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Mosquito-borne disease spread might exhibit irregular epidemic fronts caused by ecolog-
ical heterogeneity in the risk factors. To determine Plasmodium vivax infection spread in
north-eastern Venezuela, we used the State Transition Index (STI) to detect the spatial loca-
tions of malaria incidence boundaries and their dynamics over time. Then, we evaluated
the role of population size on disease persistence. Boundary locations of malaria were
found to be highly spatially variable. Waves of infection were observed in the spatial mosa-
ics of large and small nearby localities due to a strong asynchrony in the epidemic dynam-
ics between both host populations. Our results suggest that the epidemic spatial diffusion
follows a hierarchy from large, populated villages (with few or no seasonal parasite fade-
outs) to smaller, less populated localities, where infection outbreak was irregular or disease
dynamics showed frequent fadeouts. Our findings stress the importance of malaria surveil-
lance and control in these larger communities.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Understanding the spatial dynamics of an infectious
disease is crucial in describing and predicting how infec-
tion moves in space and time (Grenfell, 2002; Ostfeld
et al., 2008; Smith et al., 2002). Infectious diseases spread
on a landscape after the successful invasion of pathogens
into a susceptible group of hosts, theoretically determined
when basic reproductive ratio of infection, Ry, is greater
than unity and density of susceptible hosts exceeds a
quantified threshold density (Anderson and May, 1992;
Grenfell and Harwood, 1997). The nonlinear dynamics of
infectious diseases generate waves even when infections
are endemic or locally persistent (Grenfell, 2002) such as
indirectly transmitted diseases (Cummings et al., 2004).
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Malaria is an infection caused by parasites of the genus
Plasmodium (Apicomplexa: Plasmodidae) and transmitted
among human hosts by the bites of infected female Anoph-
eles mosquitoes (Diptera: Culicidae). In the tropics, endemic
stable malaria exhibits regular seasonal cycles, multiyear
oscillations and changes in period over time. The fluctua-
tions of mosquito populations with seasonality temporally
synchronize the dynamics of infection and immunity in a
patch of host populations, leading to seasonal fluctuations
in malaria parasite prevalence (McKenzie et al., 2001).
Longer-term cycles are driven mainly by either intrinsic fac-
tors associated with host-pathogen interaction dynamics or
extrinsic climatic anomalies such as El Nifio Southern
Oscillation (ENSO, Hay et al., 2000). Indeed, epidemiological
patterns of mosquito-borne pathogens can be highly
heterogeneous due to a complex set of interactions among
parasites, vectors, and hosts occurring at specific locations
and at specific times (Kitron, 1998; Ostfeld et al., 2005).
Therefore, as the disease spreads, epidemics would not be
completely synchronized in the landscape and the leading
front of the epidemic could show irregular patterns,
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reflecting spatial variation in the distribution and density of
vector and susceptible hosts, degree of local host-vector
contact rates and degree of host dispersal.

In a previous study carried out in an endemic-disease
area of Venezuela, local transmission of malaria was
found to be highly heterogeneous, with disease foci made
of localities with cases where there may not be autoch-
thonous transmission (cold spots), foci with high or per-
sistent transmission (hot spots), and foci with moderate-
to-low local transmission (cool spots) where the infection
would disappear by itself if the locality were isolated
(Grillet et al., 2010). Malaria incidence in the hot spots
was largely explained by low-elevation terrains, as well
as the proximity to and number of mosquito habitats
nearby. However, malaria persistence at a locality (that
is, maximum number of consecutive weeks a village had
malaria cases) was observed only in those hot spots with
high human population levels. The spatial structuring of
these foci as well as the spatial heterogeneity in malaria
persistence led to the issue of spatial and temporal spread
of this disease.

