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Abstract. The world population, especially in developing countries, has experienced a rapid progression of urbani-
zation over the last half century. Urbanization has been accompanied by a rise in cases of urban infectious diseases,
such as malaria. The complexity and heterogeneity of the urban environment has made study of specific urban centers
vital for urban malaria control programs, whereas more generalizable risk factor identification also remains essen-
tial. Ahmedabad city, India, is a large urban center located in the state of Gujarat, which has experienced a signifi-
cant Plasmodium vivax and Plasmodium falciparum disease burden. Therefore, a targeted analysis of malaria in
Ahmedabad city was undertaken to identify spatiotemporal patterns of malaria, risk factors, and methods of predicting
future malaria cases. Malaria incidence in Ahmedabad city was found to be spatially heterogeneous, but temporally stable,
with high spatial correlation between species. Because of this stability, a prediction method utilizing historic cases from
prior years and seasons was used successfully to predict which areas of Ahmedabad city would experience the highest
malaria burden and could be used to prospectively target interventions. Finally, spatial analysis showed that normalized
difference vegetation index, proximity to water sources, and location within Ahmedabad city relative to the dense urban
core were the best predictors of malaria incidence. Because of the heterogeneity of urban environments and urban malaria
itself, the study of specific large urban centers is vital to assist in allocating resources and informing future urban planning.

INTRODUCTION

Over the past five decades, the world has seen an era of
rapid urbanization, with 52.1% of the world population liv-
ing in urban environments as of 2011.1 In 2002, India had
the second largest urban population in the world, and this
number is predicted to double in the next 30 years.2 As these
urban centers rapidly, and often haphazardly, expand, their
complexity and heterogeneous nature lead to new challenges
in the study and control of urban infectious diseases, such as
malaria.3–6 The diversity of urban environments makes pop-
ulation level studies and identification of environmental risk
factors for malaria transmission difficult. Research has shown
that urban environments can protect inhabitants from malaria
transmission for various reasons including chemical pollution
of water bodies, deforestation, and opportunity to increase
the separation between population and vector by limiting the
number of breeding sites.3,4,7 However, in practice, rapid
development and increase in urban population may also lead
to an acceleration in the degradation of urban environmental
quality, creating increasingly supportive environments for
malaria vectors to breed.3,4,6 The population density of urban
centers also leads to a higher proximity of subjects to each
other and increased ease of transmission of malarial para-
sites by its vector. Finally, limited water resources leading to
unsafe storage practices, material pollution, difficulties in
sewage management, and poorly constructed buildings lead
to novel vector breeding sites by increasing the prevalence
of standing water such as in water storage tanks, unfinished
building foundations, or improperly disposed tires.8,9

At present, urban malaria accounts for approximately 15%
of India’s total malaria burden.10 To exacerbate the problem,

Anopheles mosquitoes have undergone a speciation process
where new taxonomic units have developed that are well
adapted to live among humans in urban environments, in par-
ticular Anopheles stephensi.11,12 Although research in this
area is increasing, a challenge in understanding urban malaria
is that the complex urban environment leads to diverse and
poorly generalizable risk factors. Commitment to local research
in large urban centers will allow for the identification of area
specific risk factors, which can be used for early and targeted
interventions. Preemptive vector and parasite control based
on the knowledge of local or generalizable risk factors will
improve workforce and resource utilization, inform urban
planning, and decrease risk for disease outbreaks.
Ahmedabad city (hereinafter “Ahmedabad”) is located in

the western most state of Gujarat, India, where the popula-
tion has risen by more than 50% over the past two decades.
In recent years, Ahmedabad has seen a growing number of
malaria cases despite efforts by the National Vector Borne
Disease Control Program (NVBDCP) to slow transmission.
The increased number of cases may be a result of improved
detection; however, the largely malaria-naive population of
Ahmedabad is at high risk for severe malaria and malaria
epidemics, making efforts to curb transmission vital. A 2003
study, which included urban malaria scheme (UMS) surveil-
lance data, indicated that the malaria burden in Ahmedabad
was 37,431 cases, approximately nine times greater than the
officially reported numbers.13

To guide targeting of the NVBDCP’s efforts, we performed
spatiotemporal analysis of malaria cases in Ahmedabad, first
assessing for spatial clustering of cases and then evaluating
the association between population, environmental, and geo-
graphic factors with malaria incidence.

