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ABSTRACT 

Dengue is a vector-borne viral disease affecting humans that is endemic in tropical and 

subtropical areas worldwide. As a re-emerging disease, a growing body of literature is dedicated 

to the dynamic, clinico-epidemiology of dengue, complicated by the co-existence of several 

Dengue virus serotypes and an increase in the range and seasonality of mosquito vectors.  

        A spatiotemporal model was developed using an extended version of the Ross-Macdonald 

theory to calculate a Relative Global Dengue Basic Reproductive Model (R0). It included 

temperature, rainfall, Aedes aegypti vector distribution, and geolocalized economic factors to 

evaluate disease transmission dynamics. 

        A literature review identified the comprehensive factors that determine the severity and 

determinants of the disease, the characteristics of non-traditional high-risk populations with 

repeated and/or prolonged exposures, and mitigation and control measures. The impact of new 

vaccines on the potential for limiting travel-related cases was explored through a cost-benefit 

analysis of a vaccine implementation program in a special population with high-risk exposures, 

using United States Peace Corps volunteers as a population-case study. 

        The mechanistic model predicts a global relative dengue outbreak risk profile and 

demonstrates its spatiotemporal heterogeneity by identifying areas at risk of high virus 

transmission throughout the various months of the year. It shows an increase in the geographic 

spread of the risk area during summer temperatures, demonstrating an optimal temperature and 

precipitation range for the genesis and proliferation of a dengue disease outbreak. 

        A comprehensive, One Health approach should be employed to fight the spread of 

dengue. A tailored pre-travel health assessment and focus on primary prevention can reduce 

disease risk. After establishing previous infection through a serum study, administering vaccines 
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for travelers to endemic and hyperendemic areas should be considered. The cost-benefit analysis 

revealed that no comprehensive vaccination program should be started for Peace Corps 

volunteers—the benefits achieved through vaccine efficacy against the risk of severe clinical 

disease is too low for a blanket recommendation. Dengue is and will continue to be a threat to 

global health; control and mitigation strategies targeting specific high-risk populations and 

understanding the true risk of the disease will be paramount to curb the spread. 
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NOMENCLATURE 

 

1°   Primary (first) infection  

2°   Secondary (subsequent) infection 

AD   Anno Domini 

ADE   Antibody-Dependent Enhancement 

Ae.   Aedes 

AHRC   Agency for Healthcare Research and Quality 

ALT   Alanine Transaminase 

AST    Aspartate Aminotransferase 

C   Celsius  

CI   Confidence Interval 

CDC   Centers for Disease Control and Prevention 

CDSR   Cochran Database of Systematic Reviews 

COA   Course of Action 

COVID-19  Coronavirus Disease 2019 

DENV-1  Dengue virus serotype 1 

DENV-2  Dengue virus serotype 2 

DENV-3  Dengue virus serotype 3 

DENV-4  Dengue virus serotype 4 

DHF   Dengue Hemorrhagic Fever 

DSS   Dengue Shock Syndrome 

EIP   Extrinsic Incubation Period 

FDA   Food and Drug Administration 

G-Econ  Geolocalized Economic Data 

G6PD   Glucose-6-Phosphatase Dehydrogenase 

GDP   Gross Domestic Product 

HCT   Hematocrit 
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IgG   Immunoglobulin G  

IgG ELISA  Immunoglobulin G Antibody Capture Enzyme-Linked Immunosorbent  
   Assay 

IgM   Immunoglobulin M 

IFRC   International Federation of Red Cross and Red Crescent Societies 

IHC   Immunohistochemical  

INMET  National Institute of Meteorology (Brazil) 

km   Kilometer 

MAC-ELISA   Immunoglobulin M Antibody Capture Enzyme-Linked Immunosorbent  
   Assay 

MERS-CoV  Middle East Respiratory Syndrome Coronavirus 

mm   Millimeter 

NAAT   Nucleic Acid Amplification Test 

NEA   National Environmental Agency 

NS-1   Dengue Virus Antigen Detection  

PAHO   Pan American Health Organization  

PCV   Peace Corps Volunteer 

PPP   Purchasing Power Parity 

PRNT   Plaque Reduction Neutralization Test 

R0   Basic Reproductive Number (R-naught) 

Rmin   Minimum rainfall 

Rmax   Maximum rainfall 

RT-PCR  Reverse Transcriptase-Polymerase Chain Reaction  

SARS   Severe Acute Respiratory Syndrome 

SEI-SEIR  Susceptible, Exposed, Infectious-Susceptible, Exposed, Infectious,   
   Recovered 

SD   Severe Dengue 

SI   Secondary (Subsequent) Infection 

U.S.   United States 
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TAK-003  Takeda’s Tetravalent Dengue Vaccine candidate (Qdenga®) 

WHO   World Health Organization 

WHOLIS  World Health Organization library catalog 
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1. INTRODUCTION AND LITERATURE REVIEW 
 

Burden and Distribution of Dengue 
 
 Dengue fever is an arboviral infection spread by mosquitos that causes human diseases. 

Its distribution and impact have increased steadily throughout tropical and subtropical climates 

worldwide. This emerging infection evolved from severe outbreaks documented in less than ten 

countries before 1970 to endemic in more than 100 countries (Farrar et al., 2007). Globalization 

of trade networks, the frequency and ease of travel, and the geographical growth of favorable 

habitats and environmental conditions for mosquito vectors combined to make dengue the most 

rapidly advancing vector-borne infection in the world (Messina et al., 2019; Mulligan et al., 

2015; WHO, 2021).  

 Leta et al. (2018) showed that 85% of the 250 countries and habitats analyzed were 

potentially suitable habitats for the Aedes mosquito—painting a grim picture for the future. There 

are an estimated 50 to 100 million new cases of dengue infection globally each year, and about 

50% of the world’s population is at risk of contracting it (Farrar et al., 2007; Gubler, 2002; 

WHO, 2020). This widely cited estimate is, in reality, most likely a gross underestimate of the 

true impact of the disease due to imprecise morbidity and mortality statistics (Gómez-Dantés & 

Willoquet, 2009). Several cohort and active surveillance studies in the Americas and Asia 

purport the true incidence to be underestimated by 11 to 250 times (Beatty, 2008).    

Vector Ecology 

 Vector-borne diseases are responsible for more than 700,000 deaths annually, accounting 

for more than 17% of all infectious diseases (WHO, 2020). A vector is a living organism that can 

transmit infection between humans or from animals to humans (WHO, 2020). Any illness 
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resulting from a parasitic, viral, or bacterial infection transmitted to humans and other animals by 

bloodsucking arthropods (mosquitos, ticks, and fleas) is a vector-borne disease.   

 Dengue is transmitted through the bite of an infected female Aedes aegypti (Ae. 

aegypti) or Aedes albopictus (Ae. albopictus) mosquito. It is considered one of the most 

impactful vector-borne diseases globally (Halstead, 1992). Transmission dynamics are related to 

vector density, favorable environmental conditions, urbanization, and the availability of 

susceptible individuals. These vectors have different feeding rates and host preferences 

(Caminade et al., 2017). Ae. aegypti are day biters and lay eggs in clear water-filled 

containers. Additionally, they almost exclusively feed on humans, making them an essential and 

efficient transmitter of disease.  

 In contrast to other mosquito species, Ae. aegypti’s eggs are laid above the water level 

and only hatch when the water surface rises and wets them (Valdez et al., 2018). Ae. 

aegypti’s eggs are hardy and can survive weeks in the environment before hatching during a 

rainfall event, which confers a competitive advantage (Caminade et al., 2017). The strong and 

desiccant-resistant eggs which characterize the Aedes mosquito facilitated global dissemination 

throughout complex international trade networks (Kraemer et al., 2019). Ae. aegypti has a higher 

optimum and maximum temperature gradient than Ae. albopictus.  

 Conversely, Ae. albopictus feeds less frequently and on a broader range of hosts. They 

have a more extensive habitable range that stretches into more temperate regions, increasing the 

geographical spread of the vector and disease potential. These facts make it an essential 

secondary disease vector (Caminade et al., 2017). 

 The mosquitos prefer urban habitats and breed in man-made containers. Historically, the 

spread is associated with the adaptation to container-breeding and worldwide trade in tires and 
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potted plants, which provide ideal larva development habitats (Pliego Pliego et al., 2018; Reiter, 

1998; Silva et al., 2020). This vector thrives in densely populated areas that lack reliable access 

to water supplies, waste management, and sanitation (Honorio et al., 2009).  

Four Distinct Viruses and Their Global Distribution 

 Dengue is caused by one of four related viruses: DENV-1, DENV-2, DENV-3, and 

DENV-4 (WHO, 2021; CDC, 2021). Each virus serotype can affect humans; therefore, an 

individual can contract the Dengue virus as many as four times in his or her lifetime. Infection 

with one type does not confer immunity to other types, so subsequent dengue infections can 

occur over an individual’s lifespan. Furthermore, each serotype contains three to five common 

strains (genotypes) that differ in virulence and can produce different disease presentations (Endy 

et al., 2002; Silva et al., 2020). Early serotype-specific symptoms and the sequence of successive 

dengue infections with a different viral strain are determinants of disease severity. Sequencing 

refers to the specific viral infection and then a second infection with another virus serotype (i.e., 

DENV1 and then DENV3, DENV4 and then DENV2, etc.). Globalization, tire trade, 

international travel, and the failure of environmental management means that all four Dengue 

serotypes are circulating in almost every tropical and subtropical region of the world, creating 

patterns of endemic and hyperendemic regions (Cucunawangsih & Lugito, 2017; Reiter, 1998).  

Disease Presentation and Classification 

 Dengue infections are commonly asymptomatic or present as an undifferentiated fever or 

mild self-limiting illness; however, a small proportion of infections progress to severe disease 

with plasma leakage. According to the Centers for Disease Control and Prevention (CDC), only 

one in four people infected with dengue will get sick (CDC, 2021). For many who get sick, the 

symptoms are mild, including nausea, vomiting, rash, severe headaches, pain behind the eyes, 
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and aches and pains (typically muscle, joint, or bone pain) (CDC, 2021; Heymann, 2015; WHO, 

2022). Symptoms usually last between 2 to 7 days after a 4 to 7 day incubation period (range of 

3-10 days) following the bite of an infected mosquito. Dengue usually follows three phases:  

febrile, critical, and convalescent (CDC, 2021).  

   Nevertheless, a small proportion, approximately 1 out of the 20 people who get sick with 

dengue, will develop severe disease generally within 3-7 days after illness onset. During this 

phase, individuals can experience a sudden deterioration of symptoms, including severe 

abdominal pain, persistent vomiting, rapid breathing, fatigue, liver enlargement, or blood in 

vomit or stool (WHO, 2022). These complications can become fatal if plasma leakage, fluid 

accumulation, respiratory distress, severe bleeding, or organ impairment occur (CDC, 2021; 

WHO, 2022).  

This severe form was previously known as dengue hemorrhagic fever (DHF) or dengue 

shock syndrome (DSS), characterized by excessive bleeding or clotting, increased vascular 

fragility, and fluid loss through increased capillary permeability (WHO, 2019). For many years, 

there was a distinction between classic dengue fever, DHF, and DSS, yet the latter syndromes, 

the life-threatening forms of dengue, have now been collapsed (Figure 1.1). 
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Figure 1.1 

1997 Dengue Case Classification System 
 

 

 
Note. Adapted from the WHO Dengue Haemorrhagic Fever: Diagnosis, Treatment, Prevention, 
and Control, 1997. 
 
  

I--------Dengue Fever----------I I---Dengue Hemorrhagic Fever---I 
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The clinical presentation usually falls somewhere along the disease spectrum rather than 

fitting in one of the distinct disease classification phases (Hadinegoro, 2012). Therefore, in 2009 

the WHO devised a new classification system in which symptomatic individuals are categorized 

as having “dengue” if they have no major complications (Figure 1.2). Those who have 

complications are divided into three categories of “severe dengue”: (1) plasma leakage severe 

enough to cause shock or respiratory distress, (2) severe bleeding, or (3) severe organ 

impairment (WHO, 2009).  
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Figure 1.2 

2009 Revised Dengue Case Classifications 
 

 

Note. Adapted from WHO Dengue Guidelines for Diagnosis, Treatment, Prevention, and 
Control, New Edition, 2009. AST = aspartate aminotransferase (a protein made by liver cells); 
ALT = alanine transaminase (an enzyme found mostly in the liver); HCT = hematocrit (a 
measure of how much of your blood is made of red blood cells).  
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Dengue Detection 

 Several diagnostic tests can identify dengue infections by detecting virus particles, viral 

nucleic acid, antigens or antibodies, or a combination of these techniques. The timing of the test 

in relation to the illness phase determines which method yields the most accurate results. 

Molecular tests such as the Nucleic Acis Amplification Test (NAAT), Dengue Virus Antigen 

Detection (NS-1), serologic tests like the IgM antibody capture enzyme-linked immunosorbent 

assay (MAC-ELISA), IgG ELISA, and Plaque Reduction Neutralization Test (PRNT) and tissue 

tests, such as the Nucleic Acid Amplification Test (NAAT) or the Immunohistochemical (IHC) 

Analysis can all be used within the first seven days of acute symptom onset (CDC, 2021). In 

contrast, only serologic and tissue tests are reliable more than seven days after symptom onset, a 

period known as the convalescent phase (CDC, 2021). 

The virus is detectable in serum, plasma, circulating blood cells, and tissues for 4-5 days 

after illness onset. There are several reverse transcriptase-polymerase chain reaction (RT-PCR) 

tests, and this method is considered the gold standard (WHO, 2021). Antigen testing can also 

detect a protein the virus produces—NS1 through a commercially produced rapid antigen test 

(WHO, 2021). Serological methods can be used to confirm the presence of a recent (presence of 

IgM) or past infection (IgG) through the detection of antibodies (CDC, 2011). 

Mitigation and Control 

     The global spread of all Dengue virus serotypes has made prevention and control infinitely 

more problematic. There is no single tool or methodology that will be effective in controlling the 

vector population alone (Gubler, 2011). Human activities such as forestry, mining, and 

agriculture can alter ecology, lead to spillover events, and amplify the transmission of diseases. 

Primary prevention is the key to controlling the disease, which is best accomplished through 
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source reduction. This entails the prevention of breeding through mosquito habitat 

modification—mainly by inhibiting access to egg-laying environments, removing standing 

water, properly disposing of solid waste, and covering, emptying, and cleaning domestic water 

storage containers every week. These actionable steps help break the chain of infection (WHO, 

2021). Water storage systems and urbanization are associated with poor housing, crowded living 

conditions, and the absence of basic services. These factors create ideal habitats for the explosion 

of vector populations and spillover events (Hassell et al., 2017; Reiner et al., 2016).  

The Transtheoretical Model (Stages of Change) was employed in a study of homemakers 

from Colombia to determine behavior patterns in reducing the mosquito breeding habitat (Luna 

et al., 2004). Stratified focus groups revealed that homemakers were the most appropriate target 

of the intervention as they had the most contact with the breeding sites and that participants 

needed to be monitored in the action phase to empower them to rise into the maintenance stage 

(Luna et al., 2004). In Latin America, elementary teachers have successfully targeted students 

with educational campaigns about mosquito mitigation and dengue prevention efforts (Sequeira 

et al., 2010).  

 In Nicaragua, educational pamphlets with dengue facts, prevention, and mitigation 

strategies were passed out by teachers in elementary schools to empower youth to make positive 

changes in their homes (Sequeira et al., 2010). These pamphlets were translated into regional 

dialects and had drawings depicting local characteristics underscoring the use of culturally 

appropriate and tailored interventions (Huey et al., 2014). 

 An initiative through the International Federation of the Red Cross and Red Crescent 

Societies (IFRC) in Myanmar trained key individuals from remote villages after a severe dengue 

outbreak in 2013 (IFRC, 2014). One program graduate spoke of its impact, “I didn’t have a lot of 
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health knowledge before, so I was very happy to learn and I’m proud to share this information 

with my village. I also learned how important it is to keep your environment clean.” Community 

health workers and gatekeepers should engage with local health authorities to report on 

interactions with community members, barriers and successes, and their weekly activities. 

Periodic refresher training or teachings on new illnesses coupled with pre-tests or focus groups 

can evaluate the effectiveness of the community health workers’ understanding and their impact. 

The success of these programs is primarily due to their focus on fostering change within existing 

social relationships (McLeroy et al., 1988). 

 Businesses that employ workers outside can mandate uniforms consisting of pants and 

long-sleeved shirts and provide insect repellents for use at the job sites. Crawshaw et al. (2017) 

studied the acceptability of insecticide-treated clothing by migrant rubber tappers in Myanmar. 

They found that the farmworkers reported fewer mosquito bites and generally preferred the 

treated clothing over identical non-treated clothing. Furthermore, modifications of the workday 

where outdoor workers avoid the dawn and dust preferred mosquito feeding times can reduce the 

number of bites. Faith-based organizations are the center of many communities and can be 

powerful change agents. In 2019, the Philippines used Catholic churches to spearhead a clean-up 

campaign to prevent the spread of dengue during an outbreak (Torres, 2019). 

 In conjunction with the Pan American Health Organization (PAHO) and the WHO, the 

Costa Rican Ministry of Health developed an interactive video game that focused on vector-

borne diseases and the effects of sanitation on the community. In the game, the protagonist, 

Fabio, roams through his hometown to find the cause of a mysterious illness that has inflicted his 

sister. (PAHO Pueblo Pitanga, 2013). This video game uses technology to entertain and 

empower children to produce behavioral change. It was developed with input from community 
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organizations highlighting the need for multisectoral and interinstitutional approaches to dengue 

mitigation and control.  

 Community empowerment and ownership of mosquito control programs are critical to 

their success. In the 1980s, sustainable Aedes control shifted to “community-based, integrated 

programs (bottom-up),” which thought that cost-effective control could best be achieved by 

larval source reduction conducted by occupants of the communities where transmission occurred 

(Gubler & Clark, 1995). The sustainability of disease control programs necessitates community 

ownership and the adaptation of the belief that mosquitos’ habitats cannot be permitted to remain 

undisturbed, and it is in the communities’ best interest to control the vector population. The 

Cuban government mobilized civil defense workers to go from house to house, implementing 

mosquito control practices and educating citizens about dengue (Gubler & Clark, 1995). A 

similar program was instituted with Colombian high school students trained to perform 

household visits to educate the public about Dengue risk and encourage them to break the cycle 

of transmission (Luna et al., 2004).  

 There are three types of environmental management in controlling dengue: environment 

modification, environmental manipulation, and changes to human habitation or behavior 

(Mahmud et al., 2018). While often appealing to the public’s desire for action, programs that 

primarily rely on eliminating adult mosquitos during crisis situations have not been successful 

(Gubler, 1998; Newton & Reiter, 1992). Integrated vector management projects employ 

environmental management strategies to reduce vector breeding grounds through improved water 

resource use, bacterial larvicides, and larvivorous fish (WHO, 2021). The WHO (2021), in 

conjunction with local and national authorities, has tested a new long-lasting insecticide-treated 
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netting cover for household water storage containers in Cambodia. Partnerships with local and 

national governments are critical to the success of mosquito abatement strategies. 

An integrated pest management plan targeting mosquitos at all phases of their lifecycle 

and destroying breeding grounds is a crucial containment step. This plan uses biological controls 

targeting the mosquito at different life cycle stages and the alteration of breeding grounds in a 

practical yet environmentally sensitive approach. Aedes mosquitos flourish in urban dwellings, 

especially in water stored for household use. These issues are confounded by uncontrolled and 

unplanned urbanization of much of the developing world and inadequate environmental 

management (Gubler, 2002). Larvicides, adulticides, mosquito dunks, and emptying of standing 

water rank among the most effective techniques. One of the keys to the success of this program 

is consistent surveillance and application of control techniques once monitored action thresholds 

have been met.  

There has been an increased focus on genetically modified mosquitos released to 

suppress the wild vector population (Facchinelli et al., 2013). Absent vaccines and 

chemoprophylaxis, a focus on a genetic approach to control the vector population either by 

making female mosquitos flightless so they cannot easily reproduce or by limiting the 

mosquitoes’ ability to acquire and transmit the pathogen has emerged (Buchman et al., 2019; 

Facchinelli et al., 2013). While theoretically plausible and initially promising, these genetically 

modified vectors present serious ethical, social, and cultural considerations (Lavery et al., 2008).  

Vaccines 

There are no specific chemoprophylaxis or therapeutics to prevent or treat dengue 

infection. One of the newest tools against dengue is the WHO’s approval of Dengvaxia® in 

2015—a tetravalent live attenuated yellow fever chimeric dengue vaccine (WHO, 2018). This 
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vaccine is approved for at-risk individuals aged 9-45 years who live in endemic areas and have 

had at least one laboratory-confirmed dengue virus infection (WHO, 2021). The Food and Drug 

Administration (FDA) has only approved the vaccine for individuals aged 9-16 in the U.S. who 

live in endemic areas, mainly U.S. territories, including Puerto Rico (CDC, 2022).  