In order to better understand the leading edge of the ma-
laria infection spread we present a spatio-temporal analysis
of malaria incidence in Venezuela. Specifically, we test
whether or not malaria spread from one location to another
changes randomly through time. To do so, we use a State
Transition Index (STI; Jordan, 2002) that simultaneously de-
tects in space and time epidemiological patterns that high-
light areas where causative environmental factors can
affect malaria spread. The STI determines locations where
malaria incidence persists at neighboring locations
(incidence-incidence), spreads or stops (incidence-no inci-
dence) and does not occur (no incidence-no incidence).
Moreover, the STI corresponds to a spatio-temporal connec-
tivity measure of malaria state between locations through
time. Here, we are mostly interested in the persistence of
“incidence-no incidence” links which can be interpreted
as boundary locations of malaria spread in the study area.

We propose to use a boundary analysis approach as did
Jordan et al. (2008) while studying fire spread discontinu-
ities between neighboring forest plots. Jordan et al. (2008)
showed that ecological disturbance boundaries can persist
on the landscape and are related to the spatial heterogene-
ity of topographic barriers which reduce the possibility of
disturbance spread. Furthermore, a boundary STI was
developed (Jordan, 2002) which we apply here to identify
the boundaries between localities where location state
(incidence-no incidence) changes so that for a given pair
of locations the state shifts (transitions) can be quantified.

A malaria boundary reveals asynchrony and spatial dif-
ferentiation in the persistence of epidemics among locali-
ties. One feature of disease systems that has been shown
to produce waves in incidence is spatial heterogeneity in
the host population. Epidemiological theory indicates that
seasonally driven epidemics will either be completely syn-
chronized across large coupled villages or more irregularly
distributed in small centres where infection goes extinct
locally and frequently after an epidemic (Anderson and
May, 1992; Grenfell et al.,, 2001). Consequently, spatial
boundaries should be expected in spatial mosaics of large,
and small neighbor localities. Hence, we also evaluate the

relation between the pattern of fadeout of infection (a sur-
rogate for seasonal local parasite extinction) across locali-
ties and the village population size.

2. Methods
2.1. Study area and epidemiological data

The study area (332.5 km?) is located in north-eastern
Venezuela where malaria is endemic and produced by Plas-
modium vivax and transmitted by Anopheles (Nyssorhyn-
chus) aquasalis curry (Grillet et al., 2010). We used
weekly data of malaria and associated demographic infor-
mation for the 29 localities comprising the region from
2001 to 2007. The total number of cases of malaria in the
area during this period was 8, 360, with overall malaria
incidence rates (cases per 1,000 person-year) ranging from
10 to 44 during this period, and with an epidemic outbreak
occurring during 2002. Village-level case data of P. vivax
malaria from 2001 to 2007 (positive blood smears) were
obtained from the Malaria Control Program database, Ven-
ezuelan Ministry of Health, where symptomatic cases are
detected by passive and active surveillance. The Division
of Environmental Health compiles all notifications of ma-
laria consultations on a weekly basis, and considerations
are taken in that the locality addresses of the reported
cases usually correspond to the dwellings of the infected
individuals. Individuals who had more than one positive
blood smear for P. vivax within the one-year period were
considered to have had just a single episode of malaria,
avoiding the bias caused by the common relapse phenom-
enon of this parasite in the tropical area.

This area has an estimated population of 24,788 inhab-
itants distributed in 29 villages interconnected by primary
(paved) and secondary (dirt) roads, with a mountain range
to the north reaching up to 600 m of altitude. Vegetation in
the south is composed of sparse patches of deciduous for-
ests, some lands cleared for small crops and coconut
groves, and large zones of herbaceous and woody swamps,
as well as a relatively large undisturbed area of coastal
mangroves (Grillet, 2000). High malaria incidences occur
during the first 13 weeks of the year (dry season; Decem-
ber to April) and in those settlements located at low alti-
tudes (<130 m) and on gentle slopes where the primary
mosquito species vector is very common and abundant
(Grillet, 2000; Grillet et al., 2010). Indeed, the number of
An. aquasalis pre-adult habitats (ponds, mangrove and her-
baceous swamps) within 1-3 km radius is highly predic-
tive of malaria risk in the region (Grillet et al., 2010).

