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Abstract: In recent years, many urban areas in low and middle income countries have experienced
major dengue epidemics, and the city of Dhaka, the capital city of Bangladesh, is one of them. Under-
standing models based on land cover and land use in urban areas in relation to vector abundance and
possible disease transmission can be a major epidemiological tool in identifying disease incidence
and prevalence. Demographic and human behavioral factors can also play a role in determining
microenvironments for entomological distribution—which is a major risk factor for epidemicity. Data
collected from a cross-sectional entomological survey in the city of Dhaka during the monsoon season
of 2012 and two serological surveys—one pre-monsoon and another post-monsoon in 2012—were
analyzed in this study. A total of 898 households and 1003 containers with water were inspected,
and 1380 Ae. aegypti pupae and 4174 larvae were counted in these containers. All Stegomyia indices
were found to be the highest in the central business and residential mixed zone. The odds ratios of
risk factors for seroprevalence, including sex, age, self-reported febrile illness during the previous
six months, and travel during the last six months, were calculated; age distribution was found to be
a highly significant risk factor (p = value < 0.0001). The study offers clear patterns of dengue viral
transmission, disease dynamics, and their association with critical spatial dimensions.
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1. Introduction

The abundance, lifespan, and behavior of the principal mosquito vector, Aedes aegypti,
have profoundly affected the natural history of dengue fever among the human population.
Additionally, the level of immunity to the circulating virus serotype in the local human
population, the density and movement of humans, and the time required for the virus to
develop in Ae. aegypti also play a significant role [1,2]. However, the relative influence
of these factors on virus transmission dynamics, including the spatial distribution pat-
terns of dengue vector density, is not well researched or understood [3]. More than one
billion people are infected with and more than one million people die from vector-borne
diseases, of which mosquito-borne diseases constitute a significant proportion [4]. The
distribution of Ae. aegypti is largely influenced by human movement and the presence of a
suitable climate [5]. The analysis of the spatial pattern of Ae. aegypti distribution, which is
typically limited to vector distribution and habitat preferences [6], also has many facets
involving microenvironmental variables, such as vegetation, stagnant water, and localized
topographical depressions, with plenty of sites less exposed to sunlight, transportation
routes and hubs, and human dominated uncontrolled urban development, which favor the
spread of Ae. aegypti [7]. Studies of the association of the patterns of Ae. aegypti distribution
with environmental variables at the city scale are critical in understanding the relationship
between vector abundance and dengue transmission at the local landscape scale [8]. In
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the context of mosquito-borne diseases, human-induced changes to the landscape have a
significant impact on the transmission of vector-borne pathogens [9,10], as they promote
the proliferation of organisms that can easily colonize and adapt to new environments.
Landscape characteristics also influence the dynamics and ecology of dengue fever by
affecting the presence, behavior, and interactions of hosts and vectors. In the context of
zoonotic diseases, Salinas-Ramos et al. [11] asserted that they are strongly favored by the
ever-growing deforestation and expansion of farmland and urban areas at the expense of
natural habitats, leading to increasing wildlife–human interactions. Zheng and Li [12], in a
recent study in the Shandong Province of China, observed a significant reduction in the
average habitat quality due to increases in industrial and mining residential land use. As
well, urban landscape characteristics influence the epidemiology of dengue diseases by
affecting human availability and accessibility [13].

To address potential outbreaks of vector-borne diseases, scientists and public health
organizations have attempted to apply land cover/land use vector relationships to develop
place-based models to predict vector abundance and dengue disease risk [9,14]. Addi-
tionally, a recent study in Sáo Paulo, Brazil, observed a pattern of spatial segregation of
Aedes species, affirming the ecological preferences of each species of mosquitoes in an
urban environment [15]. In this regard, the Stegomyia indices, which usually include the
House Index (HI) (the percentage of houses infested with larvae and/or pupae of vector
mosquitoes), the Container Index (the percentage of water-holding containers infested
with larvae and/or pupae), and the Breteau Index (BI) (the number of positive (infested)
containers per 100 houses inspected) [16,17], are the established metrics for spatial monitor-
ing of vector populations. Kolivras [18] pointed out that spatial epidemiology approaches
have provided numerous place-based models for malaria vectors but fewer spatial models
have been formulated for other important disease vectors, including dengue. Although
the relationship between climate, land use, and mosquito abundance is extensively docu-
mented worldwide, there limited research has been conducted in Bangladesh to explore
the correlation between land use and land cover variables, the risk posed by Ae. aegypti
abundance, and their impact on seroincidence or seroconversion.

The scope and significance of studying urban mosquito microhabitats are embedded
in the fact that Ae. aegypti is an anthropophilic species that thrives in human-modified
landscapes in and around human dwellings [19]. Risk factors for dengue seropositivity and
seroconversion may vary per site, reflecting the variation in local infection and transmission
patterns. In an urban setting, there are ample suitable habitats for Ae. aegypti and the
presence of breeding sites for the vector is not the limiting factor for dengue infection [7].