Several other dengue vaccines are in clinical trials (Osorio et al., 2016; Whitehead, 

2016;). In 2015, the Department of Defense and Glaxo Smith Kline performed a Phase II clinical 

trial for a dengue vaccine in Thailand; however, when a durable immune response was not 

detected, the program was ended (Institute of Medicine, 2002; Rothman & Ennis, 1999; 

Watanaveeradej et al., 2016). In December 2022, the European Commission approved the 

Japanese-developed Qdenga® (TAK-003) vaccine to prevent dengue disease in individuals over 

four years of age (Takeda, 2022). In a series of trials, the vaccine was shown to be 80.2% 

effective in preventing symptomatic dengue cases in the 12 months following inoculation and 

preventing 90.4% of hospitalizations 18 months after vaccination (Biswal et al., 2019, 2020; 

Rivera et al., 2021; Takeda, 2022;). 

Climatic Effects 

Climate change has increased the habitable range of the mosquitos that transmit the virus 

(Shen et al., 2015). The United Nations (2021) Climate Change Report predicts an increase in the 

frequency and duration of major climatic events, perpetuating epidemic outbreaks of arbovirus 

diseases. Alterations to the world’s ecosystems are increasing the habitable range of mosquitos 

and extending seasonal or year-round transmission of vector-borne illnesses.  

The relationship between vectors, the environment, human population migrations, and 

socio-economic determinants of disease transmission is dynamic and complex (Caldwell et al., 

2021; Caminade et al., 2017; Mordecai et al., 2017; Ngonghala et al., 2021; Perkins et al., 2016; 
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Reiter et al., 2003; Tesla et al., 2018; Valdez et al., 2018). Modifications of weather patterns are 

likely to increase the intensity and duration of climatic events, including floods, droughts, 

tropical storms, and severe storms. Predictions concerning disease risk and impact have been 

somewhat controversial (Altizer et al., 2013; Patz et al., 2005; Rogers & Randolph, 2006; Siraj et 

al., 2014). However, global warming has already caused profound and often complex changes to 

the severity of some infectious diseases (Altizer et al., 2013).  

Study Aims and Research Questions 

 Dengue's global burden and distribution are increasing due to a complex web of 

climatological, environmental, ecological, and socioeconomic factors. Mechanistic modeling has 

been employed with several vector-borne diseases, including Zika, Yellow Fever, and Dengue 

(Caldwell et al., 2021; Caminade et al., 2017; Mordecai et al., 2017; Ndeffo-Mbah & Pandey, 

2020; Ngonghala et al., 2021; Perkins et al., 2016; Tesla et al., 2018;). Aim 1 is to develop a 

model that combines the temperature-dependent metabolic and reproductive traits, the ecology of 

precipitation and temperature, the distribution of the Ae. aegypti, and geolocalized 

socioeconomic factors to create a spatiotemporal relative risk of dengue on a 5 x 5-kilometer2 

global scale. This model allows for evaluating the impact of temperature and precipitation on the 

mosquito vector life cycle to determine the global relative risk of dengue infection.  

 Through a literature review, Aim 2 is to identify the determinates of dengue and severe 

dengue, to understand the effect of immunity on severe disease and the risk of disease 

introduction into immunologically naïve populations, to evaluate the relationship between the 

order of serial infections and severity, and to determine the risk of complications. Risk factors 

for severe dengue are explored by synthesizing past studies isolating the predominate serotypes 

of different outbreaks and the implication of serial infections with a secondary virus serotype. 
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The consequences of the circulation of all four serotypes throughout many tropical and 

subtropical locations and the impact of vaccines on mitigation and control efforts are discussed.  

 Aim 3 addresses a particular subset of individuals at risk of repeated or prolonged 

exposures, putting them at a higher risk of infection than others. These include individuals 

engaged in military service, volunteer service, disaster response, and recent immigrants traveling 

back to visit friends and relatives in their country of origin. A review was performed to 

characterize these special populations with repeated exposures to construct a framework for 

recommendations for pre-travel health consultations. The specific risk factors of repeated travel 

to endemic areas, the order of secondary infections, and prevention and mitigation measures, 

including the use of vaccines, are explored.  

 Aim 4 builds a simple cost-benefit analysis of the feasibility of implementing a 

Dengvaxia® vaccine program for Peace Corps volunteers serving in endemic areas worldwide. A 

previous study of the incidence of dengue cases in volunteers over a 14-year period and real-

world costs, seropositivity conversion rates, medical evacuations, and voluntary vaccine uptake 

rates were derived from the literature. Furthermore, the cost-benefit analysis seeks to determine 

if an off-label use or exception to policy should be utilized to screen and vaccinate travelers in 

these groups. Considerations of the pandemic effects on dengue mitigation and control and the 

potential impact of vaccines, primarily the newly approved Qdenga® vaccine, on limiting the 

illness in travelers are evaluated. 

 Finally, the public health impact of dengue is characterized. Dengue is a re-emerging 

tropical disease whose range, severity, and impact have and will continue to grow—steps must 

be taken to limit its power on future generations. Control and mitigation strategies targeting 
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specific high-risk populations and understanding the true risk of the disease on a global scale will 

be paramount to curbing the spread. 
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2. DENGUE—AN EMERGING THREAT WORLDWIDE: 
A MATHEMATICAL MODEL EXPLORING GLOBAL RELATIVE RISK USING 

CLIMATIC, GEOLOCALIZED ECONOMIC, AND VECTOR DISTRIBUTION DATA 
 

Background 
 
 Dengue is transmitted via the bite of an Aedes mosquito, but only female mosquitos bite 

humans and animals to obtain protein from the blood meal. After ingestion, it takes 3-5 days for 

the blood to be digested and the eggs to develop (Pasco County, 2022). Female mosquitos can 

lay up to 300 eggs at a time, live up to 2-4 weeks, and produce 2-4 egg batches (CDC, 2022). 

Simply put, without blood meals, mosquitos would cease to exist as this is a necessary 

component of their reproductive cycle.  

Mosquitos use their proboscis to pierce the skin and suck up blood. As they feed, the 

mosquito injects saliva into its victim’s skin. Sometimes, the mosquito ingests germs (parasites, 

bacteria, viruses, etc.) during feeding. These pathogens pass from the mosquito’s gut into the 

body, where it is multiplied. After replication, the germ moves from the body into the salivary 

gland, which takes two to three weeks (CDC, 2020; Chamberlain & Sudia, 1961). The next time 

the female takes a blood meal, some germs pass from the mosquito’s salivary gland into the 

blood of the person or animal being bitten. 

Not every mosquito is infected with a virus—some of them cannot spread the illness, and 

some capable of transmitting infections have not come in contact with an infected host while this 

animal or person was able to transmit the pathogen. Conversely, some mosquitos are infected 

with several pathogens simultaneously (Rückert et al., 2017). However, there is no way of 

knowing if it is infectious by looking at a mosquito with the naked eye. In reality, a complicated 

web of factors including the infectivity of the host, the age of the mosquito, the pathogen itself, 

environmental conditions such as temperature and humidity, and the “load” or amount of the 
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germ ingested during the feeding (Carrington & Simmons, 2014; CDC, 2020). These 

characteristics are parameterized and studied in a mechanistic model to determine the effects of 

environmental, ecological,  socioeconomic, and human-vector interaction on Dengue 

transmission.  

Effect of Temperature on Mosquito Dynamics 

 Temperature is a strong driver of vector-borne disease transmission, but many of the 

parameters, mechanisms, and details of the host-pathogen systems are unknown. As an 

ectotherm, mosquitos depend on an external body heat source, with temperature playing an 

integral role in the mosquito life cycle. Traits important for disease transmission and ones linked 

to metabolic functions, such as reproduction, development, survival, and biting rate, are 

temperature-dependent (Caldwell et al., 2021; Mordecai et al., 2017). Additionally, the rates at 

which mosquitos acquire and transmit viruses are intrinsically linked to thermal dynamics. This 

transmission rate is determined by the number of blood meals remaining in the mosquito’s 

lifespan after the point in which they become infectious—determined by the biting rate (feeding 

frequency), estimated vector mortality rates, and the time required to develop the virus inside the 

mosquito (extrinsic incubation period (EIP)) (Caminade et al., 2017).  

All the temperature-dependent effects are predictable through the analysis of mechanistic 

models. Previous work demonstrated transmission peaks at 23-34°C for biting rate, egg-to-adult 

survival and development rate, adult lifespan, and fecundity for Ae. aegypti and Ae. albopictus 

(Mordecai et al., 2017). Studies have shown that average annual temperatures which reach a 

threshold of 18.25°C (64.85°F) increase transmission risk (Shen et al., 2015). The thermal 

response curves for Ae. albopictus is shifted towards the lower extremes, meaning its 

transmission is better suited to cooler environments than Ae. aegypti (Mordecai et al., 2017).  
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 Transmission depends upon the vector’s survival through the length of the EIP, becoming 

infectious and attacking susceptible hosts. Mosquitos exposed to higher temperatures after a 

blood meal containing the virus become infectious more rapidly than mosquitos in lower ambient 

temperature environments. Thus, higher temperatures and shortened EIP would mean more 

mosquitos become infectious during their lifespan (Promprou et al., 2005). At 30°C, the EIP for 

dengue is 12 days, but it falls to only seven days during ambient temperatures from 32-35°C 

(Focks et al., 1995). The direct impact of climate change on ecology and habitat necessitates 

ecosystem changes. When coupled with human encroachment into new areas that decrease 

biodiversity, climatological changes impact the emergence and spread of infectious diseases 

(Keesing et al., 2010). 

Overall, unimodal impacts of temperature on survival, vector competence, and EIP have 

non-linear effects (Tesla et al., 2018). Much of the parametric data is derived from a few 

laboratory studies that often fail to adequately mimic the complexities of real-world behaviors 

and interactions. Notwithstanding, the EIP is an essential component and integral to 

understanding weather and climate's influence on mathematical disease transmission models 

(Chan & Johansson, 2012).  

Effect of Rainfall on Carrying Capacity 

The mosquito life cycle starts when eggs hatch into an aquatic larval and subsequent 

pupal stage; thus, rainfall plays a significant role in vector colonization. Rainstorms often leave 

standing water providing new mosquito breeding locations. However, heavy precipitation may 

initially flush or wash away the reproductive habitats (Benedum et al., 2018; Koenraadt & 

Harrington, 2008; Paaijmans et al., 2007). Ae. aegypti are urban mosquitos and reproduce in 

water collection containers used by humans. Thus, increased water storage activities during a 
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drought can increase water availability for mosquito breeding. For this reason, vector control and 

mitigation techniques emphasize eliminating standing water around living spaces and the 

introduction of larvicides to water sources. 

An increase in rainfall creates more breeding habitats leading to more mosquitos. 

Heightened adult mosquito density raises the odds of a mosquito obtaining a pathogen during 

feeding and later transmitting it to a susceptible host (Promprou et al., 2005). A study from 

Thailand showed that more frequent, lighter rains might replenish breeding sites and maintain 

higher humidity levels, which assist in adult mosquito dispersal and survival (Promprou et al., 

2005). However, heavy rainfall or flooding events may initially have detrimental effects on 

vector populations. Mosquitos require standing water for breeding and larval development. 

However, too much rainfall leads to flushing—the overflow of the breeding environment, which 

disrupts breeding behaviors and destroys the developing larva (Benedum et al., 2018). A study 

from Singapore predicted that a maximum rainfall level of 123 millimeters (mm) led to a high 

probability of flushing events (Benedum et al., 2018). Furthermore, analysts developed a 

predictive model associating temporal rainfall patterns with flushing conditions, demonstrating a 

statistically significant reduction in dengue infection risk following a flushing event aligned with 

the time lag necessitated by the mosquito development cycle (Benedum et al., 2018).  

Mathematical Modeling of Dengue 

Mathematical models are simplified descriptions of a system or process often used to 

assist in calculations and predictions. Infectious disease models are a set of equations describing 

the transmission of a pathogen in a population with an attempt to capture key processes while 

ignoring unnecessary details (Ndeffo-Mbah, 2021). Models fulfill two distinct roles: 

understanding and prediction (Keeling & Rohani, 2008). They are judged on accuracy, 
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transparency, and flexibility (Ndeffo-Mbah, 2021). Predictive models guide difficult public 

policy decisions. When predictive models fail to predict epidemic behavior accurately, this is a 

diagnostic warning signal that this disease outbreak's underlying parameters and behaviors may 

differ from the norm. Models can be used to understand how infectious diseases spread and how 

various complexities affect dynamics by analyzing individual factors or parameters (Keeling & 

Rohani, 2008).  

Mechanistic modeling has played a role in response to most of the emerging disease 

threats of this century, from foot and mouth disease in Great Britain, to Severe Acute Respiratory 

Syndrome (SARS), to Middle East Respiratory Syndrome Coronavirus (MERS-CoV) in Saudi 

Arabia to Ebola in West Africa (Cauchemez et al., 2014; Keeling et al., 2001; Lipsitch et al., 

2003; WHO, 2014). These models have been enhanced with laboratory-derived parameters and 

manipulated to assess the effects of temperature, rainfall, humidity, and other environmental 

impacts. When taken together, the models provide essential information on the potential future 

impacts of dengue due to the lengthening of the vector breeding seasons and the increase in the 

geographic spread of vector habitability. 

For emerging outbreaks, models have been used to quickly quantify and compare policy 

alternatives. These forecasts help policymakers and governments determine how to utilize 

limited resources best. Mathematical models can estimate R-naught (R0) and predict the final 

epidemic size—vital for determining the risk and implementing control strategies to reduce 

morbidity and mortality. Modeling Dengue risk after major climatic events, including floods and 

hurricanes, which include lag time for incubation periods and vector life cycle completion, could 

inform risks for disaster response workers. It can also help to determine the best implementation 

strategies for dengue vaccines (Coudeville et al., 2020).  
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Basic Reproductive number (R-naught (R0)) 

The risk of spread of infectious disease is described by its basic reproduction number 

(R0)—the average number of people that a single infected person can be expected to transmit the 

disease to in a fully susceptible population (Nelson & Williams, 2007). This is the primary 

metric used to quantify the transmission of the disease in infectious disease dynamics and 

provides a measure of how fast an outbreak can grow through subsequent generations. When R0 

is less than 1, the infectious individuals will no longer replace themselves, and there will be 

fewer infectious individuals in the current generation than in the previous generation. The 

epidemic will wane and eventually die out. For the reverse, the epidemic will propagate when the 

basic reproductive number is greater than 1. R0 for vector-borne diseases is a dynamic model that 

varies in space and time and is heavily influenced by temperature and precipitation.  

Enhanced SEI-SEIR Model 

R0 is affected by intricate biological, socio-behavioral, and environmental factors 

determining host-agent dynamics. The basic reproductive number can be estimated using 

complex mathematical models. Compartmental models offer a methodological approach to 

integrate the traits of disease dynamics and the course of infection. A single vector in the 

population is assigned to a compartment based on its current role in the transmission process. 

Mosquitos and humans follow an enhanced SEI-SEIR model in Dengue dynamics (Figure 2.1). 

Mosquitos begin in an aquatic/juvenile stage and enter the Susceptible (not infected) class 

through a recruitment term. They become Exposed (infected but not infectious) after biting an 

infectious human. After a temperature-dependent EIP, the surviving mosquitos move into the 

Infectious compartment where they can transmit the virus. Mosquitos eventually leave the 

system through a temperature-dependent mortality function and remain infectious until death.  
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 The human population is divided into similar compartments based on disease status with 

the addition of the R compartment. For Dengue transmission dynamics, this R class represents 

the population removed from infectious dynamics through recovery from acute infection. 

Although not studied or analyzed here, the R compartment would also include all members who 

have been inoculated against the virus and, therefore, not considered infectious after exposure. 

Furthermore, while there are four strains of Dengue, and infection only provides lifelong 

immunity to that particular strain, the risk of reinfection with subsequent serotypes was not 

modeled here. The dynamics of the infection in a population are defined by the rate at which 

members move between the compartments. Biological characteristics of the disease process 

determine this rate—i.e., the rate that individuals recover from the illness. Additionally, the 

status of the population—the rate that individuals move from susceptible to infectious is 

determined by the number of infectious individuals in the population (Nelson & Williams, 2007). 
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Figure 2.1 

Schematic Representation of the Enhanced SEI-SEIR Dengue Compartmental Model 

 

Note. The red boxes represent the vector compartments according to disease status and include 
an aquatic juvenile stage, whereas the blue boxes represent the human compartments. A solid 
arrow denotes the transitions between the compartments. The black arrows represent the 
transmission of the virus from vectors to humans and humans to vectors. For simplicity in the 
model, the human population is considered stable (no births or deaths).  
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Research Questions 

 Mechanistic models have been utilized to model several vector-borne diseases based on 

the premises of Ross-Macdonald’s theory (Amaku et al., 2016). Predicting the effects of climate 

change on vectors and transmission derives from understanding the links between the 

environment and human and vector population migrations and densities (Johnson et al., 2015). 

These models have been enhanced with laboratory-derived parameters and manipulated to assess 

the effects of temperature, rainfall, humidity, and other environmental impacts.  

Specifically, this paper looks at the Ae. aegypti mosquito and how climatological, 

ecological, and socioeconomic factors drive Dengue disease dynamics. A Global Relative R0 

Model for Dengue at a 5 by 5-kilometer2 grid resolution was constructed based on earlier works 

of Ndeffo-Mbah and Pandey (2020). This model includes the distribution of the Ae. aegypti 

vector, the interaction between socioeconomic factors and human-mosquito contact, and climatic 

factors (rainfall and temperature) on transmission dynamics. The geolocalized socioeconomic 

factors include measures such as prosperity, housing conditions, and availability of air 

conditioning. The model was used to analyze the spatiotemporal risk of Dengue by capturing the 

contributions of hosts, pathogens, and vectors' multiple, interacting, and often nonlinear 

responses to climatological factors. 

Methods 

This paper built upon previous mechanistic models that incorporate the Aedes life cycle 

and human disease dynamics through the analysis of temperature and rainfall-dependent trait 

functions into one epidemiological model (Caldwell et al., 2021; Huber et al., 2018; Li et al., 

2019; Lourenço & Recker, 2014; Oidtman et al., 2019; Siraj et al., 2014; Wang et al., 2016). 

Initial R0 models derived from Mordecai et al. (2017) and Ngonghala et al. (2021) were 

replicated to model the dynamics of dengue infection by Ae. aegypti with respect to temperature 
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and precipitation. This approach employed a Bayesian framework to fit thermal and rainfall 

responses for the characteristics inherent to both mosquitos and humans that drive disease 

transmission (Ryan et al., 2021). Johnson et al. (2015) provide a detailed background of this 

methodology.  

Poverty has long been considered a determinant of dengue infection. Vector control, 

pesticide management, basic sanitation and hygiene, and the provision of safe drinking water are 

essential strategies that must be employed at the highest levels to fight infectious diseases 

effectively. However, a systematic review of English language journal articles revealed a mixed 

story when poverty’s effects were empirically assessed (Mulligan et al., 2015). The researchers 

discovered that income and physical housing conditions were the most common poverty incomes 

associated with increased dengue infections (Mulligan et al., 2015). Nevertheless, for many, it is 

evident that infectious diseases thrive and persist under conditions of poverty (Nii-Trebi, 2017). 

The main driver of dengue infection in impoverished regions comes from the poor housing 

infrastructure (windows without screens, lack of piped water leading to numerous large water 

collection devices in which Ae. aegypti mosquitos are evolutionarily adapted to deposit their 

eggs) and rapid urbanization (Caminade et al., 2017; Gubler, 2011). Access to running potable 

water and proper household waste disposal were key determinates of infection during a large 

outbreak in Tanzania (Mboera et al., 2021). In this model, the interaction between poverty and 

human-mosquito contact was parameterized by the risk of exposure function.  

Recognizing the link between climate change and its effect on poverty, mosquito habitats, 

loss of biodiversity, and extreme weather events is a critical first step in climate change and 

dengue policy implementation. Therefore, this dengue model was then parameterized with 

several high-resolution datasets (Table 2.1).   
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Table 2.1  

Specified Databases with High Spatial Resolution that were used to Parameterize the Model 
 

Parameter  Description & Source 
Global Aedes Distribution 
(Pae) 

Uncertainty estimates for Ae. aegypti mosquito 
distribution at 5 km x 5 km spatial resolution 
https://www.dropbox.com/sh/bpxcmzmmpiiav8u/A
AAl3CBKnBYwXb0n1s1C4-K-a?dl=0  
(Kraemer et al., 2015) 

Global Climate Database  
(Rainfall & Temperature) 

Monthly minimum, maximum, and average 
temperature (°C) and rainfall (mm) data from 1970-
2000 at a 2.5 min spatial resolution  
https://www.worldclim.org/ 
(Fick & Hijmans, 2017) 

Geolocalized Economic 
Data (G-econ) 

Geophysically scaled dataset linking per capita 
gross product (GDP) at purchasing power parity 
(PPP) rates 
--Recomputed to change 1 km x 1 km to match the 
5 km x 5 km resolution of other data sets 
http://gecon.yale.edu/sites/default/files/files/Gecon
40_post_final.xls 
(Zhang et al., 2017) 
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Relative Global Dengue R0 Model 

An extended version of the classic Ross-Macdonald model was utilized to calculate a 

Relative Global Dengue R0 model.  

