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Abstract

Background: Transmission dynamics, vectorial capacity, and co-infections have substantial impacts on vector-borne
diseases (VBDs) affecting urban and suburban populations. Reviewing key factors can provide insight into priority
research areas and offer suggestions for potential interventions.

Main body: Through a scoping review, we identify knowledge gaps on transmission dynamics, vectorial capacity,
and co-infections regarding VBDs in urban areas. Peer-reviewed and grey literature published between 2000 and
2016 was searched. We screened abstracts and full texts to select studies. Using an extraction grid, we retrieved
general data, results, lessons learned and recommendations, future research avenues, and practice implications. We
classified studies by VBD and country/continent and identified relevant knowledge gaps. Of 773 articles selected for
full-text screening, 50 were included in the review: 23 based on research in the Americas, 15 in Asia, 10 in Africa,
and one each in Europe and Australia. The largest body of evidence concerning VBD epidemiology in urban areas
concerned dengue and malaria. Other arboviruses covered included chikungunya and West Nile virus, other
parasitic diseases such as leishmaniasis and trypanosomiasis, and bacterial rickettsiosis and plague. Most articles
retrieved in our review combined transmission dynamics and vectorial capacity; only two combined transmission
dynamics and co-infection. The review identified significant knowledge gaps on the role of asymptomatic
individuals, the effects of co-infection and other host factors, and the impacts of climatic, environmental, and
socioeconomic factors on VBD transmission in urban areas. Limitations included the trade-off from narrowing the
search strategy (missing out on classical modelling studies), a lack of studies on co-infections, most studies being
only descriptive, and few offering concrete public health recommendations. More research is needed on
transmission risk in homes and workplaces, given increasingly dynamic and mobile populations. The lack of studies
on co-infection hampers monitoring of infections transmitted by the same vector.

Conclusions: Strengthening VBD surveillance and control, particularly in asymptomatic cases and mobile
populations, as well as using early warning tools to predict increasing transmission, were key strategies identified
for public health policy and practice.
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Multilingual abstracts

Please see Additional file 1 for translations of the
abstract into the six official working languages of the
United Nations.

Background

According to the World Health Organization (WHO),
vector-borne diseases (VBDs) account for more than
17% of all infectious diseases and cause more than 1 mil-
lion deaths annually [1]. Vector-borne diseases are trans-
mitted from person to person via a competent vector,
such as mosquitoes, midges and flies.

Transmission dynamics describes a range of factors
influencing how effectively transmission occurs over
space and time, and in a specific population. These
factors include basic reproduction number, host im-
munity, travel and human behaviour. Transmission
dynamics are determined by the interaction between
pathogen, vector, host (human, and in many cases
also other animals, serving as reservoir or amplifier)
and other environmental factors [2].

Vectorial capacity refers to the ability of a mosquito
population’s to transmit the pathogen to a new suscep-
tible population [3].

The term co-infection describes human infection
through more than one organism, either by different
strains of the same (e.g. two genetically different falcip-
arum malaria protozoa), or entirely different pathogens
(e.g. falciparum malaria protozoa and intestinal hel-
minths). Here, also co-circulation is considered, when
more than one different pathogens are present in an
insect vector (e.g. in mosquito populations of a specific
region) [4].

Malaria is a VBD that caused over 400000 deaths in
2015, most of them in children under 5 years of age [5].
Traditionally associated with rural transmission, malaria
is increasing found in urban and peri-urban areas [6, 7].
An entomological marker of malaria transmission is the
entomological inoculation rate (EIR). It describes the
number of infected bites per unit of time, and a function
of the so-called ‘man biting rate’ (MBR, the number of
bites per person per time unit) and the sporozoite rate
(rate of infected mosquitoes, ie. those carrying malaria
parasites ready to infect humans).

Currently dengue, a virus transmitted through Aedes
mosquitoes, threatens a half-billion people globally [8].
Unlike yellow fever, where sylvatic (forest) mosquito spe-
cies and non-human primate reservoirs play a critical
role in the transmission, dengue only requires humans, a
fact that explains its rapid spread in populated urban
areas [9]. Dengue incidence has increased dramatically
in the Americas, and recent introductions of chikun-
gunya and Zika have resulted in serious epidemics in
these regions [10, 11]. Other VBDs, such as American
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trypanosomiasis (Chagas disease), leishmaniasis, and
filariasis, have affected hundreds of millions of people
globally [12].

Approximately half of the world’s population currently
live in cities. The United Nations projects that 2.5 billion
people will be added to the urban population by 2050,
mostly on the Asian and African continents [13]. This
rapid and increasing urbanization has posed a great
challenge to nations, especially those less developed [14].
Urbanization has had an impact on the epidemiological
pattern of infectious diseases. The main factors are
urban sprawl into forested areas, overcrowding, and pre-
carious urban infrastructures and housing in urban areas
of developing countries. The absence of necessary in-
vestments in infrastructure in these countries poses a
serious threat to human health, including the (re-)emer-
gence and adaptation of infectious agents in urban areas
such as dengue in South East Asia or, Chagas in Latin
America in areas where poor housing is hindering effect-
ive vector control [14—-16].