The objectives of the study were (a) to test whether Stegomyia indices vary in accor-
dance with landscape usage as classified by integrated urban ecological (IUE) zoning;
(b) to determine whether the association between age distribution and the occurrence of
seroprevalence as well as seroconversion are homogeneous among the IUE zones; (c) to
test whether demographics (such as age and/or sex) and human behavioral (e.g., attending
mass gatherings and travelling during the last six months) or epidemiological factors
(febrile illness during the last six months) are associated with seroconversion (i.e., expo-
sure to recent infection), and whether such associations are common to all IUE zones, and
(d) to determine whether the household microenvironmental (e.g., number of potted plants),
social and behavioral (e.g., attending mass gatherings and travelling during the last six
months), and epidemiological factors (e.g., febrile illness during the last six months) are
associated with seroconversion (i.e., exposure to recent infection) in each of the IUE zones.

2. Materials and Methods
2.1. Study Area

The study area included the Dhaka City Corporation (DCC) territory, the region that
is the most affected and vulnerable to dengue in the country [20–22]. Dhaka is divided into
90 wards, which are administrative sub-units of the city corporation each with a governing
council. The city experiences a hot, wet, and humid tropical climate and has a distinct
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monsoon season. The annual average temperature is 28 ◦C, and monthly means range
from 20 ◦C in January to 32 ◦C in May. Almost 80% of the average annual rainfall of
1854 mm occurs between May and September [23]. Between 2005 and 2009, there were
3130 admissions for dengue fever in Dhaka’s 11 hospitals.

2.2. IUE Zonation by Land Cover and Land Use Data

The study area was geographically limited to 12 randomly chosen wards out of a total
of 90. We reclassified them into broader “integrated urban ecological” zones [24,25] by ap-
plying land use and land cover data for the 2012 period in order to find out their association
with the spatial distribution of vector abundance and dengue seroconversion. RapidEye
satellite sensor 5-band multispectral images (blue, green, red, red edge, and near-infrared;
440–850 nm spectral range) with a spatial resolution of 5 m were acquired for mapping the
land use and land cover attributes [26]. A supervised maximum-likelihood classification of
7 land cover classes using a Fisher linear discriminant analysis was performed [27]. Further
data on land use and cover were obtained from external sources, specifically RAJUK (Rajd-
hani Unnayan Kartripakkha) and Dhaka City Corporation (DCC). These data were integrated
into the classification by means of polygon overlay to include residential, commercial,
industrial, and paved areas as land use attributes, and coarse vegetation, water bodies,
and bare soil as land cover attributes. To calculate the percentage of different land cover
categories in each study ward, zonal statistics were applied in ArcGIS Desktop 10.2.

A cluster analysis was performed in CRAN R (R Core Team, 2016) with the function
“hclust” (hierarchical clustering) using the ward method. A dendogram was produced
and used to establish IUE clusters for the selected 12 Dhaka City wards (Figure 1). For the
purpose of this study, three IUE zones were delineated: (i) the CBR zone that includes Dhaka
City wards 40, 76, 69, 38, and 78 and is characterized mainly by commercial, residential,
and administrative mixed land use and land cover; (ii) the established residential (ER) zone,
consisting chiefly of old, well-established residential areas in wards 35, 13, 20, 58, and 60,
with relatively modest built up proportions (60–68%), and (iii) the newly built residential
(NBR) zone, which has only two wards (i.e., 25 and 26) and has the highest building ratios
(i.e., 80–85%).
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2.3. Study Design

This study utilized individual household premises as the primary sampling units and
employed a multi-stage sampling design. Specifically, out of the 90 wards in the DCC,
a total of 12 wards were selected using a spatial randomization procedure that involved
overlaying 100 m × 100 m grid cells on each ward and randomly selecting 100 grid cells.
From each selected ward, 100 household premises were then randomly chosen as sampling
units for both entomological and serological surveys, resulting in a total of 1200 households
being targeted for the study.

The response rate for the entomological survey (monsoon) was 74.8% (898/1200) and
was 32.5% (390/1200) for the serological surveys (pre- and post-monsoon paired data).
Thus, 390 households which provided paired serological data were also included in the
inspections for immature mosquitoes.

2.4. Entomological Surveillance

Immature Aedes mosquito inspections at 898 household premises in the 12 selected
wards were carried out during July–August (monsoon months) in 2012. All containers in
each household premise were inspected for a total of 1003 containers included in the study.
Using established criteria from the Directorate of General of Public Health, Bangladesh,
for entomological surveys, any water-filled containers with water stored for more than
3 days were considered as wet containers. For wet (water-holding) containers, the amount
of water at the time of the survey was also recorded, and householders were asked about
the source and use of the water. Information on dry containers was also collected to
assist in calculating the container index. All wet containers were examined with flash-
lights to confirm the presence of immature Aedes. Larvae and pupae from sequential dips
were saved for species identification, and counts of both the larvae and pupae (per dip)
were recorded.