𝑅𝑅0 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =  �
 𝑏𝑏𝑣𝑣2  ∗ β𝑣𝑣ℎ ∗ 𝛽𝛽ℎ𝑣𝑣 ∗ 𝜎𝜎𝑣𝑣 ∗ 𝑅𝑅𝑠𝑠𝑠𝑠 ∗ 𝜅𝜅 ∗ 𝑓𝑓(𝑅𝑅) ∗ 𝑃𝑃𝑎𝑎𝑠𝑠 �1− 𝜇𝜇𝑣𝑣2

𝜃𝜃𝑣𝑣 ∗ 𝜈𝜈𝑣𝑣 ∗ 𝜙𝜙𝑣𝑣
�

𝛾𝛾ℎ ∗ 𝜇𝜇𝑣𝑣 ∗ (𝜎𝜎𝑣𝑣 + 𝜇𝜇𝑣𝑣) ∗ 𝑁𝑁ℎ
   

In this extended version of the classic Ross-Macdonald model, bν is the mosquito biting 

rate (the number of human bites per mosquito per unit of time); βvh is the transmission rate (the 

probability that an infectious mosquito successfully transmits the virus while taking a blood meal 

from a susceptible human); βhv is the infection rate (the probability that an infectious human 

successfully transmits the virus to a susceptible biting mosquito); σv is the extrinsic incubation 

period (the rate at which vectors become infectious); γh is the per capita human recovery rate 

(days humans are infectious before they recover with immunity); μv is the natural mosquito death 

rate (1/µ = average lifespan on mosquitos); Rse is the risk of exposure (based on geophysical data 

based on economic activity and poverty factors); Pae is the probability of exposure (due to Aedes 

occurrence and human populations); κ is the carrying capacity (maximum number of mosquitos a 

site can support); ƒ(R) is the hypothesized rainfall function; ϴv is the number of eggs a female 

mosquito produces each day; νv is the probability of an egg surviving to become an adult; Φv the 

rate at which an egg develops into an adult mosquito; and Nh is the human population density.  

Mosquito Population & Carrying Capacity (κ) 

Kraemer et al. (2015) compiled a mosquito distribution database that predicts the global 

distribution when combined with environmental variables (Figure 2.2). This comprehensive 

synthesis showed that this range was the widest ever recorded—primarily due to global trade 

routes and the ease of international travel. As mosquitoes carry many infectious diseases, this 
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increased distribution significantly impacts the spread of disease. Quantifying the entomological 

baseline allows for predictions of future autochthonous infections and public health measures of 

control and mitigation efforts.  

  Mosquito Population Formula:  𝛼𝛼 =  𝛳𝛳𝑣𝑣∗ 𝜈𝜈𝑣𝑣∗ 𝛷𝛷𝑣𝑣
µ𝑣𝑣

 

 The mosquito population is a function of multiple terms, including the carrying capacity 

(κ-kappa) and a mosquito constant (alpha–α). Alpha represents the interaction of ϴv, (the number 

of eggs) times νv (probability of surviving from egg to adult)  times Φv (the rate of development 

from an egg into an adult) divided by µv (the natural death rate). Each of these terms is 

represented by a functional form affected by the temperature (measured in degrees Celsius). 

Carrying capacity is also influenced by the availability of suitable aquatic habitats for developing 

eggs. Although several distinct types of aquatic habitats contribute to the carrying capacity, only 

one value—an empirically derived but standardized—kappa of 20 was used in the analysis. 

(Perkins et al., 2016; Smith et al., 2013; Soda et al., 2018;).  
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Figure 2.2 
 
The Global Probability of Ae. aegypti Occurrence 

 

 
Note. Figure created using data from Kraemer et al., 2015. 
   

  



31 
 

Human Population 

Although several estimates of human population density (Nh) exist , the data files are too 

large to be transformed into a usable form for our global relative risk model without a 

supercomputer. Worldpop.org (2018) has an estimate for each country in the world for each year 

during a twenty-year (2000-2020) period. The vastness of the data was beyond this project’s 

scope; thus, a constant human population density (Nh) of 1 was used for this expanded model. 

The analysis assumed the maximum possible interaction between human and mosquito 

populations for the global relative risk model.  

Precipitation  

The effects of precipitation on disease transmission have yet to be widely researched or 

understood. Following Caldwell’s et al. (2021) model, disease dynamics were evaluated based 

on three hypothesized biological relationships between freshwater availability and immature 

mosquito breeding environments (Table 2.2). The effects of rainfall on carrying capacity were 

assessed twice, once as a Brière function and once as a quadratic function. Minimum rainfall 

(Rmin) was set at 1 mm and maximum rainfall (Rmax) was set at 123 mm for the quadratic 

function, with the values set at 1 mm and 246 mm for the Brière function. This maximum value 

was based on Benedum et al., 2018) study in Singapore and represented a high probability of 

flushing mosquito larvae from the breeding habitat. Rate constants (c) of 7.86e-5 (Brière) and 

5.99e-3 (quadratic) were based on rate constants from other parameters with similar functional 

forms (Caldwell et al., 2021). The z scaling factor value was used to restrict the maximum 

carrying capacity to produce model outputs based on a subsample of the total population. 

Similarly, Ngonghala et al. (2021) utilized this parametric methodology, which allowed the 

inclusion of a precipitation variable to detect rainfall's effect on carrying capacity. 
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Table 2.2  

Dengue Carrying Capacity Model Parameter Settings for Hypothesized Rainfall Relationships  
 

 
Functional Form 

Rate 
Constant 
(c) value 

Minimum 
Rainfall (Rmin) 
value  (mm) 

Maximum 
Rainfall (Rmax) 

value (mm) 

Scaling 
Factor (z) 

value 
 
ƒ(RBrière) = c * R * (R-Rmin)* √(Rmax-R) * z 
 

 
7.86e-5 

 
1 

 
246 

 
0.50 

 
ƒ(RQuadratic) = c * (R-Rmin)* (R- Rmax) * z 
 
 

 
5.99e-3 

 
1 

 
123 

 
0.28 

 
ƒ(RInverse) =  1

𝑅𝑅
  * z 

 

 
--- 

 
--- 

 
--- 

 
0.60 

Note. All three functional forms were modeled, but only the Brière and Quadratic forms were 
utilized in our final analysis. The rainfall relationships were derived from Caldwell et al. 2021. 
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Temperature  

Many values for the traits analyzed in this mechanistic model were derived from 

laboratory experiments and other recently published thermal performance curves (Mordecai et 

al., 2017; Ryan et al., 2021; Tesla et al., 2018). Vector competence and extrinsic incubation 

periods specific to dengue were modeled. Temperature-dependent rates were fit with 

symmetrical (Quadratic, c(T-T0)(T-Tm) or asymmetrical (Brière, cT(T-T0)(Tm-T)1/2) functions. 

For both functional equations, T0 and Tm are the minimum and maximum temperatures in 

Celsius for transmission, and c is a positive rate constant (Mordecai et al., 2017).  

Exposure Risk 

 The link between socioeconomic factors and population risk of exposure was 

demonstrated through the extrapolation of data from Nordhaus et al. (2006). This project mapped 

the large countries' per capita gross cell product into a “gridded output” dataset. Data was 

compiled for 1° latitude by 1° longitude resolution cell. The economic data was based on four 

primary sources: (1) gross regional product, (2) regional income by industry, (3) regional 

employment by industry, (4) regional urban and rural population or employment along with 

aggregate sectoral data on agriculture and nonagricultural incomes (Nordhaus et al., 2006). The 

socioeconomic scales impact the availability of air conditioning and indoor plumbing, impacting 

human and vector interaction and vector-carrying capacity.  

 The Risk of Exposure Function was derived from earlier work on Yellow Fever 

vaccination rates and a modeling study on the spread of the Zika virus in the Americas (Ndeffo-

Mbah & Pandey, 2020; Zhang et al., 2017). This functional form supplies a data-driven 

relationship between purchasing power parity (PPP) and the exposure risk from the Ae. aegypti  
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vector. The information was derived from historical data and geographically based economic (G-

Econ) records to reflect the impact of socioeconomic factors on vector exposure (Zhang et al., 

2017).  

  



35 
 

Table 2.3  

The Risk of Exposure Function Measures the Interaction Between Poverty and Human-Mosquito 
Contact 
 

Risk of Exposure Function Range of Values 
1.67 -0.34*log(PPP*exp(0.47)) 1.97>log(PPP*exp(0.47))<4.911 

1 log(PPP*exp(0.47))<1.97 
0 log(PPP*exp(0.47))>4.911 

Note. Fraction of the exposed population that can be associated with the geographically based 
version of the per capita Gross Domestic Product based on Purchasing Power Parity (GDP per 
capita, PPP) (Zhang et al., 2017). 
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Model Parameterization 
 

This extended version of the Ross-MacDonald function was parameterized using 

empirical values derived from other epidemiological, entomological, and mathematical modeling 

studies. The value of many vectorial parameters is uncertain, with estimates varying on 

geographical location, time, and temperature. Estimated values were obtained from the literature 

(Table 2.4) (Caldwell et al., 2021; Mordecai et al., 2017; Ngonghala et al., 2021).  
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Table 2.4  

Dengue R0 Model Parameter Settings for Ae. aegypti Mosquitos 
 

Parameter Description Function Constant/Formula 
 

T 
 
Temperature °C 

 
--- 

Empirical 
Data 

Monthly min, max, and average temperature 
(°C) and rainfall (mm) at various resolutions 
from 1970-2000 
(use 2.5 min spatial resolution data for 5 
km) 
https://www.worldclim.org/ 

 
𝑏𝑏 ν 

 
Mosquito biting 
rate 

 
Brière 

 
2.02E-04*T*(T-13.35)*(40.08-T)^0.5 
 

 
Beta_vh 

βvh 

The probability that 
an infectious 
mosquito 
successfully 
transmits the virus 
while taking a 
blood meal from a 
susceptible human 
(i.e., transmission 
rate) 

 
 

Brière 
 

 
 
8.49E-04*T*(T-17.05)*(35.83-T)^0.5  
 
 
  
 
 
 
Value is taken from Mordecai et al., 2017 

 
Beta_hv 

βhv 

The probability that 
an infectious 
human successfully 
transmits the virus 
to a biting 
susceptible 
mosquito (i.e., 
infection rate) 

 
 

Quadratic 

 
 
4.91E-04*T*(T-12.22)*(37.46-T)^0.5   
 
 
 
 
 
Value is taken from Mordecai et al., 2017 

 
Sigma_v 

σv 

The rate at which 
vectors  become 
infectious (extrinsic 
incubation period) 

 
Brière 

 
1.74E-04*T*(T-18.27)*(42.31-T)^0.5 
 

 
Gamma_h 

ϒv 

 
Per capita human 
recovery rate 

 
Constant 

 
1/5 (days)   
 
 Value is taken from Mordecai et al., 2017  
 

 
Theta 

ϴ 
 

 
# of eggs a female 
mosquito produces 
per day 

 
Brière 

 
8.56E-03*T*(T-14.58)*(34.61-T)^0.5 
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Table 2.4 Continued 
 

Parameter Description Function Constant/Formula 
 

Nu 
Ν 

 
Probability of 
surviving from 
egg to adult 
 

 
Quadratic 

 
-5.99E-03*(T-38.29)*(T-13.56) 
 
 
 

 
Phi 
φ 

The rate at which 
an egg develops 
into an adult 
mosquito  

 
Brière 

 
7.86E-05*T*(T-11.36)*(39.17-T)^0.5 

 
Mu 
μ 

 
Natural Mosquito 
Death Rate 
 

 
Quadratic 

 
1/(-3.02E-01*(T-11.25)*(T-37.22)) 
 

 
ƒ(R) 

 
Modeling 
Precipitation 

 
ƒ(RBrière) 

ƒ(RQuadratic) 
ƒ (RInverse) 

ƒ(RBrière) = c * R * (R-Rmin)* √(Rmax-R) * z 
ƒ(RQuadratic) = c * (R-Rmin)* (R- Rmax) * z 
ƒ(RInverse) = 𝑓𝑓(𝑅𝑅𝐼𝐼𝐼𝐼𝑣𝑣𝑠𝑠𝐼𝐼𝑠𝑠𝑠𝑠) =  1

𝑅𝑅
∗ 𝑧𝑧 

See values in Table 2.2 above (Caldwell et al., 
2021) 

 
Kappa/Human 

Population 
Density 

κ/Nh 

Maximum Human 
to Mosquito 
Ratio: (vector 
carrying 
capacity/human 
population 
density) 

 
Constant 

 
 
20  
 
 
Values derived from Ndeffo-Mbah and Pandey, 
2020; Zhang et al., 2017; Caminade et al., 2017 

 
Rse 

 
Risk of exposure 

 
---- 

Empirical 
Data 

Estimated using geolocalized economic data 
from Nordhaus et al., 2006 & Zhang et al., 
2017  
 
See values in Table 2.3 above. 

 
Pae 

 
Probability of 
aegypti 
occurrence  

 
---- 

Empirical 
Data 

 

 
Probability of Aedes aegypti occurrence 
derived from Kraemer et al., 2015 
 

Note. These parameters were derived from Ngonghala et al. (2021) and Mordecai et al. (2017) 
and are specific to Ae. aegypti mosquitoes. R0 is the average number of secondary cases arising 
from a typical primary infection in an otherwise fully susceptible population. The temperature-
dependent parameters were based on both the quadratic c(T-Tm)(T-T0) and Brière (cT(T-T0)(Tm-
T)1/2 functional forms. Here T is the temperature (Celsius), c is the rate (or scaling constant), T0 
is the critical thermal minimum temperature, and Tm is the critical thermal maximum 
temperature.  
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Results 

Global Relative R0  

Computational modeling determined the relative basic reproduction number (R0) for 

potential dengue outbreaks on a 5-kilometer by 5-kilometer2 global scale. Monthly average 

temperature and precipitation data from 1970-2000 enabled the construction of the graphics 

(Fick & Hijmans, 2017). Geolocalized economic data and human-mosquito interaction variables 

provided the final inputs into the global relative risk model. Overall, the R0 model’s projections 

align with the observed equatorial and tropical distribution of the Dengue virus. Dengue is 

present in Africa, the Americas, Asia, the Caribbean, and the Pacific (ECDC, 2021). It is 

endemic in over 100 countries and affects almost two-fifths of the world’s population (Gubler, 

2002; Messina et al., 2019). There is a significant congruence between the projected R0 potential 

and the global distribution and disease burden, as reported by Bhatt et al. (2013). 

The Brière Functional Form of precipitation in the R0 model demonstrated high potential 

R0 values along the equatorial regions throughout the year (Figure 2.3). Portions of sub-Saharan 

Africa and South America remain at risk for dengue outbreaks year-round. There is a 

coordinating increase in R0 values at higher latitudes in the northern hemispheres during the 

summer months and lower latitudes in the southern hemisphere during the summer months.  

This increase in the basic reproductive value is evident through an analysis of potential 

outbreak risk in Australia from November to March and dengue risk in the southern United 

States (U.S.) and Mexico from May through September. These locations have the Ae. 

aegypti mosquitos and temperatures conducive to vector proliferation. Global warming lengthens 

mosquito populations' life cycle duration and geographic reach amplifies the biting rate and 

breeding patterns. Mosquito metabolic and reproductive parameters vary with climatic 

conditions, leading to pronounced seasonal effects. 
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Figure 2.3 

Monthly Global Relative R0 Models using the Brière Functional Form 
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Figure 2.3 Continued 
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Figure 2.3 Continued 
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The Quadratic Precipitation model produced pronounced and strong relative R0 values 

(Figure 2.4). Similar to the Brière Model, there were consistently high R0 values along the 

equatorial regions throughout the calendar year. This model also produced widespread R0 values 

on the South American and Australian continents during the southern hemisphere spring and 

summer seasons (October to April). Dengue rates and geographical spread is particularly 

pronounced in India from March to June. Furthermore, the Quadratic model shows the potential 

for Dengue spread well into the North American continent up to the Midwest from June to 

August. Brazil has extreme patterns of potential dengue spread throughout much of the year. 

Almost the entire country is at significant risk for dengue outbreaks during August and 

September. 
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Figure 2.4 

Monthly Global Relative R0 Models using the Quadratic Functional Form 
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Figure 2.4 Continued 
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Figure 2.4 Continued 
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The climate in many tropical and subtropical regions supports a long vector breeding 

season with multiple generations, leading to year-round mosquito populations as evidenced by 

the continuous dengue presence (Simo et al., 2019). However, in more temperature climates, 

only a small number of mosquitos can survive the overwintering period leading to periods of 

negligible to no transmission (Keeling & Rohani, 2008). Data values were unavailable for 

Zimbabwe, Afghanistan, Kazakhstan, and Iraq, so no relative R0 estimates could be generated. 

Sensitivity Analysis 

           The robustness of the model was assessed through a series of sensitivity analyses which 

enabled an assessment of the confidence of the projections. Sensitivity analysis can identify 

important parameters and optimal measurements and evaluate the individual impacts of each 

variable on the system (Hamby, 1994). A correlation analysis through the construction of 

contour plots was generated to show the basic reproductive number as a function of temperature 

and precipitation. Subsequently, this helped to visualize the data better. A time-series plot of 

Brazil, the country with the most incident cases of dengue in the world, provided a glimpse at the 

variation of R0.  

Contour Plots 

           Contour plots are built on a two-dimensional plane. They are used to display the 

functional relationship (z = f (x,y)) between two continuous independent or input variables (X 

and Y) and a dependent or response variable (Z) (Frost, 2022; Morse, 1968). In our case, 

temperature and precipitation were modeled to determine the effect on R0. The other important 

parameters of exposure risk (Rse) and probability of Ae. aegypti occurrence (Pae) were fixed to 

their maximum values. The graph visually represents the relationship; precipitation in mm was 

plotted along the y-axis, the temperature in degrees Celsius was plotted along the x-axis, and the 
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contour lines and bands represent the R0 (Z variable). The contour lines connect different 

combinations of variables X and Y that produce equal values of Z (Frost, 2022). They represent 

visual clues for which values of X and Y will maximize the response function. The contour lines' 

spacing indicates the change rate between the variables. For example, if the contour lines are 

spaced close to each other, the values change rapidly. In contrast, if the lines are spaced far apart, 

the R0 (Z variable) value changes more slowly (Rapid Sigma Solutions LLP, 2022).  

As illustrated below in the Brière Functional Form, the colored contour bands represent 

the varying ranges of the response variable—the Relative R0 of Dengue (Figure 2.5). This 

contour map for the Brière Functional Form reveals a wide range of areas on the plot which 

reflect temperature and precipitation values that would not lend themselves to a dengue outbreak. 

This is shown by the dark purple shade outlining the plot—when the ambient temperature is less 

than 25°C and there is no significant precipitation. For temperatures from 21-35°C and rainfall of 

at least 30 mm, dengue outbreaks with R0 between 2-4 could potentially occur. The contour 

bands representing the highest R0 values (14,16) are found at conditions between 27-31°C at 

precipitation levels from 170-230 mm. The consistent spacing between the contour bands 

indicates a relatively constant change rate.  
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Figure 2.5 

Contour Plot of R0 Based on the Interaction Between Temperature and Precipitation using a 
Brière Functional Form 
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In the Quadratic Functional Form Contour plot, the teal innermost contour represents the 

highest relative R0 values and their corresponding temperature and precipitation values (Figure 

2.6). Using the quadratic functional form, the highest R0 values occur at temperatures around 27-

33℃ and precipitation ranges from 40-84 mm. There is consistent spacing between the contour 

lines for values of R0 = 0, 2 through values of R0 = 8, 10 showing a relatively constant rate of 

change. The uppermost limit in precipitation occurs around the 118 mm mark, as precipitation 

values above this threshold do not consistently produce a dengue outbreak. Temperatures below 

22°C and higher than 35°C are not conducive to virus transmission. These dark purple values 

depict environmental conditions outside the optimal temperature and precipitation values for 

mosquito vector survival and reproduction. 
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Figure 2.6 
 
Contour Plot of R0 Based on the Interaction Between Temperature and Precipitation using a 
Quadratic Functional Form 
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Overall, both contour plots show an interaction between temperature and rainfall on the 

potential for a dengue outbreak. Rain is needed for the aquatic mosquito breeding processes 

(Benedum et al., 2018; Koenraadt & Harrington, 2008; Paaijmans et al., 2007). Temperature is 

linked to numerous metabolic and reproductive traits in mosquitos (Caldwell et al., 2021; 

Mordecai et al., 2017). These plots underscore significant environmental implications in the 

model that account for the proliferation of this viral illness. Overall, an increase in both the 

temperature and having met a minimum precipitation threshold result in an increase in the 

potential magnitude of the outbreak, as evidenced by the R0 value (Mushanyu et al., 2021).  