Basic knowledge about VBD transmission includes
population susceptibility, vectorial capacity, and inter-
action of infectious agents. The understanding of VBD
transmission and persistence is essential for establishing
effective prevention and control interventions. Of similar
importance is to know key aspects of introduction,
maintenance, and spread of VBDs, as well as the role of
environmental and climate factors, the urbanization
process, socioeconomic conditions, population dynamics
and mobility [2, 17-20].

This scoping review evaluated the current state of
knowledge on transmission dynamics, vectorial capacity,
and co-infection regarding VBDs in urban areas from
2000 to 2016, to identify research gaps and implications
for public health policy and practice.

Main text

Research question

We conducted a scoping review adapting Arksey and
O’Malley’s [21] methodological framework. A three-round
eDelphi survey was used to select six topics considered
highest priority by a panel of 109 international VBD ex-
perts, the majority of them being from Brazil, Burkina
Faso, Canada, Colombia, France, Spain and the United
States of America (43% researchers; 52% public health
decision-makers; 5% from the private sector). The three
rounds were: 1) suggestions of research topics; 2)
ranking of topics identified (more than 80 topics,
rated from “l-eliminate” to “5—top priority”); and 3)
final selection of highest-priority topics (the 20 subjects
rated 4 or 5 by more than 65% of the participants). By the
end of the third round, the present topic—the impact of
transmission dynamics, vectorial capacity, and co-infections
on the burden of vector-borne diseases in urban areas—
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had obtained the mean rating of 3.90 + 0.92 and was ranked
fourth. It was therefore among six top rated topics taken
forward for research carried out by the consortium groups.

Search strategy
We used the following key concepts: [“transmission dy-
namics” OR “vectorial capacity” OR “co-infection”] AND
“vector-borne” AND “urban areas” AND “epidemiology”.
All possible word variations and MeSH terms (as appro-
priate) were added to the search command and validated
by a librarian (see Additional file 2) for the following da-
tabases: PubMed, Embase, Global Health, Cochrane
Database of Systematic Reviews, OpenGrey, the Grey
Literature Report, and WHOLIS. Additional articles
were identified by screening the references of papers that
met our inclusion criteria. As part of the protocol devel-
opment the consortium members considered the 2014
World Urbanization Prospects issued by the Population
Division of UNDESA [13].

The literature search was undertaken from August to
September 2016. We used Mendeley and Endnote soft-
ware to manage references and remove duplicates.

Inclusion and exclusion criteria

We included all articles and reports published in
peer-reviewed journals or grey literature written in
English, French, Portuguese, Spanish, German, or Italian
and published between 2000 and 2016. We excluded:
articles focused on clinical or laboratory characteristics,
vector prevalence or seroprevalence only; reviews; con-
ference papers; articles without research data; articles
not addressing human disease; articles reporting
water-borne diseases or diseases without insect vector;
studies conducted in rural areas; and interventional
studies, such as mass drug administration, intermittent
preventive treatment, and vector control programs.

Study selection

We performed a pilot round of study selection to evalu-
ate consistency in the application of the above criteria
and discuss discrepancies with 20 randomly selected ref-
erences. For both abstract and full-text screening, two
independent reviewers (FC and NTSF) selected the stud-
ies through the title and abstract/full-text, and a third
reviewer (ME) resolved discordances.

After completing full-text screening for 205 articles,
an additional step was introduced to retain references
that combined at least two elements of the search strat-
egy: transmission dynamics and vectorial capacity or
transmission dynamics and co-infection. This last step
was done manually by the reviewers.
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Data extraction, summary, and analysis

An extraction grid was created allowing to record for
each of the selected studies the following information:
general information, key objectives and methods; over-
view of results; methodological limitations and chal-
lenges encountered in lessons learnt/recommendations;
future research avenues; and, public health policy or
practice implications. Similarly, the methodological and
quality aspects of each study were evaluated using the
modified Mixed Methods Appraisal Tool (MMAT; for
description of qualitative, quantitative, and mixed
methods studies) [22] and parts of the TIDieR (Template
for Intervention Description and Replication) checklist
[23]. Summary tables and graphs were produced. Ini-
tially, the three contributors (FC, ME, NTSF) independ-
ently extracted data from the same five articles, to
ensure harmonization. Any remaining difficulties were
resolved in a discussion with the remaining two partici-
pants. Subsequently, the remaining 45 articles were sum-
marised with quality assessed by the same three
contributors and results recorded in the extraction grid.

Results

Description of included studies and their funding sources
The search strategy initially identified 9239 records. After
removing duplicates and articles published before 2000,
we screened 3365 articles by title and abstract and re-
trieved 773 of them. After full-text screening, 50 articles
were selected for the scoping review (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses
[PRISMA] flowchart, Fig. 1).

Most of the 50 studies retained were conducted in
the Americas (n = 23; 46%), followed by Asia (n = 15;
30%), Africa (n= 10; 20%), Europe (n= 1; 2%) and
Australia (m= 1; 2%) (continents, Table 1; countries,
Additional file 3; map, Fig. 2). Selected articles were orga-
nized into three groups of diseases: 1) dengue (1= 20;
40%), 2) malaria (n= 15; 30%), and 3) others (n= 15;
30%), which included parasitic diseases: leishmaniasis
(n=4) and Chagas disease (1= 2); other arboviruses:
chikungunya (n= 2), West Nile virus (n= 2), yellow
fever (n = 2), and Ross River virus (n = 1); and two bacterial
diseases: plague (1n= 1) and rickettsiosis (n = 1) (Table 1).
Two studies reported on co-infections, one on multiple
Plamodium falciparum strains, the other on combined
malaria, helminth, and human immunodeficiency virus
(HIV) infection in pregnant women. Studies are summa-
rized in Table 2.