Samples containing larvae or pupae were transported from the field sites to the lab-
oratory at North South University (Dhaka, Bangladesh). Once in the laboratory, larvae
were killed by submerging them in formaldehyde and species determination was per-
formed using dissecting microscopes and the dichotomous taxonomic keys of Consoli and
Lourenço-de-Oliveira, which are based on morphological characteristics [28]. Additionally,
all collected pupae were reared in the laboratory until they reached adulthood, at which
point their species was determined.

2.5. Blood Sample Collection and Serological Data Processing

In this study, seroprevalence was defined as the percentage of total individuals in a
population who tested positive for the presence of IgG antibodies to DENV. Individuals
identified as seroconverted were found to be negative for the dengue antibodies during the
pre-monsoon period but were positive for dengue IgM or IgG based on the serological
analysis of their post-monsoon sample. The extent of seroconversion or seroincidence
(synonymously used in this study) refers to the percentage of new cases as well as exposures
identified between the pre- and post-monsoon period.

For the purpose of assessing the seroprevalence and the extent of seroconversion of
DENV, two household serosurveys were conducted in 2012. Collection of blood samples
was performed by members of the serological research team, which was led by the Inter-
national Centre for Diarrheal Disease Research, Bangladesh (CDDR, b), and conducted in
Dhaka. The first serosurvey was conducted during the last two weeks of June of 2012 (i.e.,
pre-monsoon). Concurrent with the serosurvey, information on demographic, socioeco-
nomic, and other relevant characteristics were obtained from the study participants using
a structured questionnaire. Although the original sampling protocol included only one
volunteer member from each of the sampled household to provide blood samples, because
of repeated and ardent requests, all household members sharing one roof, all meals, and
common living spaces were allowed to participate. The 2012 pre-monsoon serosurvey
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served as a baseline for the determination of DENV seroprevalence and involved the testing
of 1125 individuals.

Seasonality in dengue incidence is an important factor, especially because of the
effects of the monsoon on vector abundance. Considering this, during the 2012 post-
monsoon period (the last two weeks of November), a follow-up serosurvey was carried
out and households that participated in the baseline serosurvey were revisited. Out of
1125 individuals of the pre-monsoon serosurveys, 600 (53.2%) individuals were still residing
in the previously recorded locations and were willing to provide another blood sample.
These 600 serological study participants from 390 households who provided paired serum
samples comprised the sample set for measuring the extent of seroconversion between the
2012 pre- and post-monsoon time frames.

Serological analyses of patient sera were performed at the National Microbiology
Laboratory, Winnipeg, Canada, using commercially prepared Focus Diagnostics Dengue
DxSelect™ IgM and IgG ELISA kits. An IgG ELISA was used to establish previous expo-
sure to dengue virus or as an epidemiological tool for DENV seroprevalence surveys. The
IgG ELISA kit consists of polystyrene microwells that are pre-coated with equal propor-
tions of inactivated, purified DENV types 1–4. Diluted serum samples and controls were
incubated in microwells to allow the dengue-specific antibodies present in the samples
to react with the coating antigen. Nonspecific reactants were removed by washing, and
horseradish peroxidase-conjugated anti-human IgG was added, which reacted with bound
DENV-specific IgG antibodies. Excess conjugate was removed by washing. Tetramethyl-
benzidine (TMB), a chromogenic substrate, was added for color development. Following
an incubation period, the reaction was stopped by the addition of 1 M sulfuric acid. The
optical density was measured with a spectrophotometer (BioTek Elx808, Vernier Canada,
Markham, ON, Canada) at a wavelength of 450 nm. Index values were calculated for
patient samples relative to the cut-off calibrator. Samples with index values > 1.00 were
considered positive.

3. Data Analysis

The analysis was conducted on baseline entomological and seroprevalence data ob-
tained from the 1200 selected households, and from the 390 households in the follow-up
survey. Initially, one participant from each household was targeted for the study; however,
multiple serum samples were sometimes collected from households when more than one
household member was willing to participate. All data analyses were performed using SAS
(Statistical Analysis System) 9.1.3 (SAS Institute, Cary, NC, USA) and IBM SPSS (Statistical
Package for the Social Sciences) (version 22.0; SPSS Inc., Chicago, Il, USA). The analytical
tests for each objective are presented below:

Objective (1): A test of homogeneity of Stegomyia indices among the IUE zones (de-
lineated based on land cover/land use) was performed by using a χ2 test. Here, the null
hypothesis was that the Stegomyia indices and total number of pupa of the vector do not
vary by IUE zones.