Time Series Analysis 

Brazil has the highest incidence rate of Dengue and has one of the world's most 

comprehensive surveillance systems, so it was chosen to analyze how the average R0 of Dengue 

changed over time (Brady et al., 2015; ECDC, 2022;). A time-series sensitivity analysis was 

performed using data from Brazil’s National Institute of Meteorology (INMET). It boasts a 

comprehensive network of over 265 weather stations reporting data from 1961 to 2019 (INMET, 

2022). The average daily temperatures and precipitation levels were plotted at the country level 

for weekly and monthly time steps (Figures 2.7-2.10). This data was then used to generate 

weekly and monthly R0 values using the Brière and Quadratic functional forms for precipitation 

(Figures 2.11-2.12).  
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Figure 2.7  
 
Brazil's Average Temperature Change from 1961-2019 Shows an Increase in the Average 
Weekly Temperature.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Note. The average weekly temperature increased from 21.5°C to 24.5°C over the nearly 60-year 
period. Data from INMET, 2022. 
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Figure 2.8  

Brazil's Average Temperature Change from 1961-2019 Shows an Increase in the Average 
Monthly Temperature  
 

 

 

 

 

 

 

 

 

 
 
 
 
Note. The average monthly temperature increased from 21.5°C to 24.5°C over the 58 years. Data 
from INMET, 2022. 
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Figure 2.9  

Brazil’s Weekly Precipitation Change from 1961-2019 Reveals a Steady State for the Average 
Weekly Rainfall Amounts  

 

 
 

 

 

 

 

 

 

 
 
Note. The average weekly rainfall remained relatively stable at around 4 mm throughout the 58-
year study period. Data from INMET, 2022. 
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Figure 2.10 

Brazil’s Monthly Precipitation Change from 1961-2019 Reveals a Steady State for the Average 
Weekly Rainfall Amounts 
 
 

 

 

 

 

 

 

 

 

Note. The average weekly rainfall remained relatively stable at around 4 mm throughout the 58-
year study period. Data from INMET, 2022. 
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The Brière Functional Form displays a slight increase in the R0 over time, so as 

temperature increased and rainfall stayed relatively constant, the potential for outbreaks is 

amplified. The Quadratic Functional Form R0 graphs show a fairly steady increase in the basic 

reproductive number from an average of 0.75 1 in 1961 to almost 1.5 in 2019. These results are 

consistent with empirical data showing an increase in dengue cases since the 1970s within Brazil 

(Cortes et al., 2018). The steady state of the weekly average rainfall produced sufficient breeding 

habitats to propagate the mosquito population. The increase in temperature led to an increase in 

dengue case numbers, highlighting the importance of both temperature and precipitation on the 

basic reproductive number.  
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Figure 2.11 
 
Temporal Analysis of Variations in R0 Based on the Interaction Between Temperature and 
Precipitation Data from Brazil from 1961-2019 using a Brière Functional Form  
 
 

 
 

 
 
Note. Data from INMET, 2022. 
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Figure 2.12 
 
Temporal Analysis of Variations in R0 Based on the Interaction Between Temperature and 
Precipitation Data from Brazil from 1961-2019 using a Quadratic Functional Form  
 
 
 

 

 

 

 

 

 

 

 

 

Note. Data from INMET, 2022. 
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Discussion 

A spatial-temporal relative global R0 Dengue model was developed using climatic 

variables, including temperature and precipitation and their corresponding effect on mosquito 

metabolic, reproductive factors, and transmission dynamics, Ae. aegypti vector distribution and 

abundance, and geolocalized economic data and its interaction with human population density. 

The model presents a methodological framework for developing a global relative dengue 

outbreak risk profile and should be interpreted as thus—an indication of risk, not a predictive 

tool to the exact magnitude and timing of a dengue outbreak. It demonstrates the seasonality of 

the disease etiology by identifying areas at risk of high virus transmission throughout the various 

months of the year.  

The R0 model reveals an increase in the geographic spread of the risk area during summer 

temperatures, with the at-risk area of the map moving further from the tropical and subtropical 

equatorial regions into more temperate climes. Traits important for disease transmission and 

linked to metabolism, such as reproduction, development, survival, and biting rate, are 

temperature-dependent (Caldwell et al., 2021; Mordecai et al., 2017). Aedes are anthropophilic 

and their aggressiveness makes them a critical threat to humans (Caminade et al., 2017). 

Focusing on one geographical area—for example, Australia allows one to follow the temporal 

changes as the temperature and rainfall amounts vary throughout the year. Similar to a Zika risk 

model, the largest R0 values on the African continent occur during the December to February 

rainy season, as evidenced by both the Brière and Quadratic models (Caminade et al., 2017). 

This comparison is especially poignant considering the similarity between the viruses and their 

primary vector—the Aedes mosquitos (Hart et al., 2017; Weger-Lucarelli et al., 2016;) 

Through the application of empirical and laboratory data and high spatial resolution 

databases, it is clear that there is an optimal temperature and precipitation range for the genesis 
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and proliferation of a dengue outbreak. In this model, the effect of precipitation is most 

pronounced on the carrying capacity. However, there is also an undisputable link between 

temperature, precipitation, and human activity. The model generated is similar to other published 

estimates of global reach and burden of disease (Bhatt et al., 2013; Caminade et al., 2017; 

ECDC, 2021). 

Additionally, a socioeconomic component to mosquito and human population interaction 

exists, including the availability of running water, air conditioning, and screens on the windows 

(Hallegatte et al., 2018; Nii-Trebi, 2017). Ae. aegypti are urban-dwelling mosquitos who prefer 

human hosts and enter buildings to feed and rest (Christophers, 1960). A study in Texas showed 

the protective factors of air conditioning and window screens on the transmission of dengue 

through the limitation of human-mosquito contact (Reiter et al., 2003). Thus, although it needs to 

be better quantified, sufficient evidence exists for an association between human-mosquito 

contact and economic prosperity (Perkins et al., 2016).  

Climate changes that increase the duration of the mosquito breeding seasons and their 

geographical reach are part of a complex web of interrelated factors that affect economic 

prosperity (WHO, 2008). Economically distressed individuals are more vulnerable to “shocks 

and stressors” that adversely affect their economic situation (Hallegatte et al., 2018). Even slight 

variations in the distribution and burden of diseases will deteriorate the economic well-being of 

entire communities and profoundly affect the flow of people falling into poverty (Hallegatte et 

al., 2018)     

Inverse Functional Form 

 Models were constructed using the Inverse Functional Form for precipitation and Global 

Relative R0 maps were generated. However, there were practical issues with interpreting the 
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Inverse Functional Form products. Most importantly, zero rainfall would yield an R0 value of 

infinity in this functional form. This signifies that no precipitation would be the ideal condition 

for virus transmission (i.e., no rainfall produces virus transmission); however, rainfall is a 

necessary part of the vector life and breeding cycle. Thus, this assertion of the model is, in fact, 

false, defying both entomological norms and empirical observation. For this reason, the Inverse 

Functional forms were not utilized in the final iteration and discussion of the Global Relative R0 

Model for Dengue.  

Model Validation  

Model parameters that exert the most influence on the outcome of a model are identified 

through sensitivity analysis (Hamby, 1994). Model validation was performed by comparing 

relative R0 risk to empirical data on dengue outbreaks in Brazil and Singapore—two countries 

with a high number of reported cases (National Environmental Agency (NEA), 2022). The most 

substantial risk of a dengue outbreak occurs during April in both Sub-Saharan Africa and India. 

Data from the Singapore Ministry of Health and NEA show the greatest number of dengue cases 

from May to August, corresponding to the highest risk for dengue outbreaks in this area 

generated by the model (NEA, 2022) (Figure 2.13). The model is further validated by comparing 

Dengue surveillance data from two Brazilian cities from 2001 to 2014 to the projected Dengue 

R0 values generated by the Brière and Quadratic forms of the basic reproductive number 

equations (Cortes et al., 2018). The highest incidence was observed from December through May 

and the lowest number of cases was from July through September, which correlates to the 

predicted values from the Brière Functional Form for precipitation (Cortes et al., 2018).  
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Figure 2.13 
 
The Temporality of Dengue Cases in Singapore from 2018-2022 
 

 
 
Note. Data compiled by the Communicable Disease Division, Ministry of Health (NEA, 2022). 
Figure retrieved 28 November 2022. 
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Limitations 

There are several limitations to this form of mathematical modeling for dengue 

outbreaks. Only a handful of studies inform the metabolic and reproductive parameters of the 

mosquitos and the interaction of temperature and precipitation on these values (Caldwell et al., 

2021; Caminade et al., 2017; Mordecai et al., 2017; Ngonghala et al., 2021). The projections of 

the model were based on average monthly temperatures and rainfall when in all actuality, there is 

great heterogeneity of temperature and precipitation during this time frame. Therefore, 

uncertainty in these estimates may underestimate the impact of environmental factors on Dengue 

transmission, thus miscalculating the global R0 risk. Further development of Dengue models 

based on calibrations from field-based data would provide a more accurate relative R0 

determination.  

Additionally, only parameters specific to Ae. aegypti mosquitos, the primary vector of the 

Dengue virus, were used in modeling computations. However, a more complete model would 

also include Ae. albopictus distribution models. These secondary vectors are likely to increase 

the geographical reach and distribution of the virus (Kraemer et al., 2019). This is because the 

predicted global distribution of the two species differs in their optimal climatic conditions with 

Ae. albopictus generally tolerating lower temperatures (Caminade et al., 2017; Mordecai et al., 

2017). Ae. aegypti are primarily found in the tropical and subtropical equatorial regions and in 

northern Brazil and Southeast Asia. This species is notably absent in most of Europe and 

temperate areas of North America (Kraemer et al., 2019). In contrast, Ae. albopictus’s range 

extends further into temperate regions, including further north in the U.S. and China, southern 

Europe, southern Brazil, and Japan (Brady et al., 2015; Kraemer et al., 2019; Lounibos et al., 

2002; Tsuda & Takagi, 2001).  
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A further limitation was the use of a standard mosquito carrying capacity (Kappa) to 

human population density value of 20. The actual vector carrying capacity would vary with 

human population density and socioeconomic status. This data does not currently exist at a local 

level and thus would be impossible to extrapolate to our global model. An early iteration of the 

model was run using empirical data for several different types of aquatic habitats contributing to 

the carrying capacity. Analysis was performed on a temporary and constant rain-fill habitat 

(Perkins et al., 2016; Smith et al., 2013; Soda et al., 2018). The constant and temporary habitat 

functional forms were adjusted from the 1-degree by 1-degree resolution to 5-kilometer by 5-

kilometer2 units at the equator. (Soda et al., 2018; Veregin, 2022). However, this computation 

overestimated the R0 values in most countries compared to literature values; therefore, the choice 

was made to use a standard value for these calculations (Liu et al., 2020). 

One of the assumptions inherent in a basic reproductive model is that the population is 

fully susceptible. This is misleading as Dengue’s endemicity is so widespread and large 

populations are affected each year. Furthermore, our model failed to evaluate the different 

serotypes of Dengue—each one able to infect the same individual—and ignored the immunity 

conferred from recovery from one strain of the virus.  

Application 

Mathematically derived basic reproductive number models can estimate infectious 

disease risk and interpret surveillance data. This Global Relative R0 Model for Dengue 

synthesizes the seasonality in vector breeding and population dynamics, temperature impacts on 

mosquito traits, and socioeconomic factors contributing to human-mosquito contact. It can help 

to inform the timing and intensity of vector control and mitigation efforts. The model's 

environmental and socio-economic components could predict the disease transmission dynamics 
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and inform the relative magnitude of the outbreak. This model projects an outbreak’s relative 

risk and magnitude but does not project a future outbreak’s precise location, timing, or size.  

The introduction of mosquitos into new locations through trade routes, human travel, and 

climate change introducing new suitable habitats can lead to novel outbreaks. These maps can 

pinpoint focus areas for vector surveillance and control. Rapid response protocols to limit the 

introduction of new species ameliorates human health risks. Recent economic downturns and the 

interruption of critical vector control services and surveillance infrastructure during the global 

COVID-19 pandemic enabled unrestrained disease proliferation.  

Travel medicine professionals could use the Global Relative Risk Models to help educate 

and convey the potential risk of infection to travelers during specific time periods and to specific 

locations. The results could aid military and humanitarian aid organizations in optimally timing 

future exercises or training missions. Additionally, they can inform planners of needed force 

health protection measures, including insecticide-treated clothing, repellents, and mosquito nets. 

However, the model results should be interpreted cautiously, especially concerning the 

assumptions and limitations of the equation.  
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3. DENGUE—DETERMINATES OF DISEASE SEVERITY AND RISK FACTORS  
 

Background 
 

 The first documented evidence of dengue can be traced back to the third century A.D. in 

China, where it was referred to as “water poison” and was thought to be related to flying insects 

associated with water (Gubler, 1998; Silva et al., 2020). Dengue infection is caused by a virus 

with the same name belonging to one of four distinct viral serologic types (serotypes): DENV-1, 

DENV-2, DENV-3, and DENV-4, that are phylogenetically distinct and often geographically 

clustered (CDC, 2021; Coffey et al., 2009; WHO, 2021). Humans can be infected by each viral 

serotype and become affected four times in their lifetime. Each serotype is comprised of three to 

five common strains (genotypes). The different viral types vary in virulence and their resulting 

infections can produce clinical syndromes that differ in presentation (Endy et al., 2002; Silva et 

al., 2020). During an outbreak, one serotype usually emerges as the predominate serotype; 

however, evidence suggests that many outbreaks are conglomerations of geographically 

localized clusters of multiple Dengue virus serotypes (Endy et al., 2002).  

Research Aims and Questions 

 If one cannot tell which mosquitos are infectious by looking at them and if dengue 

infection is an emergent threat worldwide, how does one know their individual level of risk? 

Should concerns about dengue infection factor into one’s travel decision? What factors affect the 

spectrum of dengue illness presentation—a continuum that ranges from subclinical to self-

limiting, mild diseases to ones that require hospitalization and could ultimately cause death?  

 This review aims to identify the determinates of dengue and severe dengue in order to 

understand the risk factors for hospitalizations, manifestations of severe disease, and 

complications. The issue of recurrent infections with different strains of the Dengue virus and 
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whether the sequence of infections impacts the severity of the illness presentation are explored. 

Characteristics of immunity and introduction of the virus into naïve populations and its 

implications on the future trajectory of disease burden are studied.  

Methods 

A quasi-systematic effort was undertaken to comprehensively identify hotspots of dengue 

transmission, high-risk populations, characteristics of high-risk populations, and control 

measures. A literature review was conducted using the following databases: the National 

Institutes of Health Medical Database (PubMed), the Cochran Database of Systematic Reviews 

(CDSR), and the World Health Organization (WHO) library database (WHOLIS). Free text 

keywords using combinations of the following words:  Dengue, secondary infections, 

seroprevalence, antibody-dependent immunity, vaccines, risk assessment, and travel were 

utilized. Primary papers were read, and a systematic review of citations was explored to uncover 

additional information sources. This iterative process was repeated until citations were 

exhausted.  

Data were collected to summarize dengue’s disease presentation and classification, 

immunity and immunologically naïve populations, sequence and severity of different serotypes, 

characteristics of frequent high-risk travelers, prevention and mitigation factors, and vaccine 

recommendations. Further review of risk assessments and pre-travel health assessments were 

conducted. This paper synthesizes contemporary academic literature to determine dengue and 

severe dengue risk factors. 
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Findings 

Human Genetic Factors  

 The WHO definitions of dengue with or without warning signs and severe dengue were 

updated in 2009 to better classify and quantify the true disease burden. Classification is just one 

step in understanding the etiology of the disease. One of the hallmarks of the expansion of 

dengue over the past 40 years has been the intensity of the infections with multiple serotypes 

circulating at the same time or the presence of serial occurrences of dengue outbreaks in 

successive transmission seasons (Halstead, 1992). A 1981 outbreak in Cuba with severe dengue 

disease suggested that individuals of African ancestry (blacks) may possess inherent genetic 

resistance to the virus similar to the malaria parasite resistance (Bravo et al., 1987; Coffey et al., 

2009; Halstead et al., 2001). Research indicates that determinates of disease risk are part of a 

complex web of interactions, including viral and immunological factors such as cytokine 

expression, activation and proliferation of immune cells, and human genetic factors (Coffey et 

al., 2009).  

 Several studies have shown the propensity of certain ethnic populations to develop severe 

manifestations of the disease, while others only have mild forms (Bravo et al., 1987; Coffey et 

al., 2009; Halstead, 1992). A study from Haiti showed that 85% of children aged 6-13 years 

living in Port-au-Prince had dengue antibodies, but there were no reported dengue cases for the 

youth in the city (Fink et al., 2006). However, the mainly Caucasian U.S. military personnel had 

185 reported dengue cases with laboratory confirmation. This suggests that Haitian children are 

less susceptible to endemic dengue than Caucasian adults (Coffey et al., 2009; Fink et al., 2006). 

In Asia, individuals of Chinese heritage had significantly higher morbidity rates (9.0 cases per 

100,000 people) compared to Malaysian (2.9 cases per 100,000) compared to individuals from 
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India (2.4 cases per 100,000) in retrospective outbreak studies (Shekhar & Huat, 1992a, 1992b). 

These studies purport that ethnicity determines infection susceptibility and suggest that human 

genetic factors could play a part in determining dengue disease outcomes. Blood type and a 

complex series of immune responses, including a variety of antigenic and histocompatibility 

complexes, antibody isotypes, and single nucleotide polymorphisms, are also thought to play a 

role in the susceptibility and severity of disease (Coffey et al., 2009; Fink et al., 2006; 

Kalayanarooj et al., 2007).  

Sequence and Severity 
 
      Severe illness does occur in initial cases of infection—mainly if the strain is virulent, as seen 

in Thailand at the turn of the 21st century (Anantapreecha et al., 2005). A 2002 study from Brazil 

showed that high mean virus titers of DENV-3 contributed to severe illness leading to deaths in 

both primary and secondary cases (De Araujo et al., 2009). Dengue infection does confer 

immunity, but only to the infecting viral serotype. Any secondary infection with a different 

Dengue serotype is a risk factor for severe dengue (Cherian et al., 1994; De Carvalho Bittencourt 

et al., 2012; Fried et al., 2010; Guzman et al., 2010, 2013; Halstead et al., 1969, 1970; Ocasionez 

et al., 2006; Pancharoen et al., 2001; Porter et al., 2005; Tantracheewathorn & 

Tantracheewathorn, 2007; Thomas et al., 2008; Vaughn et al., 2000). Thus, though often mild 

and self-limiting, dengue can be a severe and even fatal disease with a preponderance of 

evidence showing repeated exposures with different serotypes having the highest risk for severe 

illness manifestations. 

     Nevertheless, not all infection sequences have the same risk for severe illness (WHO, 2022). 

Studies from Thailand suggested that secondary infection with DENV-2 was 5-7 times more 

likely to become severe dengue when compared to secondary DENV-1 or DENV-3 infection 
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(Endy et al., 2004; Vaughn et al., 2000). Furthermore, the sequence of DENV-1 followed by 

DENV-2 had the greatest risk of severe disease (Table 3.1) (Alvarez et al., 2006; Anantapreecha 

et al., 2005; De Carvalho Bittencourt et al., 2012; Graham et al., 1999; Guzman et al., 1999, 

2012; Kourí et al., 1998; Ocasionez et al., 2006; Sangkawibha et al., 1984; Thomas et al., 2008). 

