, monitoring and reporting of 
disease, others do not, resulting in incomplete 
data on the global distribution of disease (Brady 
et al., 2012). Missing data on a number of basic 
health measures makes it difficult both to monitor 
global patterns — and risk factors — of disease 
illness and injury, and to make evidence-informed 
decisions regarding resource allocation and inter-
vention priorities for the prevention and control 
of disease. In the case of dengue, global data on 
housing quality were not available, despite being 
a key factor for breeding habitats, so sanitation 
access was used as an alternate measure. Housing 
quality is an important social determinant of 
health, relevant to many different infectious 
diseases, and represents a key gap in global data 
resources.
 
Current and comprehensive global data on the 
distribution and burden of disease is invaluable 
for the evidence-based prioritization of interven-
tions and resources for the prevention, treatment 
and management of global illness, disease, and 
injury.  Recognizing the need for improved global 
health data, the Global Burden of Disease (GBD) 
study was commissioned, a large and comprehen-
sive study to assess global burdens of disease, 
injury, and risk over a twenty-year period from 
1990-2010. Using the disability adjusted life year 
(DALY) measurement, the GBD study collected 
data to measure rates of morbidity and mortality, 
but also life years lost due to illness, disease, injury 
and premature death (WHO, 2013). Although 

valuable, the GBD study has received criticism 
due the methods used to interpret water and 
health information (Wolf et al., 2014) and does 
not provide spatially explicit information.

While incomplete and outdated data was a 
challenge when searching for publically available 
global data for WADI: Dengue, so too was the 
inability to access original data sources for 
all indicator measures. Although original data 
sources were sometimes publically available, in 
a number of cases they could not be found or 
openly accessed. While it is preferable to use 
data from its original data source, in this research 
data was used from a secondary source when it 
could not be accessed from its original source. 
An additional challenge encountered was incon-
sistencies between datasets of the same year, 
indicator measure, and data source. For instance, 
this was observed when comparing World Bank 
Indicator Data from the World Bank website, with 
data from the World Bank’s 2010 WDI Report. 
Although measures were defined the same way 
and presented for the same year, numbers were 
considerably different from one source to the 
other for e.g. measures of improved sanitation 
facilities (% of population with access in 2006) and 
age (% of population 0-14 years of age in 2008). 

Finally, the statistical methods used to analyze 
and configure global data are often not specified 
or available from data sources. While statistical 
methods and processes may be complex and 
difficult to understand for those without technical 
training, they serve to inform the reader of the 
decisions and processes that lead to statistical 
outcomes. This allows for the transparent analysis, 
and accurate use of results, especially in the 
case of extrapolated datasets. While it may not 
be necessary to include full details in published 
documents or spreadsheets of statistical data, 
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such information should be accessible and 
publically available for those who wish to examine 
the processes and decisions involved in data 
configuration to determine the accuracy and value 
of data.

Together these issues had a role in shaping 
which data sources and susceptibility variables 
were used in the global WADI: Dengue. While 
it was possible to collect the data needed for 
global WADI: Dengue, these challenges highlight 
key areas for improvement with how publically 
available global data are presented and detailed.
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With no currently available vaccines or treatments 
to protect against dengue, appropriately timed 
and targeted preventative interventions are 
critically important to lower the burden of disease. 
The global WADI: Dengue approach applied in 
this research was used to map monthly global vul-
nerability to dengue through the integration of 
measures of exposure and susceptibility. Vulner-
ability maps are useful tools that increase under-
standing of areas experiencing the greatest threat 
from a particular hazard. This can assist in identi-
fying areas in greatest need for appropriately timed 
and located preventative interventions. The results 
of the WADI: Dengue global report indicate more 
attention is needed in areas that are highly sus-
ceptible but that do not currently have exposure 
conditions suitable for vector populations, as 
exposure conditions may change in the context 
of increasing global environmental changes. In 
addition, planning is needed in areas that do not 
currently experience circulating dengue viruses 
but that are characterized by favourable exposure 
and susceptibility conditions (e.g. many regions in 
West and Central Africa). 

Because vulnerability to dengue is dependent 
upon conditions for mosquito vector survival, 

rising global temperatures caused by climate 
change — especially increases in minimum 
temperatures — may lead to expansion of 
global areas of vulnerability to dengue, and may 
elevate vulnerability in regions that are currently 
endemic. Conversely, more frequent and intense 
rainfall events may actually decrease amounts 
experienced may actually decrease exposure to 
dengue by preventing larval survival in outdoor 
breeding areas. 

The WADI: Dengue approach provides a robust, 
easily applicable tool for assessing potential 
water-associated disease hotspots across spatial 
and temporal domains. Global vulnerability data 
created using the WADI: Dengue approach 
provides valuable information to decision-makers 
for improved planning and resource allocation for 
the prevention of disease, while employing freely 
available global datasets. In this report, the use of 
these datasets highlighted the need for greater 
integration across large databanks to ensure 
accuracy and completeness of data resources. 
Tools such as the Water Associated Disease Index 
also highlight a need for the collection of more 
data on social determinants of health on a global 
scale.

Conclusion

CHAPTER SIX
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APPENDIX I: Index construction

To develop susceptibility and exposure indicators, thresholds were applied to each indicator measure 
to standardize data to a range from 0 to 1. Susceptibility measures were converted from percentages 
to a range from 0 to 1. In order to convert life expectancy at birth (expressed in years) into a percentage 
value, a maximum age of 85 years was applied (where 85 years = 100%). All life expectancy values 
were converted to percentage values by dividing the life expectancy by 85 and multiplying by 100.

Table A1: Exposure thresholds applied in the WADI: Dengue global report

Exposure indicator Measure Threshold

Temperature Maximum and minimum monthly 
temperature

Increase in exposure from 20 to 36°C 
maximum monthly temperature. No 
exposure if minimum temperature goes 
below -2°C at any point in the year, below 
which eggs may not be viable

Precipitation Monthly precipitation Increase in exposure from 0 to 300mm 
monthly precipitation. No exposure beyond 
300mm, where breeding habitats may be 
washed away

Population density Persons per square km Increase in exposure corresponds to 
increasing population density

Land cover Type of land cover Exposure is low in mixed agricultural/
vegetated areas, moderate in agricultural 
areas and high in urban areas
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APPENDIX II: Description of substitute variable selection

For each indicator measure variables were identified to address missing or unavailable data. The 
applicability of these substitute data were explored in the sensitivity analysis found in this report.

Table A2: Indicator substitutions

Indicator Substituted with: Substitution Data Source

Age (<15) Age (<15) older dataset used UN DESA Population Division Population 
Prospects and UN Demographic Yearbook

Age (<60) None identified

Female Progression to  
Secondary School

Adult literacy, female (aged 15+) UN Statistics Division (Data from UNESCO 
Institute for Statistics)

Adult literacy, total (aged 15+) UN Statistics Division (Data from UNESCO 
Institute for Statistics)

Physician Density Immunization DTP3 (% children 
aged 12-23 months vaccinated)

WHO / UNICEF, Immunization surveillance, 
assessment and monitoring

Total unimproved drinking 
water source

None identified

Unimproved sanitation  
facilities

Open defecation WHO/UNICEF Joint Monitoring 
Programme (JMP)

Population without improved 
sanitation

WHO World Health Statistics

Life expectancy at birth 
(both sexes)

Infant mortality rate UN DESA World Population Prospects 
Report

Incidence of TB WHO Global TB Report
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