Objective (2): Odds ratio tests were performed on individual risk factors for seropreva-
lence (the outcome/dependent variable), including age as one of the principal factors, in
each IUE zone. Age (demographic) categories were defined as individuals under 12 years,
12–34 years, and more than 34 years. Taking into account the local context and the relevant
literature, other categorical risk factors (independent variables) that were considered in the
analysis included sex, history of febrile illness among household members in the last six
months, and travel outside the homestead in the same period. While frequency data would
have been ideal, categorical variables were used due to the absence of household-level
records and the fading memory of interviewees.

Objective (3): To test seroconversion/recent DENV infection (the outcome/dependent
variable) based on demographic, behavioral, and epidemiological factors. Upon completion
of an extensive survey of the existing literature and considering the local Bangladesh
socioeconomic and ecological contexts, the following categorical independent variables
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were considered: demographic (age and/or sex) and behavioral (attending mass gatherings
and travelling during the last six months) and epidemiological factors (febrile illness
during the last six months). A χ2 test was used to test statistical relationships between
seroconversion and the selected explanatory variables.

Objective (4): To determine the association between the dengue seroconversion (out-
come variable—"yes” or “no”—dichotomous) a binary logistic regression model with step-
wise selection method was developed. Independent variables included the demographic
(age and sex), socioeconomic status (household income, education, and occupation), and the
household microenvironmental (indoor potted plants, number water vessels inside house-
hold, and vegetation/tree nearby), human behavioral (types of mosquito control measures,
attendance in mass gatherings, and travel during last six months), and epidemiological
factors (e.g., had fever during last six months).

4. Results
4.1. Spatial Distribution of Immature Aedes aegypti and Land Cover/Land Use

The 2012 entomological survey during the monsoon months revealed that the imma-
ture stages of Ae. aegypti were present in all selected wards. In these 12 selected wards, out
of 898 inspected household premises (total population = 6232), 222 households (24.7%) were
found positive for Aedes larvae and/or pupae. At the time of the survey, 25.7% containers
(258 containers out of 1003 containers inspected) had immature Aedes. The traditional
Stegomyia indices for the study area were an HI of 24.7% (222 positive household premises
of 898 sampled), a Container Index of 25.7% (258 positive containers of 1003 sampled), and
a BI of 28.7% (258 positive containers of 898 household premises inspected) (Table 1).

Table 1. Distribution of Stegomyia indices with 95% Confidence Interval in different IUE zones.

Integrated
Urban
Ecological
(IUE) Zones

House Index
(HI)
(%)

95%
Confidence
Interval

Conatiner
Index (%)

95%
Confidence
Interval (CI)

Breteau Index
(BI)
(%)

95%
Confidence
Interval

Central
Business
Residential
(CBR)

28.4 (0.24–0.33) 29.9 (0.25–0.35) 34.2 (0.29–0.39)

Established
Residential (ER) 22.0 (0.18–0.26) 22.6 (0.18–0.27) 25.5 (0.21–0.30)

Newly Built
Residential
(NBR)

22.2 (0.16–0.28) 22.5 (0.16–0.29) 23.3 (0.17–0.30)

A total of 1380 Ae. aegypti pupae and 4174 larvae were present in 258 (25.7%) of
1003 containers with water. The distribution of inspected households and Aedes positive
households, as can be seen in Figure 2, is indicative of relatively higher abundance of Aedes
mosquitoes across the city [11]. However, a visual clustering of positive households is
apparent in the CBR zone more so than the others.
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To evaluate the association between land use/land cover characteristics and vector
abundance, the traditional Stegomyia indices for each integrated urban ecological zone
were calculated and compared to assess their statistical significance. In the CBR zone, the
infestation intensity was much higher than the two other ecological zones. The HI for
the CBR zone was 28.4%, whereas this index was 22.0% and 22.2% for the ER and NBR
zones, respectively (Table 1). A similar pattern was observed in case of Container Index,
as reflected in a value of 29.9% for the CBR zone and 22.6% and 22.5% for the ER and
NBR, respectively. The BI was also highest in the CBR (i.e., 34.2%) compared to the ER
(25.5%) and NBR (23.3%) zones. The null hypothesis that there was no significant difference
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in terms of HI could not be rejected (HI: χ2 = 4.68, df = 2, p-value = 0.096). However,
for Container Index, the null hypothesis was rejected (Container Index: χ2 = 7.00, df = 2,
p-value = 0.030), which presumably was largely due to the large Container Index value
in the CBR zone. For the Breteau Index, a similar null hypothesis could not be rejected.
However, we found significant differences among the IUE zones in terms of proportion of
pupa (number of pupa/person) (χ2 = 160.8, df = 2, p-value < 0.0001) and the number of
pupa collected from these zones (χ2 = 731.0, df = 2, p-value < 0.0001).