Studies were funded mostly through national (n = 21;
41%) and international (n= 15; 29%) government
sources, followed by universities, non-government or-
ganizations, and global funding sources (< 10% each).
Only one study was funded through pharmaceutical
companies, but did not involve clinical trials (hence
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- Exclusively clinical or laboratory, reviews,
conferences (n = 1081)

- Not addressing human disease or infectious
disease (n = 352)

- Exclusively vector prevalence or seroprevalence (n
=660)

- Articles reporting water-borne diseases or
diseases without insect vector (n = 149)

v - Exclusively focusing on rural area (n = 198)

- Not written in English, French, Portuguese,
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- Articles reporting "mass drug administration",
"intermittent preventive treatment" (n = 59)

- Articles reporting "insecticide", "bednet", or other
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[ Articles selected for full-text screening }

Records after removing duplicates
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Studies included in the review
N =50

Fig. 1 Prisma Chart showing references retrieved at different stages of the search (full text review)

was not excluded); some studies had several funding group shows that nearly half of the studies on dengue
sources (Fig. 3). used either spatial (30%) or dynamic (15%) modeling,

We transferred information for the 50 included studies  followed by one third (20% and 13%, respectively) on
into an extraction grid. All studies were descriptive. An  studies on malaria.. The remainder of malaria research
overview of study methods employed in each disease included mostly cross-sectional (n= 4; 27%) and cohort

Table 1 Final selection of N =50 references: Group of diseases: dengue, malaria and others (ordered by parasitic, viral and bacterial
diseases) by continent

Continent Dengue Malaria Leishmaniasis Chagas disease West Nile Chikungunya Yellow fever Ross River virus Plague Rickettsiae Total

Americas 12 2 3 2 2 0 1 0 0 1 23
Europe 0 0 0 0 0 1 0 0 0 0 1
Africa 1 8 0 0 0 0 1 0 0 0 10
Asia 7 5 1 0 0 1 0 0 1 0 15
Australia 0 0 0 0 0 0 0 1 0 0 1
Total 20 15 4 2 2 2 2 1 1 1 50
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studies (1= 6; 40%). Studies on other pathogens were
mostly outbreak (n= 7; 47%) and other case-control
(n= 3; 20%) studies (Table 3).

We applied the MMAT to evaluate study quality [22].
All studies had clear objectives set out, which were ad-
dressed in 90% (1 = 18) of dengue studies and 87% (n = 13)
of studies on other VBDs. Relevant sampling strategy for
studying human or vector characteristics was present in
approximately 65% of studies on dengue and other patho-
gens, but to a lesser degree (1= 4, 27%) in malaria work.
Representation of the population under study was also bet-
ter addressed in studies on dengue and other pathogens
(around 70%) than in malaria studies (n = 6; 40%). Appro-
priate measurement was captured well in both dengue and
malaria studies (n = 17, 85% and, n = 13; 87%, respectively).
Response rate (where appropriate) was clearly reported
only in about 25% of dengue studies and even less in other
work (Fig. 4). Given the absence of any intervention stud-
ies, the TIDieR tool was only applicable to very limited as-
pects of the included studies. Due to the limited added
benefit, it was therefore agreed to not consider TIDieR fur-
ther in the extraction.

Description of findings of the scoping review

Dengue transmission dynamics and vectorial capacity
studies

Dengue research was identified mostly in the Americas
and Asia. The majority of the studies (n = 17) evaluated
the relationship between the incidence of dengue cases
and vector density in endemic areas, and/or mobility of
the human population. A large number of studies also
addressed asymptomatic infection as a factor related to
the spread of dengue virus infection, the climatic

variation in relation to vector abundance, and the role of
socioeconomic conditions. The role of imported dengue
fever cases in triggering outbreaks in non-endemic cities
was highlighted [24]. Human movement due to eco-
nomic development and/or tourism was considered a
determinant for the spread of dengue infection [24—26].

Incidence of dengue cases or dengue virus infection

The heterogeneity of dengue transmission in inner cities
seemed to be a common feature of the studies. Population
immunity and asymptomatic infection play an important
role in dengue transmission dynamics, resulting in higher
incidence of dengue infection in previously lower preva-
lence areas [25]. Also, the intensity of transmission in
highly urbanized settings may not be perceived as an epi-
demic due to asymptomatic infection, suggesting the oc-
currence of a “silent epidemic”, as shown in Salvador city,
Brazil (2008-2009) [25]. Another prospective study dem-
onstrated that dengue infection in the community was
mainly spread by asymptomatic adults [27]. In concord-
ance with these studies, asymptomatic dengue cases were
also a potential source of subsequent outbreaks, as seen in
four cities of Valle del Cauca, Colombia [26]. A study con-
ducted in Ho Chi Minh city, Vietnam, provided evidence
for some household dengue risk clustering, but on a short
temporal scale rather than as sustained chains of localized
transmission [28]. These findings are important for sur-
veillance and control strategies [25-27].