2.2. Spatio-temporal analysis

The first step in the spatio-temporal analysis is to deter-
mine the spatial connectivity between the locations (vil-
lage area centroids). Here, we built a Delaunay network
to link nearest-neighbor locations (Fortin and Dale,
2005). From these Delaunay links, Voronoi polygons were
established by bisecting each of the links (Okabe et al.,
2000). Individual bisectors were defined as possible
boundary locations between two nearest-neighbors for
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each weekly time step. Here, the 29 localities form 29
Voronoi polygons that have in total 60 links between them.
Hence, all our spatio-temporal analysis will be based on
these 60 potential boundary locations between localities.

Boundaries, or lack of boundary (i.e., connectivity), were
classified by comparing the incidence-no incidence of ma-
laria in neighboring locations at a point in time. A bound-
ary exists therefore if no incidence occurs at a location
and at least one incidence occurs at the neighboring loca-
tion. The frequency of boundary occurrence was computed
for each link.

To test the significance of boundary persistence, that is,
the frequency of boundary occurrences for each link, a
binomial test was applied once per link (Fortin, 1994; Crida
and Manel, 2007). The number of successes was the fre-
quency of boundary occurrences for each link. The number
of trials was the total number of possible times that a
boundary could have formed (that is, the total number of
time steps) given the number of weeks studied from
2001 with 47 weeks of data to the end of 2007 for a total
of 359 weeks. The probability of success on each trial was
set to 0.5 and a cumulative distribution function was used
to test that there was, at most, the number of successes (as
given per each link). Boundaries with p < 0.05 were consid-
ered to be statistically significant in terms of infrequency.
Boundaries with p > 0.95 were considered statistically sig-
nificant in terms of high frequency.

As malaria incidence is proportional to population size,
we weighted the frequency of boundary occurrences for
each link summing the population sizes of the two localities
divided by the total population size of the 29 locations. Then
we standardized these weighted boundary occurrence val-
ues into z-values to determine where boundaries occur in
excess (significant positive values) or rarely (significant neg-
ative values) while accounting for population size.

2.3. State Transition Index

While boundary frequency can supply information
regarding the incidence of malaria in one location but its ab-
sence at a neighboring location at a point over time, bound-
ary frequency does not provide information regarding
persistence and oscillations. That is to say, between two
locations, a boundary can form in week one, and again in
the following week, but from boundary frequency computa-
tions alone, one cannot detect if the incidence of malaria was
at the same location twice, or if malaria incidence occurred
once at one location, and the following week, was absent
at that location, but present at its neighbor.

To detect how boundaries change over time, each
boundary between neighboring locations was also exam-
ined in terms of its formation (or lack of it) in the following
week using a subset of the boundaries characterized in the
State Transition Index (Jordan, 2002). We examined rele-
vant STI categories in the context of malaria transmission.
The spatial component of the STI compares attributes of
two spatial neighbors, producing one of four boundary
states: B1, B2, B3 and B4 (Fig. 1). The temporal component
of the index examines the change in states from 1 week to
the next. Each of the spatial states can take on any other
(including itself), i.e.,, B1 to B1, B1 to B2, B1 to B3, etc.

Although 16 transitions are possible, we collapsed certain
of these transitions (described below) so that the spatio-
temporal components could be classified into three mean-
ingful transitions: oscillating, partially oscillating, and
spatially persistent for 358 time steps (359 weeks) in
which each week is first considered week 1, then week 2
(except for the very last week) (Fig. 1).

(1) Oscillating: Incidences where both temporal and spa-
tial boundaries occurred between two locations
from week 1 to week 2 were defined as oscillating
boundaries: B1 to B2 or B2 to B1. This could be inter-
preted as the existence of asynchrony in the malaria
dynamics in time and space (an infection wave)
between localities.

(2) Partially oscillating: Incidences with only one bound-
ary in space and only one in time were considered
partially oscillating as any one of the following cases:
B1 (or B2) to B4, B4 to B1 (or B2), B1 (or B2) to B3, or
B3 to B1 (or B2). Such partially oscillating bound-
aries were similar to oscillating boundaries, but their
patterning was not as distinctive.

(3) Spatially persistent: Boundaries persisting in the
same location, with one side of the boundary repeat-
edly showing malaria incidence (i.e., no oscillation in
time) were termed spatially persistent: B1 to B1, or
B2 to B2.