Additional studies with DENV-3 as the causative agent of a secondary infection revealed a 

substantial risk of severe dengue (Anantapreecha et al., 2005; Chungue et al., 1990; De Araujo et 

al., 2009; Gubler et al., 1979; Guzman et al., 2012). 
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Table 3.1 
 
A Summary of Severe Dengue (SD) Outbreaks as a Secondary Infection (SI) with Sequencing 
Information 
 

 
Timeline 
of Study 

 
Country 

 
Population at Risk 
& Study Results 

 
Sequence of 

Infection 

 
References 

 
2001 -
2002 

 
Cuba 

Epidemic in Cuba with SD 
(n=78 DHF/DSS patients) 

DENV-1   
DENV-3 led to 
the most severe 

infections 

Alvarez et al., 
2006 

 
1997 

 
Cuba 

DENV-2 epidemic after 15-
year lull in disease activity; 
previous epidemics in 1997 
(DENV-1) & 1981 (DENV-
II); all 12 decedents has SI 
(n=3,012 cases with 205 
SD/12 fatalities) 

DENV-1  
DENV-2; all 

fatalities were 
adults with SI 

 
Guzman et al., 
1999; 
Kourí et al., 
1998 

 
2003 

 
Cuba 

Following the 2011-2012 
epidemic, a seroprevalence 
study of a 1% sample of 
residents in the Playa District 
of Havana (n=1758) 

7.2% of pop with 
DENV-3; 

DENV-1  
DENV-3 most 
likely for SD 

 
Guzman et al., 
2012 

 
1994 -
1996 

 
Thailand 

Children at two hospitals 
(n=168) with acute Dengue; 
higher viremia titer was a 
marker for SD 

DENV-2 as SD; 
SI led SD 

Vaughn et al., 
2000 

 
1999 -
2002 

 
Thailand 

DENV-1 & DENV-3 induced 
SD in 1° & 2° cases; DENV-2 
& DENV-4 caused SD in 2° 
cases (n=2,715 patients in 6 
hospitals) 

All 4 serotypes; 
SD in 1° & 2° 

cases with 
DENV-1  

DENV-3 highest 
risk for SD 

 
Anantapreecha 
et al., 2005 

 
1998 -
2000 

 
Thailand 

Prospective study of 2,000 
school kids (n=154 cases); All 
DENV produced SD, but 
DENV-3 produced more 
severe symptoms compared to 
other serotypes 

All four 
serotypes; 

SD only as SI 

 
Endy et al., 
2004 

 
1976 

 
Central 
Java, 

Indonesia 

Serum analyzed (n=69; 4 
fatalities); DENV-1,    
DENV-3, & DENV-4 were 
all detected 

DENV-3 led to 
SD & death 

Gubler et al., 
1979 
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Table 3.1 Continued 
 

 
Timeline 
of Study 

 
Country 

 
Population at Risk 
& Study Results 

 
Sequence of 

Infection 

 
References 

 
1989 -
1990 

 
French 

Polynesia 

DENV-3 outbreak following 
mild outbreaks in 1971 
(DENV-2), 1975 (DENV-1), 
& 1979 (DENV-4) (n=213 
cases of SD/7 fatalities) 

DENV-1  
DENV-3; 
SD as a SI 

 
Chungue et al., 
1990 

 
1995 -
1996 

 
Indonesia 

A prospective study with 22% 
initial dengue antibodies; 
20.1% prevalence increased 
with the age of kids; 536 
incident cases (n=1,837 4–9 
year-olds); 

All 4 serotypes; 
all SD were SI; 

DENV-2 
DENV-1 led to 

SD 

 
Graham et al., 
1999 

 
2005 -
2006 

 
Martinique 

Adult patients at single 
hospital (n=146; 11 with SD; 
4 fatalities) 

SD as a SI; 
DENV-2 as SI 

had worse 
outcomes 

Thomas et al., 
2008 

 

 
2010 

 
Martinique 

Patients over age 15 (n=44; 
12 with SD) with lab samples 
positive for dengue at one 
hospital; dendritic cells count 
was not a predictor of SD 

DENV-2 as SI 
most likely to 

cause SD 

De Carvalho 
Bittencourt et 
al., 2012 

 
2002 

 
Brazil 

Patients hospitalized with 
DENV-3; 52.2% of fatal 
cases were 1° cases (n=42 
patients 23 fatalities) 

SD in 1° & 2° 
cases; SD had 

higher mean virus 
titers; DENV-3 
was particularly 

severe strain 

 
De Araujo et 
al., 2009 

 
1998-
2004 

 
Colombia 

1998 DENV-1 predominated; 
DENV-3 predominated 2001-
2003; wide presence of 
DENV-2 in 2000-2001 lead to 
more SD 
(n=1452 serum samples with 
596 cases) 

All 4 serotypes; 
Increase in 1° 
infection each 

year; DENV-2 led 
to more SD 

Ocasionez et 
al., 2006 

 
Note. 1° = primary;  2° = secondary. 
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 Increasing global travel, expanding vector habitats, and the circulation of numerous 

serotypes within the same communities complicate the epidemiology of dengue and create risk 

for lifetime exposure to multiple viral types, thereby enhancing the likelihood of severe dengue 

in specific populations. The global spread of all Dengue virus serotypes has made prevention and 

control infinitely more problematic—due to the increase in the endemic range of the virus and 

the increased probability of severe infections from secondary cases. There is no single tool or 

methodology that will be effective in controlling the vector population alone (Gubler, 2011).  

Antibody-Dependent Enhancement 

For individuals who do not experience their first natural dengue infection before 

vaccination, the vaccines carry an increased risk of severe or hemorrhagic disease because a 

subsequent infection has a higher probability of severe disease. It is generally understood that a 

secondary infection provokes antibody-dependent enhancement (ADE) (Halstead, 1982; Libraty 

et al., 2009; Whitehead, 2016). ADE is an immune process wherein antibodies resulting from a 

prior infection’s immune memory can worsen the condition instead of clearing the virus. In 

dengue ADE, the responding IgG antibodies recognize and bind to the virus but cannot 

neutralize it. These bound antibodies act as a “trojan horse," allowing the pathogen to enter 

monocyte cells through normal phagocytic processes or may activate other immune components 

that can exacerbate the immune response (Huisman et al., 2009). The infection of the monocytes 

is associated with an increase in virus replication and a heightened risk of severe disease 

(Melanson et al., 2019). Observations from studies of severe infections in children perpetuated 

the theory that pre-existing immunity can predispose individuals to a more serious secondary 

infection (Halstead, 1982). This notion of pre-existing humoral immunity as a significant risk 

factor in severe manifestations of the diseases was later reinforced by several studies (Burke & 
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Kliks, 2006; Graham et al., 1999; Huisman et al., 2009; Kliks et al., 1988; Sangkawibha et al., 

1984). 

Immunity and Immunologically Naïve Populations 

 Infection with one serotype confers lifelong immunity to that serotype and limited, 

transient protection against subsequent infection with any of the other serotypes (Dussart et al., 

2012; WHO, 2022). A concomitance of evidence suggests that a subsequent infection with 

another serotype (secondary infection) increases the risk of developing a severe illness. A study 

of primary school children in Thailand showed that homologous immunity was long-lasting. 

However, cross-protective immunity was minimal within a year, leading to potential outbreaks 

with different genotypes (Endy et al., 2002). 

 The scope and duration of climatic events increase the geographical range and 

transmission windows of vector-borne diseases. The complex interaction of human migration 

patterns, poverty, vector density, and environmental conditions can lead to explosive outbreaks 

when the virus encounters an immunologically naïve human population. An outbreak in Greece 

in the late 1920s resulted in more than one million people (90% of Athens) falling ill with an 

unusually high occurrence of hemorrhagic fever due to sequential and almost simultaneous 

exposure to DENV-1 and DENV-2 (Louis, 2012; Schaffner & Mathis, 2014). Infected travelers 

to non-endemic areas where mosquito vectors are present can be the source case—triggering an 

outbreak and subsequent autochthonous transmission (Massad et al., 2018; Senda et al., 2018; 

Wilder-Smith, 2018). 

Discussion 

 Dengue and severe dengue should be approached through a One Health framework. One 

that, per the CDC, is “a collaborative, multisectoral, and transdisciplinary approach—working at 
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the local, regional, national, and global levels to achieve optimal health outcomes recognizing 

the interconnection between people, animals, plants, and their shared environment” (CDC, 

2022d). One Health is a lens through which we should see the world to understand the 

connections and complex interactions that drive disease patterns, ecology, environment, and 

animal and human migrations. The severity of dengue infections depends on the interactions of a 

complex web of mosquito vector, environmental, human genetic, and virus serotype factors. 

Alterations in the agent, host, or environment will inevitably drive changes in other parts of the 

epidemiological triad. These changes are further complicated by the progressive evolution of 

viral and microbial hosts and issues of population influxes, human and vector migrations, and 

drug resistance (Chala & Hamde, 2021).  

The determinants of dengue infection are vast and complex. An increased understanding 

of a particular strain in a confined geographical area or the interaction with a certain subset of 

populations allows better predictions about outbreak severity, duration, and disease prognosis. A 

second infection with a different serotype can lead to severe infections. Sometimes a particularly 

virulent strain can cause complications in primary infection. Many individuals may be unaware 

of previous exposure to a strain of Dengue due to subclinical or mild infection. Even those who 

are aware may not fully understand the risk of subsequent infections or fail to comply with 

personal protective measures.  

Summary 

Globalization has been the principal driver of economic systems, including a 

transnational flow of knowledge, people, goods, animals, and arthropod vectors (Gubler, 2011). 

The spread of all Dengue virus serotypes has made prevention and control infinitely more 

problematic. It also potentially produces more resistant and intense viruses easily spread by air 



77 
 

travel. There is no single tool or methodology that will be effective in controlling the vector 

population alone (Gubler, 2011). The presentation and severity of dengue infections depend on 

the strain, the presence of antibodies from a previous infection, the interval between infections, 

and the infection sequencing. While many primary infections are subclinical, secondary 

infections and those of a particularly virulent strain can lead to severe disease and even death. A 

better understanding of host genetic interactions and antibody-dependent enhancement might 

lead to breakthroughs in therapeutics and vaccines.  
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4. SPECIAL POPULATIONS WITH REPEATED HIGH-RISK EXPOSURES: 
CHARACTERISTICS AND A FRAMEWORK FOR RECOMMENDATIONS 

 
Background 

 
 As a re-emerging tropical disease, a growing body of literature has been dedicated to the 

emergence of Dengue serotypes throughout the world, an increase in the vector range and 

seasonality, the discovery of dengue in previously unaffected populations and locations, and 

characteristics that place individuals at greater risk for severe dengue—the most complex and 

life-threatening form. However, no cohesive synthesis of the pathogenesis of the disease and its 

impact on specific non-traditional populations at risk of frequent and/or prolonged exposures. In 

this context, high-risk populations denote populations not living in dengue-endemic areas.  

 Dengue is often underreported, partly due to the non-specific febrile presentation, the 

self-limiting nature of the illness (which is often mild), and frequent subclinical infections. 

Further complicating reporting is that laboratory capacity and access to diagnostics are under-

resourced in areas where dengue is endemic and most of the infections occur. While various 

control and prevention measures exist, no specific pharmaceutical agent exists to treat, cure, or 

prevent dengue. Treatment is supportive at most, and infection prevention relies largely on 

vector avoidance. Primary prevention and education are paramount to stopping the spread of the 

disease and risk assessments could strengthen individual compliance with personal protective 

measures. 

Research Questions & Methods 

 This review identifies and characterizes special non-traditional populations with repeated 

and/or prolonged exposures. What makes an individual more susceptible to contact with the 

mosquito, exposure to the virus, and developing the disease? If specific traits, behaviors, or 

characteristics place individuals at greater risk, what prevention and control strategies can they 
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employ? Are there knowledge gaps in understanding the etiology of dengue disease and is 

education about risks a sufficient intervention? Why might some individuals potentially 

understand the risk but still be unlikely to follow prevention and mitigation guidelines?   

 Synthesizing the clinco-epidemiology of dengue with available prevention and mitigation 

measures, including the use of vaccines, allows for the development of a framework for 

recommendations for travelers with repeated high-risk exposures. The framework will also 

briefly include barriers to vaccine behaviors and recommended pre-travel threat assessment 

meeting items. Using the same methods outlined in Chapter 3, data were collected to determine 

the characteristics of frequent high-risk travelers, prevention and mitigation members, and 

vaccine recommendations. 

Findings 

Characteristics of Repeated High-Risk Exposures  

 Humanitarian aid workers, disaster response workers, Peace Corps volunteers, 

missionaries, and military service members are at a heightened risk for dengue infection due to 

recurrent and long-term travel. These individuals often have extended travel duration, a higher 

likelihood of visiting rural or remote areas, and have continued close contact with locals 

(McCarthy, 2001; Rowe et al., 2017). Serosurveys have produced incidence rates of 1.12 cases 

of Dengue per 1,000 volunteer-months in Peace Corps volunteers and a disease prevalence rate 

of 93% from missionaries returning from posts in Jamaica (Ferguson et al., 2016; Moncayo et 

al., 2015; Wilder-Smith, 2018).  

Dengue has played a detrimental role in U.S. military operations since the Spanish 

American War, plaguing troops in the Asian and South Pacific theaters, Somalia, and Haiti 

leading to attack rates of up to 80% and convalescence of up to three and half weeks (Gibbons et 
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al., 2007). Military service members assigned to Special Operations units deployed to Africa, 

Southeast Asia, and South and Central America were screened for dengue with a preliminary 

13.2% (55 of 414) seropositivity rate (Caci et al., 2014). A different seropositivity study of 

dengue among 494 U.S. military service members assigned to Puerto Rico from 1 January to 1 

June 2015 revealed a 66.8% positivity rate (72.7% for members who were born or resided in a 

Dengue endemic country before deployment as opposed to 26.8% to those born or lived in a non-

endemic country) (Pollett et al., 2022). Furthermore, 78.2% of the study sample had antibodies to 

more than one strain of Dengue, while the rest had only one strain—representing a primary 

infection (Pollett et al., 2022).  

Dengue on the African continent is widely underreported, but a French military study 

from 2011 to 2014 in Djibouti established the circulation of DENV-3 for the first time along with 

DENV-1 and DENV-2 (Le Gonidec et al., 2016). The emergence of new serotypes of Dengue in 

the region elevates the concern for increased severity of dengue outbreaks from secondary 

infections (Melanson et al., 2019). Dengue impacting troops has been documented in a wide 

range of areas by several militaries—parallel examples of reports of dengue infections affecting 

militaries throughout the world can be seen in Australian troops in Papua New Guinea & East 

Timor, Italian troops in East Timor, and U.S. military members in Haiti, the Philippines, 

Somalia, and French Guiana (Bullard, 2004; Hayes et al., 1995; Kitchener et al., 2002; Meynard 

et al., 2008; Peragallo et al., 2003; Trayers et al., 2008; Trofa et al., 1997; Zemke et al., 2019). 

Dengue threatens the military mission abroad and presents a potential for ill service members to 

import the virus back to American communities when they return (Kitchener, 2010). Imported 

dengue into naïve areas is a known but unquantifiable threat—one that has seen international 
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travel implicated in autochthonous cases in France and the U.S. (Murray et al., 2013; Ruche et 

al., 2010; Senda et al., 2018). 

 International business travelers are at increased risk through repeated trips to the same 

location or multiple trips to various endemic areas. Since Dengue vectors are primarily urban 

dwellers, even business travelers are at risk of repeated exposures when work takes them to 

endemic areas (Chen et al., 2018). Many foreign economic hubs have populations of 15 to 20 

million people. Business travel encompasses approximately 14% of all international travel, with 

17% of corporate travelers from a conglomerate of forty-eight multinational corporations 

reporting having traveled for at least 30 days or more each year (Chen et al., 2018). The potential 

of dengue in this community is unknown but potentially substantial.  

Travelers visiting friends and relatives (VFRs) is another category of high-risk travel. 

This recently coined acronym refers to immigrants from developing countries who fall ill with 

infectious diseases after returning home to their native lands (Bacaner et al., 2004). Travelers 

VFRs may also experience asymptomatic chronic infections acquired before migration (Monge-

Maillo et al., 2014). A 1990 CDC study showed that 73% of typhoid infections were acquired 

abroad, and 77% of patients reported that their international trip was to visit family (McCarthy, 

2001; Mermin et al., 1998). Another study from Spain showed that this cohort was frequently 

diagnosed with malaria, latent tuberculosis, chronic viral hepatitis, filariasis, intestinal parasites, 

and dengue (Monge-Maillo et al., 2014).  

Travelers VFRs may be at higher risk for severe dengue due to previous infections during 

childhood (Ericsson et al., 2006). Furthermore, they are more likely to have prolonged contact 

with locals, may travel last minute to attend funerals or visit sick relatives, spend more time in 

the country and be less likely to adhere to mitigation measures due to their familiarity with the 
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region. Additionally, children of travelers VFR who grew up in the developed world may be at a 

particularly elevated risk of diseases if they lack immunity (McCarthy, 2001). A GeoSentinel 

Surveillance Network study showed that migrants who return to highly prevalent Dengue areas 

to visit friends and relatives have a higher risk of severe dengue due to previous exposure to the 

virus (Ericsson et al., 2006).  

 These special populations' characteristics and travel patterns place them at high risk for 

infection acquisition. For each of these populations, the sequence of infection and the potentially 

high seroprevalence of past dengue infections increase the probability of severe disease. Special 

considerations should be given to preventing and mitigating dengue infections for them.  

Prevention and Mitigation Measures  

 Frequent, high-risk travelers have unique travel patterns and geographic locations, which 

make them ideal candidates for pre-travel medical appointments. These appointments should 

focus on risk identification, mitigation, and pre-travel interventions including the potential 

administration of vaccines. A large-scale study of British volunteers returned from overseas 

assignments concluded that pre-travel educational appointments should focus on the prevention 

of diarrhea, personal security, communicable diseases, and accidents through easily implemented 

advice (no ice, use separate cutting boards for meat and vegetables, and hand hygiene) (Bhatta et 

al., 2009).  

Currently, no specific chemoprophylaxis prevents infection with dengue or therapeutics 

to treat the infection once contracted. In general, a pre-exposure prophylaxis medication taken by 

travelers does not stop the individual from getting bitten by the mosquito vectors and acquiring 

the infection. However, theoretically, the drug would block the virus from replicating, thereby 

preventing clinical disease (Institute of Medicine, 2002; Schwartz, 2012). This is a promising 
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future solution for high-risk travelers. Without this innovation, primary prevention of mosquito 

bites and elimination of habitats is the best control measure.  

Larva source reduction and targeted treatment of mosquito breeding habitats are essential 

steps in the multiprong approach needed for mitigation and control. The mosquito population 

thrives in densely populated areas that lack reliable access to water supplies, waste management, 

and sanitation (Honorio et al., 2009). Eliminating mosquito egg breeding sites--flipping over any 

trash or debris where water has collected and covering and cleaning items used for rainwater 

collection are simple but effective steps (European CDC, 2021). Using mosquito nets, windows 

with screens, and removing standing water from the immediate vicinity of the living quarters 

would also be very effective.  

After eliminating the breeding sites, reducing contact (mosquito bites) between 

mosquitos and human hosts is the next best prevention layer (Debboun & Strickman, 2013; 

Lasluisa et al., 2019). This is part of the U.S. military’s six-component approach to travel or 

deployment medicine which reiterates preparation, education, personal protective measures, 

vaccines and chemoprophylaxis, and surveillance to prevent infectious diseases (Murray & 

Horvath, 2007). Activities that alleviate the risk of vector-borne disease infection include proper 

clothing—sleeves down, pants tucked into boots, undershirts tucked into pants, use of mosquito 

repellants, and bed nets impregnated with insecticides. Goodyer et al. (2010) provided an expert 

review of effective arthropod bite avoidance techniques, concluding that the most substantial 

evidence exists for using insecticide-treated mosquito nets and insecticide-treated clothing as a 

valuable adjunct to repellant applied to the skin (Table 4.1).  
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Table 4.1 
 
A Summary of Evidence for Topically Applied Repellents  
 

Type & Location of 
Topically  

Applied Repellent 

 
Strength of Evidence 

 
Quality of Evidence 

 
Notes 

DEET 
(N, N-diethyl-meta-toluamide) 

 
Dermal application for 

mosquito avoidance 

 
Good evidence to 

support its use 

 
Evidence from 1 or 
more randomized 

control trial(s) 

Reapplication 
times vary by 

individual 
mosquito species; 
Effective broad-

spectrum repellent 
 

Application of DEET to 
wristbands 

Good evidence to 
support the 

recommendation 
AGAINST its use 

 
Evidence from 1 or 
more randomized 

control trial(s) 

Wristbands 
provide no 

protection for 
uncovered or 
untreated skin 

Icaridin/Picaridin 
Sec-butyl-2‐(2‐hydroxyethyl) piperidine-1-carboxylate 

Dermal application for 
mosquito avoidance  

Moderate evidence to 
support its use 

Evidence from 1 or 
more randomized 

control trial(s) 

Provides good 
protection against 
Anopheles species 

IR3535 
ethyl butylacetylaminopropionate 

Dermal application for the 
avoidance of mosquitos  

Moderate evidence to 
support its use 

Evidence from 1 or 
more well-designed 

clinical trial(s) without 
randomization, case-
control analysis of 

cohort study 

Results are based 
on five limited 
field studies. As 
effective as DEET 
with Aedes species  
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Table 4.1 Continued 
 

Type & Location of 
Topically  

Applied Repellent 

 
Strength of Evidence 

 
Quality of Evidence 

 
Notes 

 
PMD—Lemon Eucalyptus (Corymbia citriodora) Extract 

p‐methane 3, 8‐diol 
 

Dermal application for 
mosquito avoidance 

 
Good evidence to 

support its use 

 
Evidence from 1 or 
more randomized 

control trial(s) 

Highly 
recommended 
alternative to 

DEET at 
concentrations 

>20% 
 
 

Citronella (Cymbopogon 
grasses extract) 

 
 

Poor evidence to support 
its use 

 
Lower quality: 

Consensus evidence, 
evidence from one 

authority or report from 
expert communities, 
single case studies 

Not recommended 
for use when 
engaging in 

vigorous activities 
or in areas of high 
mosquito density; 

Repellent only 
effective <2 hours 

 
Neem Oil (Fruit and Seed 

Extract) 
Azadirachta indica 

 
Moderate evidence to 

support a 
recommendation 
AGAINST its use 

Lower quality: 
Consensus evidence, 
evidence from one 

authority or report from 
expert communities, 
single case studies 

More studies must 
be conducted; It 

can cause 
dermatitis and 

long-term 
exposure can 

impair fertility 
 

Essential Oils (Mixtures 
containing thyme oil, 

geraniol, peppermint oil, 
cedar oil, patchouli, and 

clove) 

 
Moderate evidence to 

support a 
recommendation 
AGAINST its use 

Lower quality: 
Consensus evidence, 
evidence from one 

authority or report from 
expert communities, 
single case studies 

 
Variable 

formulations 
affect the efficacy 

 Note. Table adapted from Goodyer et al., 2010.  