The hypothesis that there was no significant difference in HI could not be rejected
(HI: χ2 = 4.68, df = 2, p-value = 0.096). However, the null hypothesis for Container Index
was rejected (Container Index: χ2 = 7.00, df = 2, p-value = 0.030). This was likely due to
the high Container Index value in the CBR zone. A similar null hypothesis could not be
rejected for the Breteau Index. However, significant differences were found among the IUE
zones in terms of the proportion of pupae (number of pupae per person) (χ2 = 160.8, df = 2,
p-value < 0.0001) and the number of pupae collected from these zones (χ2 = 731.0, df = 2,
p-value < 0.0001).

4.2. Spatial Patterns in Seroprevalence, Serocoversion, and Land Cover/Land Use

The 2012 pre-monsoon serological survey results revealed that dengue seroprevalence
was 79.91% in the city of Dhaka. Among the IUE zones, the extent of seroprevalence was
81.12% in the CBR zone, 80.28% in the ER zone, and 75.16% in the NBR zone (χ2 = 166.3,
df = 2, p-value < 0.0001) (Table 2). In the CBR zone, the seroprevalence was the highest
among all IUE zones as well as was consistently highest among all age groups (Figure 3).

Table 2. Seroprevalence, seroconversion, and median age of sample based on 2012 pre-monsoon and
post-monsoon serological survey results in the IUE zones, Dhaka, Bangladesh.

IUE Zone Serum Sample (IgG) Surveys Serum Sample (IgM) Surveys

Pre-monsoon
2012

Post-
monsoon
2012

Seroconversion
paired
sample (IgG)

Pre-monsoon
2012

Post-
monsoon
2012

Seroconversion
paired
sample (IgM)

CBR n 466 448 29 466 448 29
Positives 378 397 15 8 30 16
Median age * 43 (0.6–85) 28 (3–76) 34 (7–66) 43 28 (3–76) 34 (7–66)

ER n 502 481 61 502 481 61
Positives 403 426 37 12 42 27
Median age * 30 (2–80) 28 (2–97) 25 (2–78) 30 (2–80) 28 (2–97) 25 (2–78)

NBR n 157 139 5 157 139 5
Positives 118 119 1 3 16 4
Median age * 28 (1–92) 27 (2–92) 30 (24–43) 28 (1–92) 27 (2–92) 30 (24–43)

Total Positive/total 899/1125 942/1068 38/95 23/1125 88/1068 0/95

* Median ages for IgG and IgM were identical due to same number of samples.

As expected from cumulative exposures and infections over time, the frequency of
seropositive (confirming the presence of DENV antibody) samples increased consistently
with age (Container Index: 2.70–5.90; p-value < 0.0001) [29]. This is valid in each of the
IUE zones (Figure 3). Among all seropositive samples, 55.79% were female and 44.21%
were male and the variation in seroprevalence by age was found to be statistically sig-
nificant in each individual IUE zone (CBR: OR = 0.14, p-value = < 0.0001; ER: OR = 0.09,
p-value = < 0.0001; NBR: OR = 0.09, p-value = < 0.001). Notably, only within the ER zone
was travel during last six months outside the usual residence found to be associated with
seroprevalence (Table 3).
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Table 3. Individual risk factors odds ratio for seroprevalence in IUE zones, Dhaka, Bangladesh
(2012 pre-monsoon).

Risk Factor CBR ER NBR
n OR p-Value n OR p-Value n OR p-Value

Sex Male 171 1 178 1 48 1
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Travel during
last 6 months

No 111 1 348 1 4 1
Yes 286 0.85 0.55 45 3.30 0.03 * 104 0.59 0.50
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Figure 4 depicts the spatial patterns of immature Aedes abundance in household
premises by IUE zone. Each dot indicates the location of Aedes positive households with
or without seroconverted person(s) in the household. As noted above, some degree of
clustered patterns in Aedes positive households are visually apparent.

In total, 95 individuals from 83 households were identified as seroconverted post-
monsoon in 2012. Out of a total of 222 Aedes positive households of 898 inspected house-
holds during 2012 monsoon, only 3.1% of individuals were seroconverted during the
monsoon period (as was detected by the post-monsoon population serological survey
results). When the association between households with a seroconverted person and Aedes
aegypti pupae positive households was tested, it confirmed that there was no statistical
relationship between them (χ2 value = 0.42, df = 1; p-value = 0.52). Further tests by IUE
zone have revealed that the relationship between geographical location of seroconversion
and vector habitats was nominal, which is indicative of people being infected in distant
areas outside their usual homes.
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4.3. Logistic Regression Modeling of the Presence or Absence of Vector and Seroconversion
in Households

As explained above in the data analysis section, we applied the stepwise regression
method on a set of independent variables. Based on the bivariate regression results between
seroconversion and each individual independent variable, and using the cutoff p value
of <0.25, a multivariate logistic regression model was formulated. The results of our
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investigation have revealed that attendance by any member of the household of mass
gatherings or to public places, such as schools, mosques, recreational parks, and restaurants,
is significantly associated with dengue seroconversion. Household members who appeared
in places of public congregation were 8.69 times (adjusted risk ratio: 8.69 (1.80–42.0); p-value
0.007) more likely to experience seroconversion than the members who did not (Table 4).
Persons in households without any potted plants in their premises were more likely to
be seroconverted than those who had potted plants (adjusted risk ratio: 0.86 (0.76–0.98);
p-value 0.02). The other explanatory variables considered were not statistically significant
(Table 4).