Mobility of human populations as a source of outbreaks
and/or disease persistence

The study conducted in Mexico City (2011-2012) pointed
out that, besides asymptomatic individuals, human mobility
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Fig. 3 Studies specified according to funding sources, some studies
have more than one study source. Funding: not reported, n = 16;
national government, n = 21; university, n = 4; international
government/WHO, n = 15; non-governmental organizations, n = 3;
pharmaceutical industry, n = 1 (some studies had more than one
funding source).

is another important factor in the spread of dengue infec-
tions in urban settings [27]. The spread of dengue by
imported cases has been reported in some countries, such
as Argentina during the 2009 outbreak [29], as well as
China in the outbreaks in the outskirts of Cixi [30] and
Dongguan cities [31] and near Guangzhou Baiyun Inter-
national Airport (2006—2012) [24]. The reports from China
highlighted the role of immigrants from Southeast Asia as
the source of localized outbreaks in this region.

Vectorial capacity and incidence of dengue infection or
disease

There was conflicting evidence around indicators of vec-
tor abundance and incidence of dengue infection/dis-
ease. Positive associations between high vector density
and high dengue incidence were reported in different
settings, such as San Juan, Puerto Rico [32], Cuba [33],

Table 3 Type of study methods, by disease group
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Argentina [29], Brazil [34, 35] and Bangladesh [36]. In
contrast, other studies showed inverse relationships be-
tween entomologic indices and dengue incidence [26,
37-39]. It has been well established that water storage
containers and discarded tires are important mosquito
habitats in many countries, which was also reinforced by
studies in Puerto Rico [32] and French Guiana [40].

Weather and climate variability and vector proliferation

Studies conducted in different regions evaluated the
role of weather on the proliferation of Aedes aegypti,
dengue incidence, and the seasonality of the disease
[30, 32, 39, 41-43]. Some ecological studies observed a
positive association of temperature and rainfall with varia-
tions in the Aedes mosquito population [32, 38, 39]. Some
studies conducted in the Americas showed a positive
correlation of rainfall and temperature with dengue
incidence [32, 41], while others in Asia found nega-
tive or no associations between these meteorological
variables and dengue incidence [30, 42, 43]. In an
interdisciplinary study (2010-2011) conducted in Sao
Paulo, Brazil, using geographic information systems,
more dengue cases were clustered in areas of land
surface temperature above 32 °C than in areas charac-
terized as low socioeconomic, high population density
areas, or slum-like areas [39]. That study’s findings
were interpreted as suggesting that the land surface
temperature of the inner city was a better predictor
for dengue incidence than were other factors such as
population density or socioeconomic indicators.
Therefore, the influence of higher temperatures in
small urban areas in Sdo Paulo, known as urban heat
islands, was correlated with high-risk areas of dengue
transmission during this period (2010-2011) [39].

Denguen=20 % Malaria n =15 % Othern=15 % Alln=50  Total %
Outbreak 2 0% 0 0% 7 47% 9 18%
Case-control (cluster) 2 10% 0 0% 3 20% 5 10%
Cross-sectional 2 10% 4 27% 1 7% 7 14%
Cohort (longitudinal) 3 5% 6 40% 0 0% 9 18%
Analytical - multivariate 6 30% 5 33% 5 33% 16 32%
Ecological (population study) 4 20% O 0% 5 33% 9 18%
Spatial modelling 6 30% 3 20% 2 13% 11 22%
Time series regression, dynamic modelling 3 5% 2 13% 0 0% 5 10%
Secondary data only 5 25% 4 27% 1 7% 10 20%
Prevalence — Incidence 15 75% 13 87% 13 87% 41 82%
Odds Ratio 2 10% 1 7% 3 20% 6 12%
Risk Ratio or Similar 3 15% 2 13% 3 20% 8 16%

Methods applied in n = 50 quantitative descriptive studies in numbers and %, for dengue, malaria and other pathogens (some studies employ more than one

different study method)
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Fig. 4 Quality of studies according to modified MMAT tool in numbers (%), for dengue, malaria and other pathogens
A

Other social and environmental factors influencing or
associated with the complexity of urban settings

Other social and environmental factors associated with
disease incidence and vector abundance include living and
working conditions, human behaviour, urban infrastruc-
ture, and water and sanitation, which includes water stor-
age conditions and housing quality [30, 32, 37, 40]. In
Sudan, a study conducted in the neighbourhoods of the
city of Port Sudan (2008—2009) [44], observed that dengue
incidence was heterogeneously distributed and higher en-
tomological density indices were found in lower- and
middle-class neighbourhoods. In that setting, climate vari-
ability, maritime traffic, and socioeconomic conditions
were suggested as being the main drivers of dengue out-
breaks in the past decade, although further research will
be required to study the impact of long-term climate
change on dengue emergence in that region [44]. In Rio
de Janeiro, Brazil, spatial analysis showed a positive associ-
ation between social inequalities (Gini indices) and the
container (Breteau) index for Aedes albopictus [41]. A ser-
osurvey conducted in the US-Mexican border area found
an abundance of vectors in US cities, but higher dengue
incidence in neighbouring cities in Mexico. This lead the
authors to conclude that population living conditions (low
air conditioning rates, small living spaces, high numbers
of occupants) were the main determinants of dengue

transmission in that region, indicated by seroprevalence in
each population [37].