  



86 
 

Dengue Vaccines 

In 2015, after more than a half-century of research, a tetravalent live attenuated yellow 

fever chimeric dengue vaccine was licensed (Halstead, 2016). The WHO approved Dengvaxia® 

for at-risk individuals aged 9-45 years who live in endemic areas and have had at least one 

laboratory-confirmed dengue virus infection (WHO, 2021). Several other dengue vaccines are in 

clinical trials (Osorio et al., 2016; Whitehead, 2016). In December 2022, the European 

Commission approved the Japanese-developed Qdenga® (TAK-003), a vaccine to prevent 

dengue disease in individuals over four years of age (Takeda, 2022). In a series of trials, the 

vaccine was shown to be 80.2% effective in preventing symptomatic dengue cases in the 12 

months following inoculation and preventing 90.4% of hospitalizations 18 months after 

vaccination (Biswal et al., 2019, 2020; Rivera et al., 2021; Takeda, 2022).  

However, the Dengvaxia® vaccine carries an increased risk of severe or hemorrhagic 

infection in those individuals who experience their first natural infection with dengue after 

vaccination (Halstead, 2016). The FDA has only approved the vaccine for individuals aged 9-16 

in the U.S. who live in endemic areas (2020). In 2015, the Department of Defense and Glaxo 

Smith Kline performed a Phase II clinical trial for a dengue vaccine in Thailand; however, when 

a durable immune response was not detected, the program ended (Institute of Medicine, 2002; 

Rothman & Ennis, 1999; Watanaveeradej et al., 2016). 

The threat of travel-acquired dengue necessitates a tested and proven vaccine to prevent 

severe cases and the disease’s introduction into previously unaffected areas. The cocirculation of 

multiple strains of Dengue in the same area or travelers’ propensity to have repeated exposures 

leading to secondary infections all indicate why a vaccine could be an effective tool in the fight 

against dengue. Lim et al. (2016) provided an overview of what a dengue vaccine might look like 
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for travelers or individuals with repeated exposures compared to dengue vaccines for an endemic 

population (Table 4.2).  

For example, the CDC has approved Dengvaxia® for children (the most vulnerable 

population) in endemic areas. Nonetheless, travelers of all ages are likely to be immunologically 

naïve. Furthermore, international travelers, particularly those whose careers or interests lead to 

frequent and/or prolonged high-risk exposures, are more likely to be adults than children 

(Wilder-Smith & Deen, 2008). Since repeated exposures are more likely to cause a severe 

dengue infection, this particular category of travelers who have already been afflicted with a 

primary infection might greatly benefit from a vaccine. 

Due to an increased risk of severe disease in immunologically naïve individuals, a pre-

vaccination examination with highly specific screening tests is recommended (WHO, 2018). 

Screening can be performed through conventional serological testing for IgG antibodies. If an 

individual were to have evidence of a previous infection, then vaccination is an option for 

seropositive individuals traveling to a highly endemic area (Wilder-Smith, 2018). The 

recommendation of vaccination is coupled with the lack of highly effective prevention measures 

and the low compliance with current strategies (coils, repellents, and insecticide-impregnated 

clothing) amidst an increasingly high incidence of dengue infection (Wilder-Smith, 2018). 
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Table 4.2 

Characteristics of Dengue Vaccines for Travelers  

Dengue Vaccine Characteristics and Implications 
Vaccine indication • All ages  

• Immunological naïve travelers 
• Length of travel:  short-term travelers vs. those 

with frequent and/or prolonged high-risk exposures 
• Differing disease risk levels and duration of 

exposure during travel  
• Endemicity of virus in the travel location 
• Type of housing or activities that increase the risk 

of mosquito bites 
Efficacy • High efficacy (due to potentially short travel 

duration) 
• Protection against both mild and severe disease, as 

both will impact travel plans and purpose 
• Protection against infection to limit transmission as 

ill travelers would not return home bearing the 
virus as a “souvenir”  

Time to Protection • Rapid onset of protection as many times travelers 
make rapid plans (potentially traveling for funerals 
or sick family members) or make travel 
appointments/receive vaccines until immediately 
preceding departure   

Duration of Protection • Protection for the duration of the entire travel 
period (at a minimum) 

• Longer duration of protection for repeat travelers 
and expatriates due to length of stay in endemic or 
hyperendemic areas 

Doses and Schedule • Single dose or few numbers of doses with a 
compressed schedule (Full course should ideally 
not take months or years); Increases the likelihood 
of compliance 

• Possible boosters before travel events 
• Ability to co-administration the immunization with 

another vaccine without adverse effects  
• Fewer doses may result in less total cost in visits 

and vaccine prices  
Safety, precautions, and 
contraindications 

• Low risk of complications from vaccination 
• Potential use in special populations 

(immunocompromised and pregnant individuals) 
Note. Chart derived from Lim et al., 2016. 



89 
 

Knowledge and Perception of Risk 

Intrapersonal beliefs about the severity of the illness, the perceived threat, and the 

likelihood of being affected by dengue are important behavioral indicators. Despite 

acknowledging that many travelers are inherently at a higher risk for developing dengue 

infections, researchers have shown that this risk is underestimated (Allwinn et al., 2008). The 

self-limiting nature of the illness and lack of access to laboratories while traveling are just a few 

of the multifactorial reasons for underreporting dengue infections. Additionally, although 

travelers like aid workers and the military with frequent high-risk exposures had a greater 

knowledge of vector-borne diseases and mitigation strategies as compared to international 

vacationers—compliance with control measures was often low (Bacaner et al., 2004; Bhatta et 

al., 2009; Cobelens et al., 2002; Dahlgren et al., 2009; Goesch et al., 2010; Moore et al., 1995; 

O’Leary et al., 2002; Rowe et al., 2017; Visser & Edwards, 2013; Wilder-Smith, 2018).  

A large-scale study of Chinese international travelers revealed a need for knowledge 

about vector-borne disease threats and an absence of mosquito repellants or insecticides (Zhang 

et al., 2011). Another multi-site survey of travelers at departure gates at airports in Europe, Asia, 

South Africa, and the U.S. revealed that almost one in four travelers visiting a high-risk area for 

vector-borne disease had an inaccurate perception of the true risk of illness (Van Herck et al., 

2004). There must be a balance between personal protective measures and the unique demands 

of traveling based on travel purpose and duration—the needs and attitudes of the business 

traveler may differ from those of the Peace Corps volunteer and disaster relief worker. Tailored 

personal prevention methods and risk communication are crucial to prevention. Knowledge 

about the risk is essential, but either forgetfulness, competing interests, or side effects of 

medications can inhibit compliance with preventive measures (Laver et al., 2001).  
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Pre-Travel Health Assessments 

 A pre-travel health consultation is “intended to educate, motivate, and equip travelers to 

respond to the health risks posed by their trips” (Noble et al., 2012). Ideally, this consultation 

takes place in a travel medicine clinic with trained providers and sufficient lead time to 

administer the full course of any vaccination or pre-exposure prophylaxis. The CDC has an 

extensive list of resources and advice, breaking recommendations down into reasons for travel, 

travelers with special considerations (including chronic illnesses, last-minute travelers, and 

pregnant travelers, among others), and general tips (CDC, 2022b). Their Yellow Book is a 

biannual publication for health professionals to guide travel medicine consultations with current 

guidelines, pretravel vaccine recommendations, destination-specific health threats, FDA-

approved drugs, and recommendations for treating infectious diseases in the face of increasing 

antimicrobial resistance (CDC, 2022c).  

While there are a myriad of options, a minimum set of issues should be discussed at the 

appointment consultation (Table 4.3). Ideally, the pre-travel health assessment starts with a 

questionnaire to understand the unique needs and circumstances of the pending trip. A provider 

should review the relevant medical history and current medications to discuss the trip’s risks 

(Noble et al., 2012). This questionnaire can be paired with a knowledgeable travel health 

professional and access to computerized travel health databases and published literature (Leggat, 

2006). To be the most effective, risk information must be presented in an “understandable, 

unbiased, tailored to their individual situation, and compares the benefits and risks of potential 

courses of action” (Noble et al., 2012). Risk levels for specific illnesses and the degree of 

confidence with that assessment should be conveyed during the travel threat assessment.  
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Additionally, travelers should be provided with post-trip instructions, including signs and 

symptoms to be aware of and the importance of sharing recent travel history if seeking medical 

care.  

  



92 
 

Table 4.3  
 
Key Components of Pre-Travel Health Consultations 
 

Component Key Aspects 

Health Background 
Past Medical History  • Age 

• Gender 
• Underlying health conditions 
• Blood disorders that are contraindications to certain prophylaxis 

(i.e., no Primaquine if G6PD deficient)  
• Allergies (especially any pertaining to vaccines, eggs, or latex) 
• Medications (use and ability to maintain a sufficient supply for 

the duration of the travel) 
Immunization History • Routine vaccines 

• Travel vaccines 
• Need for boosters 
• Titers needed and sufficient time for laboratory completion  

Prior Travel History • Experience with malaria chemoprophylaxis (need to continue 
malaria treatment after return) 

• Experience with altitude 
• Illnesses related to prior travels 

Special Conditions • Pregnancy (including trimester) 
• Breastfeeding 
• Disability or handicap 
• Immunocompromising conditions or medications 
• Older age 
• Psychiatric condition 
• Seizure disorder 
• Recent surgery 
• Recent cardiopulmonary or cerebrovascular event 
• History of Guillain-Barré syndrome 
• Severe allergies 
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Table 4.3 Continued 
 

Component Key aspects 

Trip Details 
Itinerary • Countries and specific regions, including order of countries if 

>1 country 
• Rural or urban 
• Lodging Accommodation Type 

Timing • Trip duration 
• Season of travel 
• Time to departure 

Reasons for travel • Tourism/Adventure 
• Business 
• Visiting friends and relatives 
• Volunteer, missionary, or aid work 
• Research or education 
• Pilgrimage  
• Seeking health care (medical tourism) 

Special Activities • Disaster relief 
• Medical care (providing or receiving) 
• High altitude 
• Diving 
• Cruise ships 
• Rafting or other water exposure 
• Cycling 
• Extreme sports 
• Spelunking 
• Anticipated interactions with animals 
• Anticipated sexual encounters 

Risk Assessment 

 

• Establish the probability of an adverse event based on 
epidemiological evidence 

• Stratify the risks (common; treatable/avoidable; fatal) 
• Select Interventions  

-- Evidence-based & effective 
-- Compare benefits and risks of adverse events and   
    intervention 

• Administer the intervention(s) and recommendation(s) 
Post Travel Guidance • Contact your health provider if you become ill 

• Provide your vaccination and travel history 
• Report any injuries, close contact with animals, or bug bites 
• Relay any pertinent travel activities or encounters  

Note. Table adapted from CDC Yellow Book (2022b)& Noble et al., 2012 
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A pre-travel health consultation to an endemic or hyperendemic dengue area should 

include information on the current risk of the disease, advice on preventing primary contact with 

the vector (proper wear of long sleeves and pants, repellants, and insecticide-impregnated 

clothing), and characteristics of the mosquitos—dengue mosquitos (Aedes) are day biters and 

urban dwellers. Additionally, simple steps for habitat modification, including cleaning out water 

storage containers, dumping over containers that contain standing water, and removing garbage 

and debris from your immediate vicinity, should be explained.  

The U.S. military employs a multilayered approach to pre-deployment health 

assessments. Standardized guidance is provided on the following topics:  food and waterborne 

diseases, including diarrhea and Hepatitis A; environmental threats, including heat and cold, 

altitude, and pollution; animal, plant, and water, including conditions such as Rabies or 

Schistosomiasis as appropriate; person-to-person illnesses including Ebola, Influenza, etc.; 

psychological stressors; and common injuries. In the Air Force, these threat briefings are 

performed by the installation Public Health Flight as part of a comprehensive pre-deployment 

health and readiness evaluation. The current military deployment health system is evidence-

based. It has successfully decreased the ratio of disease-associated to battle-associated deaths in 

the US military, from 10:1 during the Spanish-American War to 1:1 in World War I, to 0.14:1 in 

the Vietnam War, and to <0.01:1 in the Persian Gulf War (Murray & Horvath, 2007; Smallman-

Raynor & Cliff, 2004).  

Barriers to Compliance  

Dengue’s prevalence is increasing—it is the world's most rapidly advancing vector-borne 

infection (Mulligan et al., 2015). The rapid spread is attributed to various factors, including the 

ease of modern air travel, the link between infectious diseases and poverty, human encroachment 
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due to mining, forestry, and agriculture, and climate change. The mere understanding of a 

disease risk does not equate to adherence to mitigation measures for various reasons. An 

Australian study cited cost as a prohibitive factor for pre-travel medication and vaccinations, 

especially among younger travelers. An aversion to needles and a lack of perceived benefit were 

also mentioned (Rowe et al., 2017). Furthermore, discussions about sensitive topics, including 

sexual activity and food and water precautions, could be difficult due to cultural barriers or 

stigmas.  

 Although vaccines are cost-effective and have saved countless lives, they are often 

maligned and surrounded by controversy, with growing evidence of vaccine delays or refusals 

(De Figueiredo et al., 2020; Salmon & Dudley, 2020). The WHO listed vaccine hesitancy as one 

of the “Ten threats to global health in 2019” (WHO, 2019b). Therefore, the 5C’s of vaccine 

hesitancy:  complacency (low knowledge/awareness concerning the severity and risk of vaccine-

preventable illness), a lack of confidence (in vaccines and trust in the health system potentially 

due to belief in misinformation), constraints (any number of real or perceived psychological, 

financial or structural barriers), calculation (the extent to which individuals engage and search 

for information about vaccines) and collective responsibility (a willingness to protect 

others/social benefit) must be countered with risk communication and effective vaccination 

campaigns (Betsch et al., 2018).  

 Reñosa et al. (2021) employed the Theory of Planned Behavior to evaluate vaccine 

hesitancy, develop a framework that seeks to increase individual caretakers’ intention to 

vaccinate, and empathetically listen to caretakers’ attitudes and norms and perceived behavior 

controls. This framework could be employed to educate travelers about the risks and benefits of 

dengue vaccines. Vaccines would ensure the health and safety of the individual traveler and the 
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long-term security of their home communities by preventing the introduction of the virus into 

previously unaffected areas.  

Summary 

The global spread of all Dengue virus serotypes has made prevention and control 

infinitely more problematic. There is no single tool or methodology that will be effective in 

controlling the vector population alone (Gubler, 2011). The presentation and severity of dengue 

infections depend on the strain, the presence of antibodies from a previous infection, the interval 

between infections, and the infection sequencing. While many primary infections are subclinical, 

secondary infections and those of a particularly virulent strain can lead to severe disease and 

even death.  

Characteristics inherent to travelers with repeated high-risk exposures lead them to more 

severe illness manifestations. A comprehensive, One Health approach should be employed to 

fight the spread of dengue infections. Disease control and prevention must employ a holistic 

approach utilizing best practices and methodologies that target every level of the socioecological 

framework into well-structured, strategically resourced plans (McLeroy et al., 1988). While 

vector control, habitat modifications, biological controls, and regulations significantly impact 

disease spread, individual travelers have limited control over these macro-level solutions. 

Therefore, one of the best prevention methods is a tailored pre-travel health assessment 

covering a myriad of topics, including illness risk, primary prevention of vector contact, and 

health history as described in the developed framework. After establishing previous infection 

through a serum study, administering vaccines for travelers to endemic and hyperendemic areas 

should be considered. Travel health providers must be aware of barriers to mitigation strategies,  
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including noncompliance, inaccurate risk perception, and vaccine hesitancy. Dengue is a real and 

present threat whose reach will expand with travel, trade, and the expansion of the habitable 

range of the vector.  
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5. DENGUE VACCINE IMPLEMENTATION PROGRAM—A COST-BENEFIT ANALYSIS  

Background 

Various types of economic evaluations exist, and the overall goal of the analysis determines 

which tool or method to use. Many economists evaluate situations based on both inputs and 

outputs of the system—collectively referred to as costs—what must be given up and 

consequences—the overall benefits expected to be received (Burnham et al., 1998; Drummond et 

al., 2015). Cost is not a concern for efficacy evaluations, whereas a straight cost analysis does 

not consider outcomes. The best tools for the simultaneous measurement of multiple outcomes 

are cost-benefit and cost-utility analysis. The output of a cost-utility analysis is quality of life, 

whereas the result of a cost-benefit analysis is often measured monetarily (Burnham et al., 1998).  

Peace Corps Volunteer Characteristics 

Several concomitant issues allow for an interesting analysis of the utility of a vaccine for 

individuals with frequent and/or prolonged exposures. This will be explored by examining a 

group of Peace Corps volunteers (PCV) in high-risk dengue areas. PCVs are one subset of 

travelers with repeated or long-term exposures. Volunteers must be at least 18 years of age and 

typically spend three months in training within their host country before being assigned to a 

community to serve a 24-month commitment working on a defined development project (Peace 

Corps, 2023). Besides the length of service, additional risk factors include living with host 

families, engagement in direct contact with local populations, participating in outdoor work, 

being assigned to rural areas with limited infrastructure and minimal vector control, and living in 

housing similar to those of their community members—ones that often lack air conditioning, 

screened windows, and access to indoor running water (Ferguson et al., 2016; Sánchez-González 

et al., 2021).  
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Historical Precedence  

A study of PCVs from 2000-2014 identified 1,448 cases of dengue from 49 of the 91 

countries where the organization was active (Table 5.1). The Peace Corps Epidemiological 

Surveillance System defined a case as having a clinically apparent infection with laboratory 

confirmation by a positive NS1 antigen test, the presence of IgM antibodies, or a four-fold 

increase in IgG antibodies during the 14-year analysis period. The average incidence rate was 

1.12 cases per 1,000 volunteer months, with a peak of 1.71 cases per 1,000 volunteer-months in 

2007—this analysis included volunteers living in endemic and non-endemic dengue areas 

(Ferguson et al., 2016). Dengue cases were reported from all seven Peace Corps regions 

throughout the world, with the highest rate of dengue coming from Timor-Leste (11.32 cases per 

1,000 volunteer-months), Cambodia (10.39 cases per 1,000 volunteer-months), and the 

Dominican Republic (9.86 cases per 1,000 volunteer-months) (Ferguson et al., 2016).  
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Table 5.1  
 
The Global Incidence Rate of Dengue per 1,000 Peace Corps Volunteer-Months by Region from 
2000-2014 
 

 
Region 

 
Total Volunteer-

Months 

Cases Meeting the 
Dengue Case 

Definition 

Rate per 1,000 
Volunteer-Months 

(95% CI) 
Africa  529,546 62 0.12 (0.09-0.15) 
Central America 179,766 458 2.55 (2.32-2.79) 
Caribbean 67,846 374 5.51 (4.97-6.10) 
Europe & Central Asia 260,964 7 0.03 (0.01-0.06) 
East & South Asia 85,665 286 3.34 (2.96-3.75) 
Pacific Islands 51,826 119 2.30 (1.90-2.75) 
South America 122,832 142 1.16 (0.97-1.36) 
Overall Total  1,298,445 1448 1.12 (1.06-1.17) 

Note. Adapted from Ferguson et al., 2016. CI = Confidence Interval. 
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The official Peace Corps policy is that mosquito-borne illnesses are a risk in tropical 

areas and they supply malaria prevention medication which is mandatory for volunteers. 

Furthermore, for vector-borne diseases that do not have vaccines or chemoprophylaxis, they 

recommend “consistently applying mosquito repellant, wearing protective clothing regularly 

treated with insecticide (permethrin), and sleeping under an insecticide-treated bed net” (Peace 

Corps Medical Care, 2022).  

Dengue Vaccine Considerations 

The recent approval of Dengvaxia® by the WHO and CDC and Qdenga® (TAK-003) by 

Indonesia and the European Commission adds a new tool to the arsenal (Takeda, 2022; WHO, 

2021). This is coupled with the knowledge that the geographic spread of the virus is increasing,  

that secondary infections are a risk factor for severe disease, and that the circulation of all four 

serotypes to almost every tropical and subtropical region of the world increases the likelihood of 

serial infections. (Endy et al., 2002; Guzman et al., 2013; WHO, 2022). The biggest issue would 

be that the dengue vaccine is only approved in the U.S. for individuals aged 9-16 who live in 

endemic areas (CDC, 2021). The CDC website explicitly states that the FDA has not approved 

the dengue vaccine for use in travelers (CDC, 2021). 

Potential Courses of Action 

However, to perform the cost-benefit analysis, one will assume that a specific policy 

exception was granted for Peace Corps members stationed in areas of high dengue endemicity. 

Potential courses of action for review by this cost-benefit analysis include: (1) do nothing—keep 

the status quo and perform no additional testing or vaccinations (2) perform serological testing 

on all PCVs going to an endemic area but not offer vaccinations (3) perform serological testing 

on all PCVs going to an endemic area and mandate vaccination for those who have evidence of 
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previous infection (4) offer a sensitive medical screening questionnaire to all PCVs going to a 

high-risk area and only perform serological testing on those with potential evidence of previous 

infection (5) perform serological testing on all at-risk PCVs and offer voluntary vaccinations (6) 

complete the serological testing on all at-risk PCVs and require vaccination for any individual 

with evidence of previous infection (Table 5.2).  
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Table 5.2 
 
Potential Course of Action Explored in the Vaccine Implementation Cost-Benefit Analysis  
 
Course of Action Implementation Characteristics 

1 Do nothing new—perform no additional testing or vaccinations 
2 Serologic testing on all PCVs going to endemic areas 
3 Serologic testing on all PCVs going to endemic areas & mandate 

vaccinations 
4 Health survey screener, serologic testing on those identified as having 

evidence of prior infection 
5 Serologic screening on identified at-risk PCVs & offer voluntary vaccines 
6 Serologic screening on identified at-risk PCVs & mandate vaccines 
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Another commonly employed option in inoculation cost-benefit analysis is to vaccinate 

all eligible volunteers irrespective of previous disease history. However, several studies have 

shown an enhanced risk of severe dengue infection in immunologically naive individuals (Biswal 

et al., 2020; Branswell, 2019; Coudeville et al., 2020; Halstead, 2016; Huisman et al., 2009; 

WHO, 2021;). Thus, in this instance, mass inoculation would neither be medically indicated nor 

ethically justifiable. For these reasons, this COA was not included in the cost-benefit analysis. 