Table 4. Binary logistic regression results concerning association between selected microhabitat and
behavioral factors and seroconversion, 2012 surveys, Dhaka, Bangladesh.

Variables Adjusted Risk Ratio p-Value

Have indoor potted plants
(have no potted plants vs. have
potted plants)

0.86 (0.76–0.98) 0.020 *

Attendance in public/mass
gathering
(no attendance vs. attendance)

8.69 (1.80–4.2) 0.007 *

Travel during the last 6 months
(no vs. yes) 2.49 (0.91–6.85) 0.077

Febrile illness during the last
6 months
(no vs. yes)

0.34 (0.11–1.01) 0.052

* Significant at p < 0.05 level.

The above overall relationships between the microhabitat and behavioral risk factors
and seroconversion do not account for the possible influence of land use/land cover classes
in the city of Dhaka. Recognizing that such broad-scale urban ecological factors can play a
significant role in vector ecology and thus in dengue infection, it is important to consider
similarities and differences between land use and land cover classes. When land cover was
included in the regression analysis as an independent variable, we found two distinctive
patterns of relationship. In the CBR zone, attendance of mass gatherings, travel during the
last six months, indoor potted plants, and febrile illness any time during the last six months
were found to be significant factors for recent dengue infection (i.e., seroconversion) at the
95% level of confidence. It was revealed that the likelihood of the people in the CBR zone
who did not travel outside their usual residence during the last six months to be “recently
infected” is 2.4 times higher than of the people who did travel within such time frame.
In contrast, in both ER and NBR zones, none of the selected independent variables were
found to be significant in relation to the seroconversion among the sample residents.

5. Discussion

The existing literature on dengue transmission in rapidly growing urban centers of
the developing world primarily focuses on the role of socioeconomic factors, particularly
population density and household water use practices [30,31]. However, it is important
to recognize that societal and ecological factors are interconnected in integrated social–
ecological systems. Therefore, it is crucial to analyze ecological variables that influence
dengue transmission since it involves the distribution of Aedes mosquitoes and DENV
across a geographical area, along with their interactions with host populations. For in-
stance, recent studies have emphasized that shaded and vegetated neighborhoods with
numerous sites exposed to rainwater and less sunlight provide favorable microhabitats for
Ae. aegypti larvae in urban tropical settings [32,33]. On a larger scale, deforestation and
new urbanization transition larval habitats to artificial containers. Additionally, urban land
cover/land use characteristics profoundly influence the epidemiology of vector-borne dis-
eases, including dengue, by impacting host availability and accessibility. Urbanization ad-
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versely affects many ecologically critical areas unless addressed appropriately; for example,
Aouissi et al. [34] observed in Algerian cities that avian diversity has decreased with rapid
urban growth.

In this context, Wilcox and Gubler [35] have explained that the host–vector–virus nexus
can be distorted by anthropological landscape alterations that significantly contribute to
vector breeding conditions, resulting in shifts in host–vector–virus relationships. These
dynamics are associated with land cover/use change as well as alterations in microhabitats
of vectors and viruses. In our study, we considered multiple scales including the landscape
scale (focusing on land cover/land use characteristics of integrated urban ecological zones)
and household premise and neighborhood scales, focusing on microenvironmental features.

5.1. Land Cover/Land Use Variables Influencing the Distribution of Aedes and Seroprevalence

Direct detection of immature mosquito habitats in housing areas on remotely sensed
images has proven to be challenging [8,36,37]. Within a small area surrounding a household
(dwelling site), site conditions profoundly affect the characteristics of mosquito larval
habitat (e.g., shade, gardens, and containers and planters suitable for breeding), requiring
data collection on a small scale. To complement satellite observations about larval habitats,
it is necessary to conduct direct field site visits. The IUE framework developed for this study
enabled a spatially hierarchical approach, which, although not entirely addressing fine-
scale variation at the household level, was more sensitive to variations in the overall urban
environment when combined with site-level data. Other studies conducted in different
countries have shown associations between urban landscape features and Aedes mosquito
habitats. For instance, Vanwambeke et al. [8] found a correlation between Aedes larvae and
“human activities” in northern Thailand and noted that the density of artificial containers
was particularly high in areas with high human activity.

Mirroring the variations in human activities and artificial containers, the findings of
our study revealed that there were significant differences among the IUE zones in terms of
the spatial distribution of the proportion of Aedes pupa (number of pupa/person). This can
partially be explained by the fact that in the ER and NBR zones of Dhaka, the household
premises are characterized by relatively “tidier” surroundings because of limited human
commercial activities and a lower magnitude of development.