MATERIALS AND METHODS

Study area. Ahmedabad, Gujarat, is the fifth largest city in
India with a population of 5.6 million persons in an area of
581 km2.14 As of 2003, approximately 50% of this population
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lived in slums or peri-urban areas.13 It has a hot semiarid cli-
mate, lies at 53 m above sea level, receives approximately
740 mm of rain per year, has an average yearly low of 12°C
and an average yearly high of 42°C, and has three seasons:
winter from mid-November to mid-February, a hot and dry
summer from mid-February to mid-June, and monsoon sea-
son from mid-June to mid-October.15 The Sabarmati River
divides the city into new and old Ahmedabad in the west
and east, respectively, and three urban lakes are located in
the eastern half of the city (Figure 1). Finally, Ahmedabad is
divided into 64 wards and has a large surrounding peri-urban
area on its outskirts and a dense urban core centered just
east of the Sabarmati River, which is home to a large portion
of the city’s urban poor and is one of the most densely popu-
lated areas of the city.
Epidemiological data. The data used in this study were

provided by the Ahmedabad Municipal Corporation (AMC),
and includes monthly malaria incidence from 2010 to 2012
for 56 wards (during data collection, 16 wards were com-
bined into eight wards due to recent changes in ward desig-
nation, 2010 data did not designate active versus passive
collection, and therefore was not used in spatial analysis
or model generation). These data were obtained through
surveillance conducted under the UMS. Cases were con-
firmed by trained microscopists in public institutions within
Ahmedabad. Malaria incidence was calculated per 1,000 per-
sons in each ward assuming that the entire population of the

ward was at risk. Cases recorded from migrant populations,
which account for 1% of Plasmodium vivax and 1.7% of
Plasmodium falciparum cases, were removed from the data
set, as their location could not be specified to the ward level.
Ward-wise population data from the 2011 census was used
for calculation of malaria incidence and population density,
and was obtained from the AMC.
Geographic and remote sensing data. The initial mapping

and observational analysis was performed in ArcGIS 10
(ESRI, Redlands, CA). AMC provided the original map,
which was used for all spatial data analyses.16 Monthly
Landsat 5 (National Aeronautics and Space Administration
[NASA], Washington, DC) and Moderate-Resolution Imaging
Spectroradiometer (NASA, Washington, DC) remote sensing
data of Ahmedabad were obtained through Google Earth
Engine (https://earthengine.google.org).17 The statistical soft-
ware R (http://www.r-project.org/) was used to map P. vivax
and P. falciparum case incidence by year. Finally, ArcGIS 10
was used to perform supervised maximum likelihood classifi-
cation of land use each month for 2011, when images of ade-
quate quality were available within the city of Ahmedabad
(utilizing Landsat 5 imagery) to define the area per ward
covered by “urban” environment and green vegetation, and
to localize large water bodies (truthing by Google Earth
imagery).18 To calculate the area of land covered by each
land use type, we divided the pixels attributed to each land
use type in a ward by the total number of pixels in that ward.
Data processing and analysis. All statistical analyses were

performed using the statistical software R. The Pearson’s coeffi-
cient of correlation (r) was used to assess the inter- and intra-
annual correlation within and between species of malaria. This
statistic was also used to assess the association between cases and
rainfall, and “low season” and “high season” malaria incidence.
Cluster analysis. Spatial analysis for high-rate local clusters

was performed using the Kulldorff’s scan statistic in SaTScan
(http://www.satscan.org/) on passive P. vivax and P. falciparum
incidence for 2011 and 2012 separately. SaTScan uses a spatial
window to evaluate clustering, based on Poisson-based likeli-
hood ratios, around each possible geographic location in the
study area (the center points of the wards).19 An elliptical
window with a strong noncompactness penalty was chosen to
allow for noncircular spatial clustering. A maximum cluster
size of 10% of the population at risk was used to identify
local clusters within Ahmedabad, while not limiting the clus-
ter analysis to single high-incidence wards. Finally, secondary
clusters were identified by removing the cases within primary
clusters and then rerunning the statistic.
Historic incidence-based prediction of malaria incidence. As