These three boundary transitions were mapped to show
their relative spatial distribution.

2.4. Spatial heterogeneity in malaria persistence

We determined the dates of the first malaria cases of
the year (epidemic onset) for each locality (e.g., week in
rank, number of weeks since the beginning of the year),
and for each year. The three largest localities in the region
corresponded to the most populated villages (highest
number of inhabitants: n; =9, 054, n, =4, 130 and n3 =1,
964 inhabitants, respectively). Thus, means were calcu-
lated for those three largest localities and for the remain-
ing villages together, for both endemic and epidemic years.

The question of a higher likelihood of disease persis-
tence in large communities and, conversely, its extinction
in small villages was explored by calculating the relation-
ship between the mean duration (in weeks) of fadeouts
and the population size (number of inhabitants per village)
across the 29 villages. A fadeout (seasonal local parasite
extinction) corresponded to a period of at least three
weeks without a case in a locality (Grenfell and Bolker,
1998). The number of consecutive weeks without cases
corresponded to the length of a fadeout period.

3. Results
3.1. Spatio-temporal analysis and STI
Malaria occurrence was highly focal and more prevalent

in the southern part of the region during the whole period,
with a very contrasting absence or low frequency of diseases
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Fig. 1. Schematic illustration of boundary definition and the State Transition Index (after Jordan, 2002) showing how: (a, b) adjacent locations can have
different types of boundaries in space and (c) state transition types can be detected through time.

in the north area (see location frequencies on Fig. 2). The ob-
served malaria boundary frequency (Fig. 2a) shows that
there were 60 links between nearest-neighbor localities. A
total of 21,540 potential boundaries existed over the
359 weeks. However, over total number of weeks, 35.5%
boundary formation was detected - incidence/no incidence
- (n=7,615). The results of the binomial test show 41 out of
60 links are statistically infrequent (p < 0.05) and seven out
of 60 links are statistically frequent (p > 0.95). Most of the
infrequent boundaries occur to the north (Fig. 2c), while
the more frequent boundaries are found heterogeneously
located throughout the east and south-central region of
the study area (Fig. 2b). The landscape in those areas is dom-
inated by large zones of herbaceous swamps and coastal
mangroves both suitable aquatic habitats for mosquito spe-
cies (see Fig. 2). By contrast, few or lack of boundaries (as ex-
pected) were observed in the north shore where malaria
incidence was low or absent.

Using the STI, we were able to classify the potential 60
boundary locations according to the three types of state
transition: oscillation (n, = 653 for 3% over the 7 years), par-
tial oscillation (np, = 6931 for 32.3% over the 7 years), and
spatial persistence (nsp = 3472 for 16.2% over the 7 years).

The distributions of oscillation boundary frequency, partial
oscillating and spatial persistence boundaries frequency
are shown in Fig. 3. The overall distribution of the links be-
tween localities varies across the study area. Oscillating
links are found to the south-central area and mostly oriented
in a north-south direction. Partially oscillating boundaries
exhibit a similar pattern, with higher frequencies of partial
oscillating existing in the south-central area, and also with
a tendency to be north-south oriented. Spatially persistent
boundaries have their highest frequency surrounding a rel-
atively high populationlocality (n = 1964 inhabitants) to the
east of the study area. Many of the higher frequency spatially
persistent boundaries are oriented east-west (except for
those to the east of the study area), suggesting a substantial
divide in malaria incidence between the north and south
ends of the study area.

The map of weighted and standardized frequency of
boundary occurrences for each link (Fig. 4) reveals differ-
ences with the unweighted map (Fig. 2a): only five of the se-
ven frequent boundaries are significant (positive), but new
significant boundaries are detected. Indeed, when we ac-
count for the population size, significant spatial boundaries
are observed in the south-central, east and west ends of the
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Fig. 2. Frequency of malaria incidence at each location over the entire time period (location (f)). Boundary frequency between locations (boundary (f)): (a)
overall frequency of boundaries where the inset shows a histogram of the boundary distribution; (b) significant boundary locations that are most frequent
then based on a binomial test (p > 0.95); and (c) significant boundary locations that are less frequent then based on a binomial test (p < 0.05). Landscape

features such as elevation, wetlands and mosquito breeding sites are shown.

region (Fig. 4). The z-values help to determine which of the
spatio-temporal boundary behaviors (oscillation, partial
oscillation and persistent) are more (positively significant)
or less (negatively significant) frequent.