Malaria transmission dynamics and vectorial capacity
studies

The malaria research retrieved was mostly conducted in
the African region, where yearly estimates indicate to be
the highest burden of malaria cases (191 million cases in
WHO African Region vs. 21 million in other parts of the
world) and deaths; and the highest proportion of PL fal-
ciparum (vs. other species) worldwide in 2016 [5]. At
the same time there is the lowest level of health expend-
iture in this compared to other regions [45], further ag-
gravating the impact of the disease on populations and
economies.

Incidence of malaria cases or infection

There has been controversy about a potential expansion
of malaria from rural areas into cities. Research evidence
suggests increased malaria risk to urban dwellers, and
transmission in urban and periurban setting [46]. In the
studies selected in our review, increasing transmission risk
was described as part of climatic changes affecting urban
areas in the highlands of Ethiopia, and India, respectively
[7, 47]. A study using small-scale temporal-spatial scan-
ning identified “hotspots” of high Anopheles density and
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parasite carriage in two villages in Mali. However, trans-
mission was also found to be high outside these hotspots,
casting doubt on the effect of targeted control interven-
tions in hotspots [48]. A transmission hotspot detected
within 350 m of a large Anopheles breeding site during the
2003 outbreak in Ethiopia highlighted the potential of tar-
geted vector control measures to reduce cases [49].

With regards to the occurrence of co-infections,
Miiller et al. [50] found a protective effect in children in-
fected by multiple, genetically different PL falciparum
malaria parasite co-infections. Further, there was a pro-
tective effect against episodes of febrile illness during a
three-month subsequent (passive) follow-up. The group
found an 0.84 (95% CI: 0.71-0.99) hazard associated
with each additional Pl falciparum genotype detected at
baseline and called for more research into this
phenomenon, in particular the effects on the host in
chronic infections [50]. Another group studied malaria
and helminth dual infections among pregnant women
with HIV infections on treatment for > 1 year. The study
design was merely descriptive, showing co-infection rates
to be higher in women living in urban areas than among
those in rural areas [51]. The authors hypothesized re-
garding potential aggravating effects of co-infection on
anemia, which is a consequence of each of these three
types of infection (malaria, helminths, HIV).

Mobility of human populations as a source of outbreaks
and/or disease persistence

Zhao et al. [52] found most malaria cases in Ningbo
City, China, to be caused by PL vivax imported from
domestic endemic areas, leading to local transmission
through Anopheles sinensis. The authors suggested
that more research was needed on the role of floating
populations in local malaria transmission [52]. Migra-
tion and travel were also identified as important risk
factors for malaria re-introduction in Singapore, evi-
denced by an analysis of 25-year reporting data. The
authors advocated for screening, education, and good
case management. Finally, they suggested that also
simian Plasmodium knowlesi malaria would need to
be considered as a possible source of fever in their
study population [53].

Vectorial capacity and the incidence of malaria infection or
disease

Several studies demonstrated changes in vector compos-
ition according to geography and season to explain vari-
ations in transmission [47, 52, 54, 55]. There was
diversity among studies on the correlation between ento-
mological parameters and human malaria. The EIR as
indicator for transmission was found to correlate with
clinical prevalence and incidence data in Nigeria [56],
similar to Anopheles density and malaria cases in
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Ningbo, China [52]. An important factor for malaria
transmission in forested villages in Venezuela was the
presence of mosquito species displaying predominantly
exophagic (outdoor) biting behaviour [57].

In contrast, no correlation was found between EIR and
percentage of malaria among reported fever cases in
India [54], nor between Anopheles density and human
case rates in French Guiana, and the authors argue the
mosquito  traps might have been located in
non-transmission areas [58].

Weather and climate variability and vector proliferation
Increased transmission during the rainy season has been
observed in Africa and Asia [7, 54, 59]. More specifically,
increasing temperature and rainfall were followed by
higher vector prevalence transmission models based on
four different areas of Burkina Faso, with peak vector
prevalence occurring 2 weeks after peak rainfall [60]. In
northwest China, monthly An. sinensis vector density
(relevant for Pl vivax malaria transmission) was
strongly correlated not only with temperature (R =0.958,
P <0.001), but also with humidity and rainfall (R = 0.746,
P =0.005; and R =0.725, P =0.008, respectively) [52]. Fur-
thermore, increases in average maximum and minimum
temperatures (at 1 month lag) and rainfall (10-week lag)
in Ethiopia had malaria incidence risk ratios of 1.4 (for
maximum temperature), 1.3 (for minimum temperature),
and 1.0 (for rainfall) [49]. Zhang et al. (2012) showed
malaria epidemiology in China to have strong spatial
associations with average temperature. They proposed
optimizing case management rather than vector con-
trol for low-transmission areas [55].

Other environmental factors, geography, and complexity of
urban setting influencing malaria infection or disease
Peterson et al. (2009) identified not only proximity to a
large Anopheles breeding site as a source of increased
transmission, but also poor housing as a further import-
ant risk factor (malaria incidence risk ratio=2.0) in
Adama, Ethiopia [49]. Similar observations were made
in semi-arid neighbouring Sudan, where transmission
was higher in rapidly expanding peri-urban low-income
areas than in suburban higher-income areas of
Khartoum [59].