environmental factors facilitating the transmission of malaria
are relatively stable in urban centers and cases are expected
to cluster in these areas, the utility of using “low season”
(April/May) and prior year malaria incidence to predict
future malaria incidence was assessed. To do this, we ranked
the wards by incidence for P. vivax and P. falciparum for
2011, P. vivax for “low season” 2011, and P. vivax for “low
season” 2012 resulting in four separate lists of wards ranked
based on incidence (P. falciparum had essentially no low-
season cases to use for prediction). These rank orders were
applied to the ward-level data for P. vivax and P. falciparum
in 2011 and 2012, and we assessed the ability of these
rank lists to prospectively predict which wards would be the
highest burdened wards. To demonstrate the efficiency of

FIGURE 1. Classification of population density (persons per km2)
and ward geographic classifications based on location relative to the
city’s dense urban core and also considering the predominant land
use type present in each ward (specifically urban vs. rural). Also
included is the Sabarmati River that bisects the city and the three
large urban lakes located in the eastern half of the city.
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these ranks in targeting high-risk populations, we calculated
the percent of total cases that would be accounted for by the
approximately 10% and 20% of the population predicted to
have the highest incidence. Because of our incidence data
being limited to the ward level, exact calculations of the
10% and 20% most burdened portions of the population
could not be made; therefore, we sequentially added wards
according to their rank until at least 10% and 20% of the
population was included.
Population, geographic, and environmental predictors of

malaria incidence. As 2010 data were not separated into
active and passive case detection, only 2011–2012 passive
P. vivax and P. falciparum cases were included in the regres-
sion analysis in an effort to remove bias from the analysis.
Because of temporal correlation between incidences each
month and the desire to focus on spatial prediction at the
time when burden was highest, cases were aggregated into
an average for “high season” from August to November for
each year. A generalized estimating equation (GEE) model
(R function geeglm, package geepack) was used to perform
this analysis of 2011 and 2012 “high season” malaria case
incidence.20–22 This model was used to assess the effects of
multiple independent variables on P. vivax and P. falciparum
incidence. The variables included population density, the
designation of urban versus peri-urban versus rural, longi-
tude, latitude, ward-wise literacy rate, difference between
male and female ward-wise literacy rate, percentage of the
ward classified as urban in the dry and wet season in 2011,
the distance of the ward centroid from the Sabarmati River,

the shortest distance of the ward centroid from the Sabarmati
River or one of the urban lakes, the percentage of the ward
classified as green vegetation in the dry and wet season in
2011, the percentage of the ward classified as water during
the dry season in 2011 and the wet season in 2010, the land
surface temperature during monsoon season in 2011, and the
normalized difference vegetation index (NDVI) during mon-
soon season in 2011.14,16,17,23 Variables were first evaluated
with univariate Poisson regression to identify variables for
inclusion in the GEE model. Then a stepwise backward elim-
ination based on t-statistics was used to identify the optimal
GEE model. Finally, the most appropriate correlation struc-
ture was determined based on the quasi-likelihood under the
independence model criterion of different models.

RESULTS

Temporal statistical trends and stability of spatial case
distribution. During the period of 2010–2012, the number of
P. vivax cases was more than six times that of P. falciparum
cases (P. vivax = 19,096 cases, P. falciparum = 3,162 cases).
Plasmodium vivax annual incidence increased each year,
whereas P. falciparum annual incidence leveled off after dou-
bling from 2010 to 2011 (P. vivax annual incidence per 1,000
persons = 0.60, 1.04, 1.80, and P. falciparum annual inci-
dence per 1,000 persons = 0.11, 0.22, 0.22 for 2010, 2011,
2012, respectively). The incidence rates for P. vivax and
P. falciparum were both highly seasonal; P. vivax demon-
strated a pattern of case escalation beginning annually in