3.2. Spatial heterogeneity in malaria persistence

Dates of first cases in the less populated localities aggre-
gate during endemic years, the epidemic year, and for the
more populated localities aggregate during both endemic
and epidemic years were 3.6 (standard error =0.51), 2.6
(SE=0.88), 2.1 (SE=0.88) and 1.0 (SE = 0.0), respectively.
First malaria cases were reported sooner in the three more
populated localities than other small localities during the
epidemic year (2002) and the rest of the endemic period
but these differences were not significant.

The mean duration of fadeout for P. vivax infection
across the 29 localities within the study area are illustrated
in Fig. 5. Fadeout declined significantly with population
size (R®=0.72, p<0.05) indicating that small localities
(<2000 inhabitants) experienced frequent and durable
extinctions, while larger villages experienced few short
extinctions.

4. Discussion

In this study, the boundary analysis allowed us to detect
in space and time areas of strong change in malaria

incidence (Figs. 2-4) identifying spatial locations where lo-
cal propagation of diseases is seemingly affected by a com-
bination of local heterogeneity of the environmental
malaria risk factors and the intrinsic factors associated
with host-pathogen interaction dynamics. Furthermore,
the STI enabled us to reveal the existence of epidemic
waves (i.e., oscillating boundaries) and apparent spatial
thresholds to epidemic disease spread (i.e., spatially persis-
tent boundaries) in the occurrence of P. vivax infection in
the study region. Overall, malaria outbreaks were irregular
in small localities where disease dynamics showed fre-
quent fadeouts, by contrast, larger localities showed syn-
chronic and regular malaria epidemics with few or no
fadeouts (Fig. 5). Malaria boundaries were significantly ob-
served in some spatial mixture of large and small nearby
localities (south-central, east and west area), indicating
that the coupling of large and small centres may thus be
one of the critical feature generating waves in this seasonal
mosquito-borne disease. These results have deep implica-
tions both for the spatio-temporal dynamics and for the
persistence of infection, and for the design of malaria con-
trol strategies.

4.1. Malaria boundaries and spatio-temporal disease spread
Most of the boundaries were oriented in a north-south

direction, suggesting that waves of infection spread,
mainly and longitudinally along the main road and have
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Fig. 3. Maps of frequency of the three types of boundary state transition: (a) oscillation; (b) partial oscillation; and (c) spatial persistence. In each panel, the
inset shows a histogram of the boundary distribution. Landscape features such as elevation and wetlands are shown.

less of a tendency to move northward into the less con-
nected and less populated areas. However, boundaries
locations of malaria spread were highly heterogeneous

and spatially located toward the south-central, eastern
and western areas of the region where local clustering of
P. vivax cases were previously detected (Grillet et al.,
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2010). Local transmission in those diseases pockets
accounted for most malaria transmission (73-86 %) during
the whole period. At a very local scale (i.e., <5 km), the risk
of malaria is mainly determined by mosquito behavior and
ecology, especially the distribution of blood-meal hosts
and aquatic habitats. Parasite transmission potential by
mosquitoes is indeed maximized when water and humans
are both available (Le Menach et al., 2005), but the hetero-
geneous distribution of larval habitats produces significant
variations in vector-host contact over relatively short dis-
tances. High local levels of P. vivax transmission are more
likely in those localities having high cluster of mosquito
pre-adult habitats (Grillet et al., 2010).