Methods 

Denominator Determination 

The full operational capacity of Peace Corps worldwide is 7,000 volunteers (Peace Corps, 

2022). Based on the known distribution of the Dengue virus and the location of nations that host 

volunteers, approximately 87% of the assignments are in endemic areas (Peace Corps, 2022). 

Only approximately 13% of volunteers serving in Eastern Europe & Central Asia live in regions 

with habitats unsuitable to vector survivability (Peace Corps, 2022). Therefore, the analysis will 

work off the assumption that there are 6,090 volunteer positions in areas at risk for Dengue virus 

exposure.  

Costs for Dengue Screening and Vaccinations 

Travel medicine clinics provide risk education and individual recommendations based on 

health history, laboratory work, and vaccinations. Peace Corps reimburses volunteers for pre-

travel clearance and screenings. Therefore, medical practices and clinics offering travel medicine 

consultation services were reviewed to determine potential costs for implementing a screening 

and vaccination program—these costs are defined in Table 5.3. An office visit, the laboratory fee 

for the antibody exam, and a venipuncture fee would be required for the screenings for prior 

infection (Travel and Immunization Clinic City of Portland, 2023). Dengvaxia® was the vaccine 



105 
 

used for this analysis. The vaccine is available from the CDC at a retail price of $100.98 per 

dose, and a full course consists of three doses (performed at six-month intervals—0, 6, and 12 

months) (CDC, 2023). The health survey screening was added as an additional itemized cost of 

$65 (Kelsey-Seybold Clinic, 2023). 
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Table 5.3  
 
The Estimated Individual Cost for Dengue Screening and Vaccinations 
  

 
Office 
Visit1 

Screening 
Test for 
Dengue 

Antibodies 

 
Blood 
draw 
Fee1 

 
Return 

Office Visit1 

 
Vaccine 

Administration 
Fee1 

 
Vaccination 

Cost2 

 
Admin cost—

Health 
Survey3 

 
$100 

 
$176 

 
$22.78 

$50 x 3 
doses = $150 

$20.00 x 3 doses 
= $60 

$100.98 x 3 
doses = 
$302.94 

 
$65 

Summary Costs for the Different Strategies  
 
Total Visit & Lab fees = $298.78 

 
Total Vaccine cost= $512.94 

Total Visit & 
Health Survey 
=$165 

Note. 1. Travel and Immunization Clinic City of Portland, 2023; 2. CDC Dengvaxia, 2023;            
3. Kelsey-Seybold Clinic, 2023 
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Health Survey Screenings 

The analysis will be simplified by assuming that the health survey is very sensitive in 

identifying people who meet the criteria of potential prior exposure to dengue. An individual 

with a documented medical history of previous infection with dengue would be identified by the 

health survey for confirmatory screening. Survey questions would include having lived in or 

having prior visits to tropical and subtropical areas where mosquito bites were observed on the 

individual and having traveled to tropical and subtropical areas and experienced mild flu-like 

symptoms consistent with dengue infection. The first question reveals a plausible link between 

the location, mosquito vector, and potential for subclinical or asymptomatic illness. The second 

question connects mild dengue symptoms after travel to potential risk areas.  

Wright and Pritt (2012) identified dengue as the most common cause of febrile illness in 

travelers. PCVs are 59% female and 93% have a bachelor’s degree. Many have previous 

international volunteer experience, participated in an international student exchange program, 

and have worked or traveled abroad (Peace Corps, 2023). Therefore, analysis was concluded at 

15% and 50% levels for people who completed the health survey and were identified as 

recommended for laboratory screening. 

Seroprevalence Determination 

Dengue seroprevalence studies for healthy Americans living in non-endemic areas are 

non-existent. The relative youth of the Peace Corps population combined with the extensive 

travel and international experience of volunteers was combined to estimate a 1% seropositivity 

level. Seroprevalence rates from endemic areas are as high as 76.6% in a cohort of 1,200 

participants in the State of Morales, Mexico (Amaya-Larios et al., 2014). A study among U.S. 

military troops in Puerto Rico revealed a 6.8% positivity rate (Pollett et al., 2022). Therefore, 
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there is potential for healthy young adults to have experienced a previous infection with Dengue 

is not zero, and the 1% estimate is reasonable.  

Voluntary Vaccine Rates  

Recently, a stated-preference survey instrument detected a 94% compliance rate for 

getting a zero-cost tick-borne-encephalitis vaccine among respondents traveling to a location 

with the highest risk level for exposure (Poulos et al., 2022). In the study, 6% of people stated 

they would not receive the vaccine at any risk level (Poulos et al., 2022). This study, along with 

one from Malaysia showing high acceptance of a dengue vaccine by scientists and the public, 

was combined to fix the 94% voluntary vaccine parameter used in the calculation (Arham et al., 

2022).  

Dengue Detection and Treatment Costs 

Hospitalization rates for dengue depend highly on the Dengue strain and the individual’s 

health. Several studies have placed the mean hospital stay at 4.88 ± 2.74 days and 4.9 days  

(Mallhi et al., 2017; Prattay et al., 2022). For this study, we used the 4.88-day average from the 

Mallhi et al. (2017) study to determine the cost of a hospitalized case of severe dengue in 

international locations and the U.S.  

Per the Agency for Healthcare Research and Quality (AHRQ), an average hospital stay 

costs $11,700 per day in 2016 (Freeman & Heslin, 2018). For comparison, in a large 

multispecialty southern hospital, a one-day dengue admission in 2020 cost $14,228.37 and a 

2019 three-day inpatient stay was $23,394 (Marie C., personal communication). Thus, the actual 

cost of a hospitalized case of dengue can vary greatly. Nonetheless, we used the average rate for 

the AHRQ for calculations to determine the prices to account for the varying severity of illness 

and, therefore, the corresponding level and cost of care.  
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A study from Puerto Rico set the cost of an ambulatory case—one that only requires an 

office visit, laboratory work, and therapeutic medication at $315 ($252 -$378) and the cost of a 

hospitalized case at $2,132 ($1,705-$2,558) (España et al., 2021). These figures are a good proxy 

for clinical costs throughout much of the developing world where the Peace Corps has volunteer 

posts and thus were used in all local cost evaluations. In Tables 5.6-5.9, the cost of an 

ambulatory case and a hospital stay for cases of severe disease is combined into the “Sick Care 

Cost” metric, which has calculations for local and U.S. total costs. 

Medical evacuation services transport sick patients either short distances within countries 

or longer distances when a higher echelon of care is needed. Some volunteer sites are really 

remote and are in areas that are not easily accessible, so air medical evacuations are common for 

severe illness or injury to volunteers (Peace Corps Medical Care, 2022). Prices range from 

$20,000 for domestic flights to more than $200,000 for international flights (Costhelper.com, 

2023). Owing to the remote nature of many Peace Corps locations and the high costs of 

dispatching medical evacuation flights from a vetted and trusted entity, the average cost is closer 

to the $200,000 price tag than the $20,000 (Mike R, personal communication). Therefore, the 

$180,000 amount was chosen to account for the skewed costs of medical evacuations for sick or 

injured PCVs.  

There were 1448 cases in PCVs over a 14-year period, averaging 104 cases each year 

(Ferguson et al., 2016). Approximately 5-10% of dengue infections result in severe disease 

(Peeling et al., 2010). This computes to an estimate of 6 patients at the 5% level and 11 patients 

at the 10% threshold of developing the most serious form of the disease without intervention. For 

simplicity, we will assume that all 104 individuals are seen initially at a medical clinic—counted 

as an ambulatory case. A patient with severe disease will require hospitalization either in the 
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country (locally) or be returned to the U.S. but not both. Those requiring hospitalization in the 

U.S. will have the medical evacuation expenditure added to the overall cost. These costs are 

enumerated and calculated in Table 5.4.  
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Table 5.4  
 
The Estimated Annual Cost of Dengue Illness in a Cohort of Peace Corps Volunteers 
 

 
Patients with 

Severe Dengue 

Hospital Stay 
in developing 

world1 

Hospital Stay 
Cost * 

Duration of 
Stay for U.S.2 

 
Medical 

evacuation3 

Cost of 
Ambulatory 

Case1 

 
Cost 

 
$2,132 

$11,700 per day 
* 4.88 days = 

$57, 096 

 
$180,000 

 
$315 

5% threshold of 
progression to 
severe disease = 
6 patients a year 

 
$12,792 

 
$342,576 

 
$1,080,000 

 
104 cases a year 

* $315 = $32,760 

10% threshold of 
progression to 
severe disease = 
11 patients a year 

 
$23,452 

 
$628,056 

 
$1,980,000 

 
104 cases a year 

* $315 = $32,760 

Note. 1. España et al., 2021; 2. Freeman & Heslin, 2018; 3. Costhelper.com, 2023 
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Vaccine Efficacy  
 

A recent study revealed that the Dengvaxia® vaccine efficacy for seropositive individuals 

against symptomatic infection was 61.0% (95% Confidence Interval (CI) 29.6-86.5) in the year 

following the third dose (Salje et al., 2021). The efficacy waned to 39.4% (95% CI 0.2-63.0) at 

the 6-year mark (Salje et al., 2021). However, most PCVs complete their 27-month service 

commitment and return home to non-endemic areas in the U.S., so our analysis focused on the 

61.0% efficacy rate that would be predicted for the year that they are still serving at their 

assigned location after the one year needed to complete the vaccine series. These overall rates are 

lower than the efficacy rates of 82% (95% CI 67%-90%) for virologically confirmed disease, 

79% (95% CI 69%-86%) for hospitalization, and 84% (95% CI 63%-93%) for severe disease 

reported by the CDC (CDC, 2021b). However, these rates are specific to children 9-16 years old, 

which does not fit the 18 years and over age profile of PCVs. Therefore, the calculations of 

averted disease for this analysis are based on the Salje et al. (2021) study and enumerated in 

Table 5.5. Based on the annual average of 104 cases, there would be 3 cases averted at the 5% 

level and 6 cases averted at the 10% progression to severe disease level, respectively. 

Additionally, all expenditures were determined annually for each course of action (Tables 5.6 

and 5.7). 
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Table 5.5  

The Estimated Annual Cost of Dengue Illness During the Implementation of a Dengvaxia® 
Vaccine Campaign  
 

 
Patients with 

Severe Dengue 

Hospital Stay 
in developing 

world1 

Hospital Stay 
Cost * 

Duration of 
Stay for U.S.2 

 
Medical 

evacuation3 

Cost of 
Ambulatory 

Case2 

 
Cost 

 
$2,132 

$11,700 per day 
* 4.88 days = 

$57, 096 

 
$180,000 

 
$315 

5% threshold of 
progression to 
severe disease = 
3 patients a year 

 
$6,396 

 
$171,288 

 
$540,000 

 
41 cases a year * 
$315 = $12,915 

10% threshold of 
progression to 
severe disease = 
5 patients a year 

 
$10,655 

 
$285,480 

 
$900,000 

 
41 cases a year * 
$315 = $12,915 

Note. 1. España et al., 2021; 2. Freeman & Heslin, 2018; 3. Costhelper.com, 2023. Dengvaxia® 
has an overall 61% efficacy against clinical disease (Tully & Griffiths, 2021).  
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Results 
 

 The first course of action (COA) maintaining the status quo costs $45,552 assuming that 

5% of cases that progress to severe infection and are treated within the country of assignment 

and $56,212 under the 10% of cases progressing assumption with local treatment. Medical costs 

become exponentially more expensive when medical evacuation back to the U.S. is needed 

yielding $1,453,336 and $2,640,816 at the 5% and 10% scenarios. This represents the current 

baseline rate—which is used in the calculation to determine the potential savings of the other 

COAs. 

 COA 2, the implementation of lab screening for all volunteer posts in endemic areas has a 

total cost at the local level of  $1,865,122 at the 5% level and $1,875,782 for the 10% 

progression to severe disease. The screening costs—the office visit and lab screening are 

$1,819,570 in total. COA 2 shows the price of blanket screening for all volunteers to determine 

their seropositive status, thus allowing a better understanding of their individualized risk profile 

to encourage better compliance with Peace Corps-mandated vector avoidance recommendations. 

This strategy does not include a vaccination component. Since immunizations are not a 

component of this strategy, the overall cost will not have a discounted rate of 61% of severe 

dengue cases avoided by individual vaccinations. 

 COA 3 includes screening all volunteers assigned to a dengue-endemic area and 

mandatory vaccinations for the predicted 1% of volunteers who have evidence of prior infection. 

The health screening costs $395,850 and employs two scenarios, one, assuming 15% of people 

would screen positive (914 individuals identified) and the other, with 50% screening positive 

(3,045 individuals identified). This targeted pool identifies 61 PCVs for vaccination, which is 

larger than the number of positive dengue cases in the more targeted screenings in COA 5 (9 
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people who are seropositive at the 15% level and 30 people at the 50% screening level)  & COA 

6 (10 people who are seropositive at 15% level and 31 people at the 50% screening level).  

 The overall medical costs in COAs 3, 5 & 6 are discounted to reflect the Dengvaxia® 

vaccine’s 61% efficacy level for the varying scenarios. At the 5% threshold to severe disease, 

three patients must be hospitalized (in the absence of vaccines, six patients a year require 

hospitalization), and five patients are hospitalized (versus 11 in the scenarios without vaccines) 

at the 10% progression to severe disease level.  

 The projected price of COA 3 is assuming 15% of PCVs screening positive on the health 

survey and mandatory vaccines for the 1% of individuals projected to be seropositive $1,890,016 

for local cases at the 5% progression threshold and $2,594,908 for cases that must be medically 

evacuated and treated in the U.S., and  $1,894,280 for local cases at the 10% progression 

threshold and $3,069,100 for cases being medically evacuated and treated in the U.S. If one 

assumes that 50% of the volunteers would screen positive on the health survey and then 1% of 

them would require vaccination after laboratory confirmation than the total costs are $1,890,016 

for local cases and $2,594,908 for cases requiring evacuation at the 5% progression to severe 

disease levels. The prices rise to $1,894,280 for locally hospitalized and $3,069,100 for medical 

evacuation and U.S. hospitalization under the same screening parameters but at the 10% 

progression to severe disease rate.  

COA 4 incorporates the cost of a health survey to determine which volunteers may have 

been exposed to offer a more targeted screening. This health survey costs $395,850 but allows 

for more targeted laboratory screening. Analysis performed at the 15% and 50% screened 

positive thresholds identifies 914 and 3,045 individuals for laboratory testing. There are savings 

in this program if we assume 15% and 50% of respondents are recommended for laboratory 
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screening, with price tags of $1,186,65 and $605,285. A drawback to this strategy is that many 

cases are asymptomatic or subclinical, so there is the potential that someone with a history of 

dengue might be overlooked due to the lack of universal screening. As in the second strategy, 

individual volunteers will better understand the risk of severe dengue based on their 

seropositivity status. However, vaccinations that would lower their future risk of severe dengue 

are not offered to them, and there are no subsequent cost savings. 

 COAs 5 and 6, which included health surveys, laboratory screening, and vaccinations, 

had very similar results due to low seropositivity projections for those needing vaccination and a 

predicted high voluntary vaccination rate at price tags of $4,616 at the 1% seropositivity 

assuming 15% of volunteers being recommended to be screened. For COA 4, if 94% of the 

seropositive people request a vaccine, the price is $1,230,307 (local) and $1,935,199 (U.S.) at the 

5% disease progression to severe disease level. If 50% of the volunteers are recommended for 

testing and 1% are seropositive, and 94% of those who are seropositive request a vaccine, these 

inoculations would cost $15,388. The total costs at the more severe 10% disease progression 

threshold are $1,668,347 (local) and $2,843,763 (U.S.) levels. The expenditures are slightly 

higher for mandatory vaccines in COA 6. Both of these strategies offer complete protection to 

the volunteers by giving them a full picture of their risk profile and offering/mandating 

vaccination against dengue which can prevent hospitalization from severe dengue. 
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Table 5.6.  

Simple Cost-Benefit Analysis of the Six Program Implementation Strategies Assuming 15% of 
PCVs would Screen Positive on the Health Survey and 1% Seropositivity Rate and 5% 
Progression to Severe Dengue 
 

 
Course of 

Action 

 
Office 
Visit 
Cost 

Lab Fees 
Screening/ 

Blood 
draw 

 
Vaccine 

Costs 

 
Health 
Survey 

 
Sick 
Care 
Cost 

 
Medevac 

 
Total 

 1. No 
changes, 
status quo 

 
$0 

 
$0 

 
$0 

 
$0 

Local 
$45,552 

 
U.S. 

$375,336 

Local 
$0 
 

U.S 
$1,080,000 

Local 
$45,552 

 
U.S. 

$1,455,336 
2. Lab 
screening 
for all 

 
 

$609,000 

 
 

$1,210,570 

 
 

$0 

 
 

$0 

Local 
$45,552 

 
U.S. 

$375,336 

Local 
$0 
 

 U.S. 
$1,080,000 

Local 
$1,865,122 

 
U.S. 

$3,274,906 
3. Lab 
screening 
and 
mandatory 
vaccine for 
all 

 
 

$609,000 

 
 

$1,210,570 

 
 

1% = 61 
people 

$31,289 

 
 

$0 

Local 
$39,156 

 
U.S. 

$204,048 

Local 
$0 
 

 U.S. 
$540,000 

Local 
$1,890,016 

 
U.S. 

$2,594,908 

4. Health 
history 
survey/ 
screening 

 
 

$609,000 

 
15% = 914  

people 
$181,685 

 
 

$0 

 
 

$395,850 

Local 
$45,552 

 
U.S. 

$375,336 

Local 
$0 
 

 U.S. 
$540,000 

Local 
$1,232,087 

 
U.S. 

$2,101,871 
5. Lab 
screening 
based on 
health 
surveys 
and  
voluntary 
vaccination 

 
 

$609,000 

 
 

15% = 914  
people 

$181,685 
 

 
 

1% = 9 
people 

 
$4,616 

 
 

$395,850 

 
Local 

$39,156 
 

U.S. 
$204,048 

 
Local 

$0 
 

 U.S. 
$540,000 

 
Local 

$1,230,307 
 

U.S. 
$1,935,199 

 

6. Lab 
screening 
based on 
health 
surveys 
and  
mandatory 
vaccination 

 
 

$609,000 

 
 

15% = 914  
people 

$181,685 

 
 

1% = 10 
people 
$5,129 

 

 
 

$395,850 

 
Local 

$39,156 
 

U.S. 
$204,048 

 
Local 

$0 
 

 U.S. 
$540,000 

 
Local 

$1,230,820 
 

U.S. 
$1,935,712 

 

Note. Sick care costs include ambulatory care for all patients (n=104 in scenarios without 
vaccines) plus the cost of local or U.S. hospitalization. 
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Table 5.7 
 
Simple Cost-Benefit Analysis of the Six Program Implementation Strategies Assuming 15% of 
PCVs would Screen Positive on the Health Survey and 1% Seropositivity Rate and 10% 
Progression to Severe Dengue 
 

 
Course of 

Action 

 
Office 
Visit 
Cost 

Lab Fees 
Screening/ 

Blood 
draw 

 
Vaccine 

Costs 

 
Health 
Survey 

 
Sick 
Care 
Cost 

 
Medevac 

 
Total 

 1. No 
changes, 
status quo 

 
$0 

 
$0 

 
$0 

 
$0 

Local 
$56,212 

 
U.S. 

$660,816 

Local 
$0 
 

U.S 
$1,980,000 

Local 
$56,212 

 
U.S. 

$2,640,816 
2. Lab 
screening 
for all 

 
 

$609,000 

 
 

$1,210,570 

 
 

$0 

 
 

$0 

Local 
$56,212 

 
U.S. 

$660,816 

Local 
$0 
 

 U.S. 
$1,980,000 

Local 
$1,875,782 

 
U.S. 

$4,460,386 
3. Lab 
screening 
and 
mandatory 
vaccine for 
all 

 
 

$609,000 

 
 

$1,210,570 

 
 

1% = 61 
people 

$31,289 

 
 

$0 

Local 
$43,420 

 
 U.S. 

$318,240 

Local 
$0 
 

 U.S. 
$900,000 

Local 
$1,894,280 

 
U.S. 

$3,069,100 

4. Health 
history 
survey/ 
screening 

 
 

$609,000 

 
15% = 914  

people 
$181,685 

 
 

$0 

 
 

$395,850 

Local 
$56,212 

 
U.S. 

$660,816 

Local 
$0 
 

 U.S. 
$900,000 

Local 
$1,242,747 

 
U.S. 