It is interesting that while the pupa/person ratio significantly varied among the IUE
zones, the Stegomyia indices revealed otherwise. This could be attributed to the mobile
nature of transports, containers, and people in the very dynamic city of Dhaka, through
which adult mosquitoes are likely to move among various IUE zones. Most of our findings
underscore the homogeneity of immature Aedes distribution across the City, as reflected in
that “mosquitoes are everywhere” [38] and hence there was no difference in the Stegomyia
indices among the IUE zones. A similar homogeneous spatial distribution of Ae. aegypti
was also observed in several countries of Latin America, namely in the city of Manaus in
Brazil [36] and in the Amazonian city of Iquitos in Peru [3]. A homogeneously high level of
Ae. aegypti infestation throughout the city of Dhaka, similar to other Amazonian cities, can
be attributed to “the relatively high availability of artificial containers throughout the city,
high rainfall, and temperature” [39].

We also noticed consistency in the spatial patterns in dengue seroprevalence among
all three IUE zones. However, results of our study revealed that along with a high rate
of seroprevalence across the city, seroprevalence was more concentrated in the areas of
more intense commercial activity and in the main bus stations and other transportation
nodes, schools and colleges, and community centers. Such spatial distributions of dengue
were also observed in a number of studies in Thailand [7,40], supporting the notion that
mosquito-borne disease incidences are highly focal and essentially heterogeneous [40,41].
The spatial configuration of the intensity of dengue seroprevalence and dengue cases
can be vigorously delineated by applying GIS-based statistical techniques, e.g., Kernel
estimation [30,42] and the Kriging method [43], as well as by applying an integrative
genetic and spatial ecology approach [44], which was beyond the scope of the present study.
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Further research should be undertaken with a larger sample size than the present study to
understand more clearly the clustering patterns and processes in dengue seroprevalence,
seroconversion, and case distribution.

5.2. Microenvironmental Variables Influencing Presence of Aedes, Human Mobility and Migration,
and Dengue Transmission

The large number of reported cases in the city of Dhaka provides clear evidence
of the high dengue virus activity in Bangladesh during the past 15 years. As Honorio
et al. [45] pointed out, recent infection and seroconversion data in population surveys are
generally scant in the literature, and this is especially true in case of disaggregated data.
We therefore decided to present the disaggregated data on seroconversion with special
attention to the spatial distribution by IUE zone. We found the most seroconverted persons
in households where prevalence of immature Aedes was lowest during the 2012 monsoon
season, suggesting that recent infection took place in residences outside individual’s own
home (i.e., in households located in distant places) and/or in places of mass congregation
such as schools, mosques, market, shopping areas, or outdoor locations (such as parks and
recreational areas where people usually stay during the daytime, when Aedes mosquitoes
are most active). In order to delineate the location of exposure and infection, and to address
the lack of coherence between household immature Aedes counts and seroconversion,
further investigation should be undertaken by comparing current data with infected Ae.
aegypti information.

As the existing literature offers conflicting findings with regard to the location of
dengue risk exposure, without vigorous scientific research, it is difficult to be conclusive
about the specific places where dengue vector and human interactions take place. For exam-
ple, in the West Indies and in India, Chadee et al. [46] and Pandian and Dwarakanath [47]
observed that dengue risk exposure is higher in and around houses, because female Ae.
aegypti and Aedes mostly bite during daytime, with pronounced peaks of activity around
sunrise and sunset. In contrast, van Benthem et al. [7] argued that since not all members of
families stay at home during the day and Aedes bite mainly during daytime, one should
not be too certain that transmission occurs primarily in or around the house.

Th findings of our research regarding the influence of microenvironmental and be-
havioral factors in Dhaka suggest that the variable that affects dengue risk exposure, as
reflected in seroprevalence, is chiefly the participation in mass or public gatherings. In a
recent study of Aedes along the coast of Paraná, Brazil, de Souza et al. [48] similarly found a
high positive association between Aedes species and a high human density index. Although
our study was limited in temporal scope, we found that factors related to microenviron-
ment and human mobility were more strongly associated with seroincidences in the CBR
compared to the ER and NBR zones. However, future longitudinal studies may reveal that
these factors also pose significant risks throughout the entire city.

Our study findings suggest that the concentration of human socioeconomic and
cultural activities in a particular area, rather than the presence of Aedes breeding at one’s
own residence or dwelling, is the primary factor influencing dengue risk exposure in
Dhaka. In this regard, Tabatabaei and Metanat [49] and Hernandez-Suarez and Mendoza-
Cano [50] explain that mass gatherings are of great importance due to the potential risk
for transmission of DENV, as the participants themselves may play a role as a source of
infection or that they may be susceptible to infectious agents that are circulating at the
gathering location. Consistent with their recommendation, we call upon for a plan of
action for developing health risk assessments for mass gatherings, including improved
epidemiological surveillance, enhanced prevention and control capacities, and improved
communication and management of infectious disease cases.