Spatial transmission of mosquito-borne diseases is ulti-
mately tied to movement patterns and density of hosts and

insect vectors. Landscape features that influence vector
density or dispersal are the very determinants of the rate
of local disease spread. Spatial heterogeneity and the rate
of long-distance movement of the host, which might vary
among localities depending on their human demographic
or geographic features (e.g., network and degree of connec-
tivity between villages), can determine spatio-temporal
patterns of epidemics at larger spatial scale and produce
epidemic fronts in malaria incidence. Our results suggest
that the spatial pattern of effective malaria infection and
the spatial spread between localities depend on the regio-
nal coupling of human population local movements
(through the main road) and the local population density
as it has been observed in other micro-parasite infections
(Grenfell and Harwood, 1997). In this area, main road
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villages have significantly more malaria than secondary
road villages. However, distance-based coupling of these
localities seem to be largely dependent of the population
size, with movements between or from large villages being
more common than between small ones. The three largest
localities in the region localized in the south-central, east
and western area, respectively, correspond to the most
populated villages where most services exist (main mar-
kets, health care centres and main schools). All these facil-
ities are absent in the 26 other less populated localities.
Malaria boundaries, notably the STI categories (oscillat-
ing and spatially persistent), revealed asynchrony and spa-
tial differentiation in the timing of epidemics among
localities. While malaria epidemics were completely syn-
chronized in the three large localities where there were
regular epidemics (few or not fadeouts), P. vivax infections
were more irregular in small localities where disease
dynamics showed frequent fadeouts. This confirmed previ-
ous results indicating that although high local levels of
infection are likely in those areas in the landscape where
suitable conditions for local transmission exist (such as
the south shore where the wetlands predominate), sus-
tained and persistent levels of infection were only ob-
served in those villages with certain population levels
(Grillet et al., 2010). Although non-conclusive due to the
high frequency of small localities in comparison with the
largest one in this small region, our current results suggest
that, below 2000 inhabitants, local parasite extinction is
more likely to occur frequently. Therefore, most of the ma-
laria cases observed annually in those small localities seem
to be imported cases from larger villages. Indeed, larger
populations were associated with earlier epidemic onset
than less-dense villages suggesting a higher likelihood of
local spatial diffusion of malaria from more populated to
less populated villages (Grenfell and Bolker, 1998). In
deterministic epidemic models, the stochastic threshold
for parasite persistence is particularly relevant (Anderson
and May, 1992; Grenfell and Harwood, 1997; Grenfell
et al., 2001). In small populations within a larger network
of villages where an infectious disease is endemic, demo-
graphic stochasticity can lead to the extinction of the path-
ogen in the deep troughs between epidemics even when Rq
is greater than unity (Anderson and May, 1992). Given the
seasonal fluctuations in malaria, an appropriate threshold
for the stochastic persistence of P. vivax could therefore
be the host population size (Conlan and Grenfell, 2007). In-
deed, our results agreed with recent works evaluating the
notion of a critical community size to sustain epidemics
of mosquito-borne infections such as malaria and dengue
(Cummings et al., 2004; Chowell et al., 2008, 2009).

4.2. Spatio-temporal scale and malaria control

Malaria by P. vivax was reinitiated (after its successful
control in 1960s) in north-eastern Venezuela from an
established focus of malaria in southern Venezuela (Barre-
ra et al, 1999). Since the mid-1980s, this disease has
spread in this geographical region, where a consolidated
seasonal cycle of endemic transmission is maintained and
alternated by epidemic periods (e.g., 2002 year). The
application of a general control strategy has reduced con-

siderably the number of malaria cases in this area but
transmission remains in persistent foci that are potential
sources of outbreaks and that could extend to other re-
gions if environmental conditions change (Grillet et al.,
2009). Thus, an important factor in evaluating the success
of malaria control is the spatial scale of malaria transmis-
sion (Carter et al., 2000). We have previously demonstrated
that the risk of malaria transmission is spatially and tem-
porally oriented (Barrera et al., 1999; Grillet et al., 2010).
Additionally, here, we found that the small populated
townships appear to act as barriers to local diffusion of ma-
laria, by isolating the epidemics and concentrating the
force of infection in a few, more populated, localities (hot
spots). All these findings together make clear that malaria
control interventions need to be spatially and temporally
targeted. Concentrating the control strategies in these
large “core” patches will offset their role as reservoir of P.
vivax infection in space (region) and in those malaria epi-
demic troughs.
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