Certain ecological areas show higher malaria transmis-
sion than others. In Nigeria, transmission rates (MBR
and EIR) were higher near mangrove coastal water than
in areas of fresh or brackish water [56]. In Ethiopia,
proximity to vegetation and to agricultural sites showed
higher vector density and more cases [49, 54, 59].

Further, changes to ecology and climate were consid-
ered to be causing increasing malaria transmission in
urbanized highland areas of Africa and Asia [7, 47].
Capable Anopheles vectors and short-term malaria
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transmission were observed during the rainy season
(due to short-term extra breeding sites) in Ethiopia,
where low population immunity between seasons
causes epidemics [7]. Comparison of three villages at
different altitudes in India showed both reduced
Anopheles abundance and transmission windows for
human cases with increasing altitude [47]. Geographic
expansion of mosquito vectors has been described as
one of the possible effects of climate change [61].

Summarizing key insights from respective groups of
authors, there was an expression of need to address the
increased risk of transmission in vulnerable highland
areas [7, 47] and in spaces where specific risk factors are
present, including proximity to breeding sites, poor
housing [49], low income [49], and floating populations
[52, 53]. They recommended better ways to monitor and
address risk factors via spatial studies and forecast
models that include entomological parameters and me-
teorological factors. Further, the significance of asymp-
tomatic infections was expressed in reports on
parasitaemia and floating populations, identifying the
need to detect and treat such cases to prevent trans-
mission [52, 53, 59]. Finally, the complexity and po-
tential impact of co-infections on the host have been
recognised [50, 51].

Other diseases

Four studies focused on leishmaniasis: two on cutaneous
leishmaniasis (in Argentina and Brazil) [62, 63] and two
on visceral leishmaniasis (in Brazil and Nepal) [64, 65].
Agricultural male workers were identified as a risk
group; further associated factors included peri-urban liv-
ing environment, low socioeconomic status, poor hous-
ing, and domestic dogs. All reports demonstrated the
need for improved surveillance and control measures, to
reduce infection risk both in urban and peri-urban areas,
with specific focus on dog populations.

Chagas disease was detected in young individuals in
Mexico (1% of people aged <18 years) [66] and Bolivia
(>20% of school children aged 5-13 years). Poor hous-
ing and high infection rates among transmitting vectors
were identified as important risk factors; the authors
suggested prioritizing detection and control programs in
these urban areas [67].

West Nile virus (WNV) is a VBD in which bird popu-
lations such as corvids serve both as important reservoir
and amplifiers, whereas migratory birds are involved in
global transmission [68]. Researchers in the United
States (US) correlated mosquito and local bird popula-
tion WNV status with human incidence. They identified
Culex mosquitoes as important vectors in the Arizona
outbreak where their abundance and (bird) host prefer-
ence increased the risk of human transmission, and
compared to control sites in the metropolitan area of
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Phoenix (US) [69]. A spatial study identified significant
clustering of infected dead birds and positive Culex mos-
quitoes near human cases occurring in residential areas
of California [68]; early detection was proposed as a key
to reducing the risk of outbreaks.

Role of tourism, migration and occupational exposure on
transmission of infection

Two studies reviewed chikungunya occurrence, one in
Italy following virus introduction by a symptomatic indi-
vidual visiting from India [70] and the other in
Singapore, where recent virus mutation allowed the in-
fection to be effectively transmitted by urban Aedes
albopictus mosquitoes [71]. Both research groups
highlighted the role of migrants in the spread of disease
and the need for effective disease surveillance to prevent
outbreaks.

In Brazil, researchers identified a yellow fever trans-
mission link to tourism and occupational exposure (agri-
cultural workers, carpenters, fishermen, truck drivers)
and to Haemagogus janthinomys as the main mosquito
vector [72]. In Sudan, drought, migration, and the lack
of diagnostic capabilities or adequate response contrib-
uted to a yellow fever outbreak where there was concur-
rent transmission of chikungunya [73].

Influence of disease ecology on transmission

A field survey found seasonal abundance of amplifying
mouse populations to increase Ross River virus (RRV)
transmission in Australia, combined with the presence
of the Culex annulirostris vector. The authors proposed
more specific research on the causal relationship be-
tween mice and RRV, along with possible interventions
to control the disease [74].

Bacterial diseases studied included tick-transmitted
Brazilian spotted fever (BSF) in Brazil [75] and human
bubonic plague in the Vietnam Central Highland plateau
[76], for which multiple ecological factors were identi-
fied, and the authors proposed using rodent density and
rainfall as ecological risk indicators.