FIGURE 2. Total Plasmodium vivax and Plasmodium falciparum by month from 2010 to 2012 with coincident rainfall overlaid. Large grey
boxes mark the high season of malaria transmission.
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March, before the onset of monsoons, whereas P. falciparum
abruptly rose in August after the beginning of monsoons
(Figure 2). Plasmodium vivax and P. falciparum incidence
strongly correlated with rainfall the prior month (r = 0.6
[P < 0.001], r = 0.78 [P < 0.001] for P. vivax and
P. falciparum, respectively). In addition, the incidence of
P. vivax and P. falciparum for each ward was relatively sta-
ble between 2011 and 2012 (r = 0.76 [P < 0.001] and r = 0.68
[P < 0.001] for P. vivax and P. falciparum, respectively).
Finally, the distributions of annual incidence of P. vivax and
P. falciparum between wards were highly related to each
other (r = 0.69 [P < 0.001], r = 0.88 [P < 0.001] for 2011 and
2012, respectively).
Observational spatiotemporal dynamics. General observa-

tion was made of the geographic progression of ward-wise
monthly P. vivax and P. falciparum incidence during the
transmission season utilizing maps generated in ArcGIS.
Specifically, we had hypothesized that we would find foci
that could be identified as potential sources for cases in
surrounding wards and that high incidence would progress

from primarily peri-urban to urban at the start of high sea-
son, followed by a regression to peri-urban after monsoon.
Observation for a temporal progression of P. vivax cases did
not reveal obvious patterns in spatiotemporal progression. For
P. falciparum, the abrupt escalation in cases in August made
any observation of potential transmission patterns difficult.
Spatial clustering. Kulldorff’s scan statistic demonstrated

several significant areas of clustering of P. vivax and
P. falciparum incidence in 2011 and 2012 (Figure 3). The
most likely clusters for P. vivax and P. falciparum in 2011
and 2012 were found in the central portion of Ahmedabad,
generally referred to as old Ahmedabad and home to a large
proportion of the city’s slum and underserved populations.
The primary clusters had relative risks of 3.86 with P = 0.001
(P. vivax 2011), 4.87 with P = 0.001 (P. falciparum 2011), 4.05
with P = 0.001 (P. vivax 2012), and 5.22 with P = 0.001
(P. falciparum 2012) indicating greatly increased risk for
malaria infection in these central areas. Because of concerns
that spatial clustering could be related to regional differences
in case detection practices, we assessed for correlation between

FIGURE 3. Plasmodium vivax and Plasmodium falciparum incidence stratified by annual parasite index (API) into six quantiles. Also included
are the top three most likely clusters of P. vivax and P. falciparum incidence for 2011 and 2012 with risk ratios and P values included.
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slide positivity rate and total cases. A high correlation with
P < 0.005 was found suggesting that regional changes in inci-
dence were unlikely due to case detection practices.
Historic incidence-based prediction of malaria cases. Taking

advantage of the temporally stable spatial heterogeneity
of malaria incidence in Ahmedabad, we evaluated the use
of past incidence data to predict which wards would have
highest burden of malaria cases in the future. The most
burdened wards encompassing approximately 10% of the
population accounted for between 37% and 40% of cases
for both species in both years, whereas the most burdened
wards encompassing approximately 20% of the population
accounted for between 52% and 58% of cases (Table 1).
The wards identified as the approximately 10% and 20%
most burdened wards during the predictor periods, the same
year’s “low season” or the whole prior year, were assessed
for what percentage of malaria cases they were able to pre-
dict in future seasons or years. For P. vivax, the “low season”
prediction method using the approximately 20% highest
burdened wards for 2011 and 2012 predicted on average
50% of the cases that occurred in Ahmedabad that year
(Figure 4).However, an even better predictor was the prior
year’s approximately 20% highest burdened wards, which
predicted 56% of the cases that occurred in Ahmedabad in
2012. For P. falciparum, similarly, the prior year prediction
method using the approximately 20% highest burdened
wards for 2011 predicted 49% of the cases that occurred in
Ahmedabad in 2012. The “low season” data for P. falciparum
was not used due to the scarcity of cases; however, the 2012
“low season” data for P. vivax predicted 47% of the P.
falciparum cases that occurred in Ahmedabad in 2012.
Geographic, population, and environmental risk factor