Several studies have emphasized the significance of entomological surveillance for
early detection of dengue transmission risk and directing vector control measures [45,51,52].
However, we would like to argue that such surveillance should be accompanied by epi-
demiological research so that statistical risk factors for human infection or diseases can be
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identified with a high degree of statistical confidence. Spatially explicit models can help
to generate various scenarios and assist in entomological surveillance and formulating
appropriate management strategies [53]. Similar to our study findings, numerous studies
in Brazil have found that vector surveillance using the Premise and Breteau indices were
poorly correlated with “dengue incidence” [54–56]. Although the Breteau Index, reflecting
the number of positive containers per 100 units of households inspected, is a good indicator
of infestation and vector population potential, it cannot fully account for the extent of
seroprevalence and dengue transmission [57]. This is because, as Reiter et al. [58] have
illustrated from the cases in Nuevo Laredo, Mexico, and Laredo, Texas, USA, having or not
having air conditioning is the most significant factor in dengue transmission irrespective of
Ae. aegypti infestation. Other infrastructural conditions, such as window nets, use of bed
nets, mosquito coils, etc., can also modify mosquito bite rates. In assessing the relationship
between serological and epidemiological surveys and mosquito density in Puerto Rico,
Rodriguez-Figueroa [59] observed that none of the household characteristics considered
were significantly associated with recent dengue infection, except the number of female Ae.
aegypti per person.

This study is limited by several factors. (1) Considering the limited scope of our
research, we only obtained the entomological data at a single time interval and therefore
the trends we observed might have been different had we sampled over an entire season or
over several years. (2) We focused primarily on household containers and surroundings
to delineate Ae. aegypti and Ae. albopictus habitats and excluded other habitats in the
urban environment. In order to capture the dynamics fully, future studies will require
examining the phenology and distribution of mosquitoes in non-household environments,
including shopping malls, markets, places of worship, and other mass gathering places.
(3) As demographic, socioeconomic, and land-use heterogeneity prevail in a city such
as Dhaka, estimates should not be considered definitive without a larger sample and
longitudinal study. However, there are important inferences that can be made from a
limited sample size and cross-sectional study such as the present one and there is sufficient
reason presented for further study. (4) The representation of sample households through
random selection, although ensuring robust estimates of the household population, may
provide insufficient coverage of cryptic larval development sites and thus constrain the
estimation of Ae. aegypti production. (5) This empirical investigation was carried out in
the 2011–2013 period and a follow up investigation was planned in 2022, which could
not be implemented due to coronavirus disease 2019 (COVID-19) pandemic. Therefore, a
follow-up empirical investigation to detect recent changes is required.

Overall, the results of our study underscore the important role of spatial concentra-
tion of socioeconomic activities, where human movements densely converge, in driving
dengue disease transmission dynamics, perhaps more so than an individual’s own home
environment [40]. In this regard, considerable numbers of studies have argued “people
rather than mosquitoes rapidly move dengue virus within and among communities” [40].
The findings of our study are also indicative of this type of transmission dynamic.

6. Conclusions

In this study, our efforts to determine the association between geographic distribution
of Aedes mosquitoes and recent dengue infection in the city of Dhaka, Bangladesh, via using
spatial analytical tools have provided evidence for a correlation between land use patterns
and dengue seroconversion. An analysis of Stegomyia indices by different land cover/land
use types reflected in the Integrated Urban Ecological zones revealed that there is some
association between Aedes habitats and urban land cover/land use in Dhaka. The most
obvious case is the densely populated, commercial, administrative, and residential mixed
zone (i.e., central business and residential (CBR) zone), which is defined by urban functions
and anthropogenic economic activities. All of the House Index, Container Index, and
Breteau Index values were considerably higher in the CBR zone than in the ER and NBR
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zones, with the Container Index being statistically significant. In terms of age distribution
of the population and seroprevalence, the age group <12 bore the maximum risk.

Our study concluded that, depending on the characteristics of urban functions in
various zones, most of the mosquito–human interactions take place outside of residences
in Dhaka. These patterns call for special attention to be given to the spatial concentration
of human socioeconomic and cultural activities in dengue risk exposure in Dhaka, rather
than to the location of Aedes breeding. Public policy interventions and action programs
should emphasize interventions at the transportation network hubs and other points of
mass gatherings, especially by keeping these places clean and screens or lids on water
containers, as well as enhanced public awareness of the risks to avoid exposure of dengue
patients to Aedes mosquitoes. Further research is needed to understand the implications
of land use and land cover changes for Aedes habitats and vector-borne diseases and to
determine more effective dengue preventions and controlling interventions.
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