Discussion

Dengue and malaria studies constituted the largest
groups of published research in our review—dengue pre-
dominantly in Asia and the Americas, and malaria in
Africa. Dengue has the highest burden and vectors cap-
able of transmitting in urban and peri-urban areas of
these regions. The urbanization of the population in Af-
rica has also reflected in malaria transmission that can
be currently considered an urban problem [77]. Despite
being different pathogens (protozoa vs. virus), both
VBDs, despite spread by different mosquito species can
be framed with regards to the importance ofurban heat
islands and eco-zones, human habitat (proximity to
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breeding sites), host behaviour and mobility, the role of
asymptomatic infections, and association with increased
temperature and rainfall (albeit more evidence is re-
quired on the associations between climate variability
and dengue incidence to explain the discrepancies in
recent studies) promoting vector abundance and associ-
ated disease incidence. Since the beginning of 1900 mal-
aria research employed the theory of Ross-MacDonald
for the dynamics and control of mosquito-transmitted
pathogens. This transmission model has now been
adopted for dengue research, which has become more
intensified in recent years as the disease is becoming a
global problem [19].

Dengue transmission and vectorial capacity have
been studied mainly using the conventional frame-
work of interaction between human and mosquito
populations. A  bulletin of the World Health
Organization highlighted the importance of increas-
ing residents’ knowledge regarding dengue transmis-
sion, which was associated with a measurably lower
mosquito reproduction in the respective areas [78].
This was presented as an example of how broader
public health efforts (beyond larvicide and focal
spraying) can contribute to effective vector control
[78]. There is a lack of translational research and a
need to combine multiple knowledge areas involving
urban planners, travel and border agencies, transport
authorities, environmentalists [79]. Such integration
would be an useful approach to better understand
and respond to the complexity of dengue dynamics
in urban settings. Only a few studies addressed this
using information on previous dengue serotype im-

mune status to understand disease spread and
persistence.
None of the selected studies assessed the

co-circulation of VBDs transmitted by the same vector,
such as dengue, chikungunya and Zika, which coexist in
many regions across the globe [11]. A syndromic ap-
proach focusing on patients’ main symptoms, such as
fever and rash (equally common symptoms for dengue,
chikungunya, Mayaro, Zika, etc.), rather than only on
isolated pathogens, might help to adapt VBD research
more effectively to the clinical-epidemiological reality.
Combining such an approach with broad diagnostics
(e.g. testing for a panel of common vector-transmitted
parasites, viruses, and bacteria) would allow easy detec-
tion of and response to co-circulating vectors, including
newly emerging pathogens. This is particularly true for a
coordinated international response to new pathogen in-
troductions or epidemics, such as Zika in the America.
Harmonization of syndrome-based protocols would in-
crease the effectiveness of such efforts.

Similarly, malaria has been studied largely in conven-
tional frameworks. In some studies, quality was very
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basic: questionable sampling techniques (convenience
sampling), no indication of the proportion of
non-responders, offering only passive rather than active
follow-up, location of mosquito traps not matching with
areas of human transmission—all of which created risks
of bias. Also, most studies were descriptive (i.e., using
measures of occurrence) rather than providing robust
figures of transmission risk (measures of effect). Further,
a multidisciplinary approach, as suggested above,
could have provided essential insights into the role of
asymptomatic infections, especially among floating
populations.

Discussing other infections than dengue and mal-
aria, we detected recommendations on specific sur-
veillance and control measures that were included in
most studies. For example, the need for entomological
surveillance and control in detecting risk areas for
Leishmaniasis [62, 63, 65], Chagas’ disease [66, 67],
and arboviruses (West Nile Virus [68, 69], Chikungunya
[71]), and plague [76]. Also, the need of targeted surveil-
lance and interventions focusing on important animal res-
ervoirs for Leishmaniasis (dog population) [63, 64], West
Nile Virus (clustering of dead birds) [68], Ross River Virus
(abundance of house mice), and plague /BSF (rodents)
[75, 76]. The importance of increasing such measures spe-
cifically in urban and periurban areas was highlighted in
relation to Leishmaniasis [62, 64, 65], Chagas'disease [67],
West Nile virus [68] and BSF [75]. In addition, enhancing
vigilance around migration and travel are needed to
reduce risk for spreading of Chikungunya [70, 71] and
Yellow Fever [72, 73]. For the latter, the importance of
vaccination programs was mentioned [72, 73]. Consider-
ing that two thirds of the studies were funded by govern-
ment sources (national or international) the an integrated
approach including human and animal health, and ento-
mology should be reinforced. The Joint external evalu-
ation tool by the World Health Organisation as part of
Global Health Security is an example for multi-sector and
multi-disciplinary effort. This agenda considers multiple
hazards, including detection and control of priority epi-
demic diseases, border surveillance, using an integrated
‘One Health’ approach including human, animal and en-
vironmental health [80].

This scoping review has some limitations.

Performing a detailed data extraction on all 205 papers
was considered as unfeasible by the consortium. There-
fore, an additional step to include only studies that cov-
ered at least two of the key concepts (i.e. “transmission
dynamics and vectorial capacity” and, “transmission dy-
namics and co-infection”) limited the number of papers.
An additional benefit of this approach was a more
comprehensive picture that combined at least two
components of infectious diseases in urban areas. At the
same time, we acknowledge limitations arising from this
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final step, which may have excluded important papers
reporting only one key concept. That way, classical mod-
elling studies, (particularly those dealing solely with
mathematical models (for prediction of outbreaks,
spread of infection, and/or long term sustainability of
transmission) may have been missed [17, 18, 81].