analysis. The final model for P. vivax included the following
variables: location of the ward relative to urban city center,
distance from rivers and lakes, percent ward area covered by
water during monsoon, and NDVI during monsoon, which
were all significantly associated with P. vivax incidence
(Table 2). Surprisingly, the central/urban area was associated
with higher P. vivax incidence than both the peri-urban and
rural surrounding areas. As expected, increasing distance
from the Sabarmati River and urban lakes was protective,
and having more water area in a ward and a higher NDVI
was associated with increased incidence. Literacy rates and
difference between male and female literacy rates were not
included in the model for P. vivax due to lack of significance
in the multivariate model. The final model for P. falciparum
included the following variables: location relative to urban
city center, percent ward area covered by water during
monsoon, and NDVI during monsoon, which all significantly
contributed to P. falciparum incidence (Table 2). These fac-
tors demonstrated similar relationships with P. falciparum
incidence as they did with P. vivax incidence. Distance
from rivers and lakes was not included in the model for
P. falciparum due to a lack of significance in the multivari-
ate model.

DISCUSSION

In this study, we showed that malaria burden in Ahmedabad
was spatially heterogeneous, with high correlation between
areas at risk for P. falciparum and P. vivax, and strong tempo-
ral stability of these high-risk areas. A simple strategy of
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ranking wards based on past incidence data was able to identify
the population at highest risk of malaria with high accuracy.
Finally, analysis of geographic and remote sensing data was
able to identify potential risk factors driving this heterogene-
ity, such as location relative to urban city center, percent
ward area covered by water during monsoon, and NDVI.
During the 2010–2012 period studied, the incidence of

both P. vivax and P. falciparum malaria cases were noted to
rise, consistent with the concerns over rising malaria cases
that were the impetus for this study. In addition, there was
strong inter- and intra-annual correlation between species
and across species of malaria, as well as clear spatial cluster-
ing of cases demonstrated by Kulldorff’s scan (Figure 3).
This indicates that there are likely factors inherent to
those wards consistently experiencing the highest burden
of P. vivax and P. falciparum. Although the reservoir for
P. falciparum during the dry season is unclear, the persistence
of P. vivax cases during the dry season suggests an ongoing
reservoir within Ahmedabad and may represent recrudes-
cence among the previously affected population.
The primary clusters for both P. vivax and P. falciparum

for 2011 and 2012 identified by SaTScan were located near
the dense urban core of old Ahmedabad, just east of
the Sabarmati River near the large urban lakes present in
Ahmedabad. This area is home to a large portion of the
city’s urban poor and is among the most densely populated
parts of Ahmedabad. On the western side of the Sabarmati,
which is generally less urban, clusters of both P. vivax and
P. falciparum were found in peri-urban wards at the northern
and southern ends of the city (situated near the Sabarmati
River, where the wards have higher densities of vegetation).

The increased densities of vegetation and therefore more
hospitable environments for vector breeding in these wards
relative to the generally drier and more arid rest of peri-
urban/rural Ahmedabad may explain the observed high-
incidence wards in western Ahmedabad. This indicates a
potential variety in ecologic habitats predisposing to malaria
within the city of Ahmedabad: rural/peri-urban in the west,
and urban in the east. Historically, the trend found in urban
centers is that peri-urban cases lead to urban cases, and that
a predominance of cases exists in the peri-urban areas.10

In Ahmedabad, these regions were found to have distinct
malaria-transmission patterns, which do not appear to inter-
act, and arise concurrently rather than in succession.
We have shown that malaria clusters in particular regions

of Ahmedabad, and that these clusters are spatially stable
from year to year. This stability allowed us to use 2011
P. vivax case incidence to accurately predict which 10% and
20% of the 2012 population were at highest risk for P. vivax
simply by ranking wards based on the previous year’s case
data. Using such a strategy would have allowed NVBDCP
interventions to, for example, target 56% of P. vivax cases in
2012 by focusing on the wards containing the highest risk
20% of the population in 2011. Even if spatial heterogeneity
was not stable from year to year, we demonstrated that mon-
itoring of cases based on the early months of P. vivax trans-
mission during the escalation in “low season” was nearly as
useful for predicting populations at highest risk of P. vivax as
well as P. falciparum in the high season.
Finally, as indicated by regression analysis, local environ-

ment plays a key role in the local transmission of malaria,
which has been well described in the malaria literature.7