$2,747,351 
5. Lab 
screening 
based on 
health 
surveys 
and  
voluntary 
vaccination 

 
 

$609,000 

 
 

15% = 914  
people 

$181,685 
 

 
 

1% = 9 
people 

 
$4,616 

 
 

$395,850 

 
Local 

$43,420 
 

 U.S. 
$318,240 

 
Local 

$0 
 

 U.S. 
$900,000 

 
Local 

$1,234,571 
 

U.S. 
$2,409,391 

 

6. Lab 
screening 
based on 
health 
surveys 
and  
mandatory 
vaccination 

 
 

$609,000 

 
 

15% = 914  
people 

$181,685 

 
 

1% = 10 
people 
$5,129 

 

 
 

$395,850 

 
Local 

$43,420 
 

 U.S. 
$318,240 

 
Local 

$0 
 

 U.S. 
$900,000 

 
Local 

$1,235,084 
 

U.S. 
$2,409,904 

 

Note. Sick care costs include ambulatory care for all patients (n=104 in scenarios without 
vaccines) plus the cost of local or U.S. hospitalization. 
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Table 5.8 
 
Simple Cost-Benefit Analysis of the Six Program Implementation Strategies Assuming 50% of 
PCVs would Screen Positive on the Health Survey and 1% Seropositivity Rate and 5% 
Progression to Severe Dengue 
 

 
Course of 

Action 

 
Office 
Visit 
Cost 

Lab Fees 
Screening/ 

Blood 
draw 

 
Vaccine 

Costs 

 
Health 
Survey 

 
Sick 
Care 
Cost 

 
Medevac 

 
Total 

 1. No 
changes, 
status quo 

 
$0 

 
$0 

 
$0 

 
$0 

Local 
$45,552 

 
U.S. 

$375,336 

Local 
$0 
 

U.S 
$1,080,000 

Local 
$45,552 

 
U.S. 

$1,455,336 
2. Lab 
screening 
for all 

 
 

$609,000 

 
 

$1,210,570 

 
 

$0 

 
 

$0 

Local 
$56,212 

 
U.S. 

$375,336 

Local 
$0 
 

 U.S. 
$1,080,000 

Local 
$1,865,122 

 
U.S. 

$3,274,906 
3. Lab 
screening 
and 
mandatory 
vaccine for 
all 

 
 

$609,000 

 
 

$1,210,570 

 
 

1% = 61 
people 

$31,289 

 
 

$0 

Local 
$39,156 

 
U.S. 

$204,048 

Local 
$0 
 

 U.S. 
$540,000 

Local 
$1,890,016 

 
U.S. 

$2,594,908 

4. Health 
history 
survey/ 
screening 

 
 

$609,000 

 
50% = 
3,045 
people 

$605,285 

 
 

$0 

 
 

$395,850 

Local 
$45,552 

 
U.S. 

$375,336 

Local 
$0 
 

 U.S. 
$540,000 

Local 
$1,655,687 

 
U.S. 

$2,594,908 
5. Lab 
screening 
based on 
health 
surveys 
and  
voluntary 
vaccination 

 
 

$609,000 

 
 

50% = 
3,045 
people 

$605,285 

 
 

1% = 30 
people 

 
$15,388 

 
 

$395,850 

 
Local 

$39,156 
 

U.S. 
$204,048 

 
Local 

$0 
 

 U.S. 
$540,000 

 
Local 

$1,664,679 
 

U.S. 
$2,525,471 

 

6. Lab 
screening 
based on 
health 
surveys 
and  
mandatory 
vaccination 

 
 

$609,000 

 
 

50% = 
3,045 
people 

$605,285 

 
 

1% = 31 
people 

$15,901 
 

 
 

$395,850 

 
Local 

$39,156 
 

U.S. 
$204,048 

 
Local 

$0 
 

 U.S. 
$540,000 

 
Local 

$1,665,192 
 

U.S. 
$2,369,571 

 

Note. Sick care costs include ambulatory care for all patients (n=104 in scenarios without 
vaccines) plus the cost of local or U.S. hospitalization. 



120 
 

Table 5.9 
 
Simple Cost-Benefit Analysis of the Six Program Implementation Strategies Assuming 50% of 
PCVs would Screen Positive on the Health Survey and 1% Seropositivity Rate and 10% 
Progression to Severe Dengue 
 

 
Course of 

Action 

 
Office 
Visit 
Cost 

Lab Fees 
Screening/ 

Blood 
draw 

 
Vaccine 

Costs 

 
Health 
Survey 

 
Sick 
Care 
Cost 

 
Medevac 

 
Total 

 1. No 
changes, 
status quo 

 
$0 

 
$0 

 
$0 

 
$0 

Local 
$56,212 

 
U.S. 

$660,816 

Local 
$0 
 

U.S 
$1,980,000 

Local 
$56,212 

 
U.S. 

$2,640,816 
2. Lab 
screening 
for all 

 
 

$609,000 

 
 

$1,210,570 

 
 

$0 

 
 

$0 

Local 
$56,212 

 
U.S. 

$660,816 

Local 
$0 
 

 U.S. 
$1,980,000 

Local 
$1,875,782 

 
U.S. 

$4,460,386 
3. Lab 
screening 
and 
mandatory 
vaccine for 
all 

 
 

$609,000 

 
 

$1,210,570 

 
 

1% = 61 
people 

$31,289 

 
 

$0 

Local 
$43,420 

 
 U.S. 

$318,240 

Local 
$0 
 

 U.S. 
$900,000 

Local 
$1,894,280 

 
U.S. 

$3,069,100 

4. Health 
history 
survey/ 
screening 

 
 

$609,000 

 
50% = 
3,045 
people 

$605,285 

 
 

$0 

 
 

$395,850 

Local 
$56,212 

 
U.S. 

$660,816 

Local 
$0 
 

 U.S. 
$900,000 

Local 
$1,666,347 

 
U.S. 

$3,170,951 
5. Lab 
screening 
based on 
health 
surveys 
and  
voluntary 
vaccination 

 
 

$609,000 

 
 

50% = 
3,045 
people 

$605,285 

 
 

1% = 30 
people 

 
$15,388 

 
 

$395,850 

 
Local 

$43,420 
 

 U.S. 
$318,240 

 
Local 

$0 
 

 U.S. 
$900,000 

 
Local 

$1,668,347 
 

U.S. 
$2,843,763 

 

6. Lab 
screening 
based on 
health 
surveys 
and  
mandatory 
vaccination 

 
 

$609,000 

 
 

50% = 
3,045 
people 

$605,285 

 
 

1% = 31 
people 

$15,901 

 
 

$395,850 

 
Local 

$43,420 
 

 U.S. 
$318,240 

 
Local 

$0 
 

 U.S. 
$900,000 

 
Local 

$1,669,456 
 

U.S. 
$2,844,276 

 

Note. Sick care costs include ambulatory care for all patients (n=104 in scenarios without 
vaccines) plus the cost of local or U.S. hospitalization. 
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  Discussion 

 COA1—continuing the status quo is the best strategy. The vaccine efficacy (61% overall) 

is simply too low, the projected seropositivity level in this population and corresponding 

individuals identified as vaccine candidates is minimal, and the laboratory screening costs are too 

high to justify screening and vaccinating this population. This also aligns with the literature 

showing that vaccination is only recommended and effective in highly endemic areas and 

populations (Coudeville et al., 2020; Halstead, 2016). PCVs do not meet this high endemicity 

threshold.  

 Furthermore, the costs of treating and medically evacuating dengue patients with severe 

disease or complications are not considerable overall. At the 15% health survey screening 

positive level for both the 5% and 10% progression to severe disease thresholds in COAs 5 & 6, 

there are small potential savings in the overall cost for severe dengue cases that have to be 

referred to the U.S. However, this is still not the recommended pathway forward as these savings 

are eliminated in the 50% screening positive scenarios. Once more information is known about 

the true baseline level of risk (i.e., the number of PCVs who are seropositive for dengue upon 

entry into service) and the if the incidence of cases and severe cases were to increase, then the 

calculations and recommendations could change.  

 There is great potential for increased dengue incidence, PCVs were pulled from service 

during the pandemic in 2020 and Peace Corps is just now reopening offices and placing new 

volunteers. These volunteers are walking into a “post” pandemic new normal in villages where 

community-level vector control strategies were likely discontinued due to a lack of funds, human 

resources, economic devastation, and stay-at-home orders. This is true of dengue and other 

vector-borne diseases.  
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 In COAs 2 & 4 PCVs will know they are at heightened risk and can adhere better to 

mitigation and control measures. However, knowledge does not equal behavior change, so a 

disease-reduction component was not added to these strategies during valuation. Nonetheless, I 

feel that there is value added in doing a pilot seroprevalence study to identify the risk in a healthy 

adult population—this would better characterize the seropositivity of the average PCV and 

represent the true disease risk. Evaluating these potential courses of action allowed for 

computing the total costs associated with a screening program. It also showed that vaccine costs 

are relatively low so screening should only occur if there is an intent/ability to vaccinate. 

Furthermore, there is projected to be little difference between voluntary (94%) and mandatory 

vaccinations; thus, mandatory vaccinations are the better approach. Potentially, waivers could be 

introduced on a case-by-case basis for individuals who do not wish to be inoculated.  

 Future studies could potentially reach a different conclusion in a smaller cohort of 

military service members or full-time international disaster response workers. This is especially 

important for military operations where missions could be jeopardized or delayed due to ill 

service members. The implementation costs are more likely to be tolerated and justified in this 

high-threat, high-reward population. Another cost-benefit analysis with the Qdenga® vaccine 

could potentially yield different results, as it does not require laboratory screening and only 

requires two doses for a complete series.  

Assumptions and Limitations  

 Dengvaxia® requires three doses administered at 0, 6, and 12 months. Therefore, the 

second and third doses will likely be administered within the host country during the volunteer’s 

service. For simplicity in the model, the cost of the booster doses was not discounted to account 

for this fact. The logistics of getting vaccines into some areas of the developing world, along 



123 
 

with getting the volunteers to a clinic (or conversely sending a medical officer to the volunteer’s 

site), would play a role in the cost calculation for the booster administration. This could be 

expensive, so a constant rate for booster vaccines was maintained.  

 Every effort was undertaken to determine the most realistic parameter projections based 

on the current scientific evidence. The hospitalization rates and dengue risk were treated as 

homogeneous throughout the entire endemic area of Peace Corps assignments; however, there is 

great heterogeneity of prices and outbreak potential based on specific Dengue virus circulation 

levels, housing types, availability of hospital services, and the dengue level with the local 

population. Furthermore, these parameter assumptions should be considered dynamic and be 

updated to reflect future understandings and calculations.  

 The Peace Corps dengue data was based on volunteers’ experiences from 2000-2014 

(Ferguson et al., 2016). However, dengue disease has increased 8-fold over the past two decades 

(WHO, 2022). Thus, the calculations will likely vary in the coming years as the risk of dengue 

illness continues to grow and the number of individuals with previous exposures also increases. 

Consequently, the number of people requiring vaccines and the potential for severe cases and 

hospitalization will increase.  
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6. PUBLIC HEALTH SIGNIFICANCE 
 

Dengue is a growing public health problem that occurs at a nexus of unprecedented 

population growth, unplanned urbanization, poor public health infrastructure, and climate change 

increasing the habitable range and breeding seasons of vectors. Modern air transport of people, 

animals, and commodities allows one to be virtually anywhere in the world in only a few short 

hours, potentially introducing new pathogens to previously unaffected areas plays a significant 

role as well (Gubler, 2011). Prior to World War II, dengue was primarily a disease of the tropics; 

epidemics were sporadic, geographically limited, and had long interepidemic periods (Gubler, 

1998). All four serotypes of Dengue are circulating throughout the world. While infection with 

one serotype provides lifelong immunity, a secondary infection increases the risk of severe 

dengue (Guzman et al., 2013; Halstead et al., 1969, 1970). Thus, if there is an increase in dengue 

infections, there is likely to be an increase in secondary infections and severe dengue. These 

diseases have catastrophic effects on individuals and wreak chaos on communities' social fabric 

and economic stability. 

 A mechanistic model explored the Ae. aegypti mosquito distribution and characteristics 

and how climatological and ecological factors drive Dengue virus dynamics. The study 

constructed a Global Relative Risk R0 Model consistent with the presence and circulation of the 

Dengue Virus and illness in human and vector populations. This simplistic model shows the 

effect of precipitation and temperature on the genesis and proliferation of dengue outbreaks 

creating a valuable tool for military planners, epidemiologists, disaster and humanitarian relief 

workers, and travel medicine providers. It allows military commanders and relief organization 

leaders to understand transmission dynamics and vector ecological factors to implement control 

measures that safeguard their charges. This mechanistic model could also predict dengue 
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potential in disaster response and humanitarian activities to implement effective control 

measures. Finally, the model aggregates the contributions of multiple, interacting, and often 

nonlinear underlying responses of hosts, pathogens, and vectors to climate change. 

 Determinants of dengue infection, including host genetic and immunologic characteristics 

and the role of secondary infections, were explored to better understand the true risk of disease. 

The attributes of travelers with repeated and/or prolonged high-risk exposures that place them at 

a heightened risk for severe dengue were enumerated. These factors were combined to establish 

a framework of recommendations, including pre-travel health assessments, primary prevention of 

vector contact, and the potential administration of vaccines. A cost-benefit analysis of 

implementing a screening and vaccination program for Peace Corps volunteers did not yield a 

recommendation for vaccine screening in this population. However, the exercise showed the 

potential utility and cost savings of implementing a screening and vaccination strategy for other 

special groups of high-risk travelers, such as the military or international aid workers.  

 Globalization has been the principal driver of a global economic system, including a 

transnational flow of knowledge, goods, people, and animals. All four serotypes of Dengue 

circulate simultaneously throughout the tropics, and recombination produces more resistant 

viruses, which are spread through airline travel and globalization of trade to immunologically 

naïve populations. This framework seeks to protect individuals with an ever-increasing risk of 

dengue infection amidst a backdrop of increasing international travel.  

The Novel Coronavirus (COVID-19) and monkeypox pandemics underscore new 

pathogens' global mobility and reach in immunologically naïve populations and highlight the 

most critical vulnerabilities globally. The increase in the intensity and duration of major climatic 

events, hurricanes, floods, droughts, etc., alter the land and push humans and animals into direct 
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contact in novel areas and mechanisms. Disease control and prevention must employ a One 

Health and holistic approach utilizing best practices and methodologies that target every level of 

the socioecological framework into well-structured, strategic plans that are properly resourced 

(McLeroy et al., 1988). Amid political infighting juxtaposed with a highly mobile and connected 

world, partnerships, collaborations, and capacity building will be necessary components of 

mitigation, control, and preparedness toolkits, especially for those in developing nations. 

 Dengue prevention and control is a tremendous undertaking; mosquitos are impervious to 

local and international boundaries, mosquitos breeding in neighboring garden pots will fly to 

nearby homes, chemical insecticide application in one area can shift mosquitos into adjacent 

areas that do not employ this method of environmental control. The same logic can be applied to 

attacking prevention and control in a disjointed manner—unless policies aimed at curbing global 

warming and poverty are enacted, more and more communities will be affected by Aedes 

mosquitoes and the diseases they harbor, which will expand endemic and hyperendemic areas 

leading to a higher probability of severe dengue cases across a wider swath of the globe.  
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APPENDICES 
 
 
 

Appendix A: R0 Functional Equations 
 

This section holds the R0 functional equations used as the basis for building the models depicted 
in this study. Each equation is labeled by the authors, and the variables are defined below. The 
specific values for the equations from Mordecai et al. 2017; Ngonghala et al., 2021; and 
Caldwell et al., 2021 utilized within the paper are defined in the tables within the text.  

Model 1:  Mordecai et al., 2017 

 

R0 = # of secondary infections that would originate from a single infected individual introduced 
to a fully susceptible population  

T= trait is a function of temperature 

a = per-mosquito biting rate  

b = proportion of infectious bites that infect susceptible humans 

c = proportion of bites on infected humans that infect susceptible humans 

(b*c) = vector competence  

µ = adult mosquito mortality rate 

lf= lifespan (1/ µ) 

PDR = parasite development rate = inverse of the extrinsic incubation period (time required 
between a mosquito biting an infected host and becoming infectious) 

EFD = # of eggs produced per female per day  

ρEA = mosquito egg-to-adult survival  probability 

MDR = mosquito immature development rate (inverse of egg-to-adult development time) 

N=density of humans 

r = human recovery rate 
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Model 1 Continued 

Each temperature sensitive trait was fit with symmetric (Quadratic, =c(T-T0)(T-Tm) or 
asymmetric (Briere, cT(T-T0)(Tm-T)1/2) 

T0 = Minimum temperature for transmission 

Tm = maximum temperature for transmission 
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Model 2:  Ngonghala et al., 2021  

*Main difference in this model vs. Ross-Macdonald is the probability that the mosquito survives 
the latent period. 

 

Dynamics of total human population and mosquito populations 

 

Mosquito recruitment at per capita rate (input in Sv compartment) 

 

Mosquito Constant 

 

Mosquito population rate 

 

R0 = Basic reproduction number 

bv = (b) # of human bites per mosquito per unit of time 

βvh = (beta_vh) probability that an infectious mosquito successfully transmits the virus while 
taking a blood meal from a susceptible human (i.e., transmission rate) 

βhv = (beta_hv) probability that an infectious human successfully transmits the virus to a biting 
susceptible mosquito (i.e., infection rate) 

σv = (sigma_v) rate at which vectors become infectious 

σh = (sigma_h) rate at which humans become infectious 

γh = (gamma_h)  per capita human recovery rate 

γv = (gamma_v)  per capita vector recovery rate 

µ = (mu) natural mosquito death rate  (1/µ = average lifespan of mosquitos) 
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N_h   = Human population 

N_v = Mosquito population 

κv = (kappa) carrying capacity (maximum # of mosquitos a breeding site can support) 

ϴv = (theta) # of eggs a female mosquito produces per day 

vv = (nu) the probability of surviving from egg to adult 

φv = (phi) rate at which an egg develops into an adult mosquito  

αv =  (alpha) constant representing mosquito egg laying rate/egg survival rate/egg development 
rate 

f = mosquito recruitment at a per capita rate  
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Model 3:  Caldwell et al., 2021 

 Adult Mosquito Carrying Capacity Model 

 

EFD = # of eggs produced per female per day  

ρEA = probability of mosquito egg-to-adult survival  

MDR = mosquito immature development rate (inverse of egg-to-adult development time) 

µ = adult mosquito mortality rate  

lf= lifespan (1/ µ) 

α = biting rate  

pMI = probability of mosquito infection per bite on an infectious host 

PDR = parasite development rate  

b = probability of mosquito infectiousness given an infectious bite 

H0 = Humidity when the carrying capacity is greatest  (optimal physiological conditions from 
laboratory experiments 29°C and 6kPA) 

T0 = Temperature where carrying capacity is greatest (see above) 

Nm.max = maximum mosquito abundance in a population (twice the human population)  

KB = Boltzmann constant (8.617 x10-5 eV/K) 

EA= Activation energy (0.05)  

Modeling Rainfall (R)  

 

Rmin = 1 mm 

Rmax = 123 mm (based on the high probability of flushing) 
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Appendix B:  Key Definitions 

This section contains key critical to understanding the text.  

Table B.1 

Key Definitions for Epidemiologic Characteristics of Infectious Diseases  

Term Definition 
Autochthonous 
transmission  

Disease spread from one individual and is acquired in another in the same 
place; local transmission. 

Ectotherm An animal that is dependent on external sources of body heat (Mordecai et 
al., 2017) 

Extrinsic 
incubation period  

For vector-borne infections, the time it takes for the pathogen to develop 
within a mosquito and become transmissible; the viral incubation period 
between the time the mosquito takes a viremic bloodmeal and the time 
when said mosquito becomes infectious (Chan et al., 2012) 

Fecundity The ability to produce an abundance of offspring or new growth; fertility 
Flushing Washing away of larva habitats after a rainstorm 
Intrinsic 
incubation period  

The time between a human becoming infected and the onset of symptoms 
due to the infection. (Chan et al., 2012) 

Latent period The period between infection and onset of infectiousness (Chan et al., 
2012)  

Mathematical 
modeling 

Mathematical models are simplified descriptions of a system or process 
used to assist in calculations and predictions, whereas infectious disease 
models are a set of equations describing the transmission of a pathogen in 
a population with an attempt to capture key processes while ignoring 
unnecessary details (Ndeffo-Mbah, 2021) 

Mechanistic 
modeling 

A mathematical description of the components that form a system, their 
interactions with each other and interactions with the environment. 
(Stalidzans et al., 2020) 

R-naught (R0) The value calculated for communicable diseases representing the total, on  
average, number of people that a single infected person can be expected to 
transmit that disease to in a susceptible population; a calculation of the 
spreadability of the disease (Mordecai et al., 2017)  

Secondary 
Infection 

A serial/subsequent infection with another Dengue virus serotype; 
recovery from dengue infection confer lifelong immunity to that particular 
strain but an individual could still get another dengue infection from one 
of the other strains 

Sequence of 
Infection 

The order of dengue infections; a specific virus infection and then a 
second infection with another virus serotype (i.e., DENV1  DENV3; 
DENV2  DENV4; DENV2  DENV3; etc.) 

 