Further limitations relate to quality and comparabil-
ity of selected work. Only a few studies went beyond
description, as shown by MMAT evaluation of the
quality of studies. Clear objectives were set out in all
studies and were addressed to a fairly large extent.
However, concerns about study quality arose regard-
ing 10-20% of studies, which did not report the rele-
vant sampling strategy. Compared to the studies on
other pathogens, the malaria studies were less repre-
sentative of true population (therefore producing less
generalizable results), due to their designs, which
were mostly smaller-volume cross-sectional and co-
hort studies.

Also, there was no attempt to stratify by population
size. Stratification would have allowed to identify chal-
lenges specific to highly populated urban areas as op-
posed to smaller urban areas like villages. Dengue is a
VBD amplified by humans (rather than other
non-human hosts) which contributes to large scale
transmission in cities. In contrast, transmission dynam-
ics for a number of other pathogens included (e.g.
Leishmaniasis, West Nile Virus, Yellow Fever, Ross River
virus and plague) rely on non-human host species, such
non-human primates, dogs, rodents or birds. Presence of
those species will depend on different types of urban
and peri-urban environments and other factors. The
same applies for the type of insect vectors implicated.
From this perspective, further work classifying between
different urban environments will be useful.

The difference in methods used by studies is one fac-
tor limiting the comparability, particularly on study that
combined weather and entomological data to predict
VBD incidence [24, 31, 42, 60]. Differences also arose in
the researchers’ selections of the most appropriate ways
to control for factors such as seasonality and
non-linearity of weather dependence, as pointed out in a
technical paper on temporal modeling research [82]. Of
note is that, to our knowledge, there are currently no
international standards to advise on the most appropri-
ate modeling approach for real-time prediction to in-
form public health practice.

Finally, another limiting factor was that only two
studies reported on co-infections, and both of those
addressed malaria. This is concerning in view of how
little is known about this phenomenon, the immuno-
logical mechanisms involved, and what it means for
clinical outcomes; even less is known about transmis-
sion dynamics.
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Box 1 The main implications for future research and public health
policy and/or practice

Knowledge gaps and priority needs for future research

1. Assess the magnitude of asymptomatic dengue infection at
population level (surveillance of symptomatic dengue cases is
insufficient to evaluate the persistence of infection).

2. Improve indoor and outdoor vector density parameters for more
accurate modeling of transmission.

3. More studies are needed on climate and other environmental
(e.g. land surface temperature) changes and their effect on vector
proliferation and dengue transmission.

4. The impacts of human mobility within and between cities and
countries should be prioritized in future research.

5. Enhance research and seek scientific consensus on the benefit
of simple, ready-to use forecasting tools to predict human VBD
risk (using entomological, meteorological, and other parameters).

6. Promote research on co-infections with different pathogens, on
immunology mechanisms and their effect on clinical outcomes and
onward transmission, and on means of effective diagnosis and treatment.

Implications for public health policy and/or practice

1. In dengue-endemic areas, monitoring areas of low transmission may
be necessary to prevent spread of infection.

2. Surveillance and control strategies focused on index cases should be
timely to avoid time lag between outbreak onset and response.

3. Asymptomatic individuals contribute to persistence of dengue
and malaria transmission, reinforcing the need for population
screening (e.g. biological marker laboratory testing blood banks,
sentinel sites), in low and high seasonality.

4. Need to assess multiple data sources regarding symptomatic and
asymptomatic cases.

5. Surveillance and control strategies focused on index cases should be
timely to stop transmission.

6. Greater efforts must be made to translate knowledge about VBD
transmission into practice.

~

. Employ scientifically agreed-upon ready-to use forecast models to
predict human VBD risk based on entomological and meteorological
parameters.

8. Increased rainfall and humidity, especially during the rainy season,
affects VBD transmission; authorities need to collaborate to heighten
vigilance and control measures.

9. Poor housing, low-income neighbourhoods are high-risk areas
for VBD transmission; they should be focus of affordable and
sustainable vector control measures in homes, workplaces and
schools, to lower transmission over the long term.

10. Certain occupational groups have higher exposure to VBDs; labour
and agricultural authorities must invest in efforts to increase
awareness and safety in relation to specific disease risks.

11. Transport authorities and border agencies need to screen floating
populations at risk of infection.

12. Using a syndromic approach instead of the classic single-disease
surveillance would allow timely response to the introduction of
new pathogens or early outbreak detection.

13. Harmonization of protocols are needed to facilitate a coordinated
international effort to control disease threats of national/international
importance. National government and academic institutions to
promote an integrated multi-disciplinary approach (human and animal
health, vector control), focusing on detection and control of priority
epidemic diseases, border surveillance.
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Conclusions

The present review identified significant knowledge gaps
in several areas, ranging from the role of asymptomatic
individuals to the effects of co-infection and various host
characteristics, climate, and other environmental and so-
cioeconomic factors on VBD transmission in urban
areas. There is much more to know about transmission
risk in the homes and workplaces of increasingly dy-
namic and mobile populations.

The lack of studies on co-infection is hampering the
monitoring of infections transmitted by the same vector. A
broad, syndromic approach including pathogen panels
would allow more flexibility in detecting new and
co-circulating pathogens and in applying more effective
control. It would be useful to combine this with harmo-
nized protocols and to define sentinel areas in order to en-
able a well-coordinated international response where
needed. Due to the complexity of VBD transmission, fund-
ing for translational research is especially recommended.
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