FIGURE 4. Percent of total ward population vs. percent of total ward cases for both Plasmodium vivax and Plasmodium falciparum in 2012.
The plots were generated by ranking incidence from greatest to least and then iteratively adding them to the plot. Included in the plots are pre-
dictions of P. vivax and P. falciparum for 2012 based on historic case data.
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Remotely sensed data such as land use characteristics, land
surface temperature, and NDVI have been previously used
widely in both rural and urban settings.7,10 In addition, envi-
ronmental and population factors like distance from water
bodies, local presence of water bodies, and population den-
sity have been demonstrated to influence malaria in both
rural and urban settings.5 In this study, our analysis indi-
cated that P. vivax incidence was associated with location
relative to the urban city center, distance from rivers and
lakes, percent ward area covered by water during monsoon,
and NDVI during monsoon, all of which significantly affected
P. vivax incidence. NDVI, which indicates the degree to which
the local environment includes live green vegetation, is a
complex factor including a diverse array of influences, many
of which have been associated with increased malaria inci-
dence. Urban farming and peri-urban vegetation both lead
to an increase in NDVI and provide potential breeding habi-
tats for urban Anopheles mosquitoes. Our findings are in
keeping with previous studies, which have also demonstrated
NDVI as a reliable predictor of malaria prevalence, although
a 2011 study by Baeza and others24 implied that in the
setting of high irrigation, effective malaria control mea-
sures are often sufficient to break down the relationship
between NDVI and malaria epidemics in rural settings. Con-
trary to some studies,3,4,7 but consistent with others,6,7 highly
urbanized areas were found to be a significant risk factor for
urban malaria, whereas wards containing decreasing degrees
of urbanization were protected. The fact that population
density was not a significant predictor indicates that it may
be the degradation of the environment, rather than the con-
centration of persons per se, that make highly urban areas a
greater risk in Ahmedabad. Further, the socioeconomics and
behavioral practices of such populations in terms of water
storage, treatment nonadherence, and migrant worker immi-
gration might contribute to high risk of malaria in highly
urbanized areas. We assessed the impact of socioeconomic
status, which has been demonstrated to be a predictor of
urban malaria incidence, through the inclusion of literacy
rates and male–female literacy rate disparity.25,26 Interest-
ingly, in the univariate analysis, these covariates were signifi-
cant predictors of P. vivax incidence, which may relate to
treatment nonadherence mentioned above and recrudes-
cence in these populations. Not surprisingly, the variance
explained by this proxy for socioeconomic status was
accounted for by the other covariates included in the final
model. We do not consider this result owing to the lack of
evidence of contribution of this factor to malaria incidence.
In addition, targeted malaria interventions in socioeconomi-
cally disadvantaged areas could be contributing in part to
this lack of significance. It is vital that well documented
malaria interventions are incorporated into future studies to
inform the impact of these interventions as well as consider-
ing their effects when assessing risk factors for transmission.
Finally, as expected, wards that contain or are closer to more
large water bodies are more at risk for a higher malaria
incidence.25 Again, the similarities between P. vivax and
P. falciparum models indicate that it is likely similar vector
habitats are driving local malaria transmission, and contin-
ued targeting of vector habitats would be prudent.
As urbanization, and concurrently urban infectious dis-

ease, become increasingly prevalent, studies such as this
evaluating incidence and transmission characteristics in large

urban centers will be vital in targeting interventions and
informing urban planning to prevent the spread and develop-
ment of endemicity of urban infectious diseases such as
malaria. Through in-depth investigation of a particular urban
center, we were able to not only identify risk factors particular
to Ahmedabad, but we also identified aspects of malaria-
transmission patterns in Ahmedabad, such as the predomi-
nant peri-urban malaria in west Ahmedabad and urban
malaria in east Ahmedabad, that will further inform interven-
tion. Finally, we identified that in this particular center, there
is stable inter- and intraspecies heterogeneity of incidence
that will allow the prediction of populations at elevated risk
utilizing data from the previous year or early in the transmis-
sion season.
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