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Abstract. Hainan Province is the main area threatened by malaria in China. However, the epidemiologic patterns of
malaria in this region are not yet defined. In this study, we determined the spatio-temporal distribution and variation of
Plasmodium falciparum and Plasmodium vivax malaria in Hainan during 1995–2008 by using wavelet and cluster
quantitative approaches. The results indicated a decreasing secular trend and obvious seasonal fluctuation of malaria in
Hainan. In addition, the characteristic annual peak of malaria could not be detected after 2005. The southcentral region
of Hainan has remained an area of relatively high malaria risk, but the incidence of P. falciparum malaria increased
significantly in the southeast and southwest regions during 2002–2008. These findings identify epidemic patterns of
malaria in Hainan, and are applicable for designing an effective and dynamic public health campaign to combat malaria
in this region.

INTRODUCTION

The mosquito-borne infectious disease malaria remains one
of the most prevalent threats to human health worldwide. In
2009, global malaria rates exceeded 200 million cases and
780,000 deaths.1 Although nations in Africa account for most
of these cases, other countries with tropical and subtropical
climates represent areas of significant impact. In China, 14,098
malaria cases and 10 deaths were reported in 2009.2 Hainan
Province on the southern coast of China is one of the country’s
two regions to which Plasmodium falciparum is endemic,3 and
accounts for up to 46% of the annual endemic P. falciparum
malaria cases over the past decade.4 As a result, Hainan has
become the focus of recent national efforts towards malaria
control and prevention. However, for these efforts to succeed, a
detailed understanding of the epidemiologic features of malaria
transmission in this region must be achieved.
Of the two species that infect humans in Hainan, P. vivax

is the most prevalent, but P. falciparum is the most deadly.
Both are transmitted by Anopheles species mosquitoes,
P. falciparum byAnopheles dirus and P. vivax byAn. minimus.
Initial attempts to understand the general distribution of the
malaria epidemic in Hainan considered P. falciparum and
P. vivaxmalaria as awhole.5However, distinct types ofPlasmodium
and infectious vectors of these species suggest that the spatio-
temporal distribution of their related diseases may be not
consistent. To design an effective public health campaign that
will eradicate malaria in this region, a more detailed distribu-
tion analysis must be performed.
In the traditional method, periods or areas with high

malaria risk are identified by observing the incidence time
series data and subjectively interpreting the results. Wavelet
analysis was developed to characterize non-stationary events
in a time series,6 and non-stationary refers to the statistical
properties of the data, such as mean, variance and covariance,
which vary with time and are common in epidemiologic and
environmental time series. Thus, wavelet analysis is capable
of quantitatively analyzing the cyclical fluctuations of infec-

tious diseases, and quantifying the main periodic component
of a given time series and its time evolution. This approach
was first applied to epidemiology to determine the benefit of
measles immunization by exploring the cyclical fluctuation of
the disease in London.7 Since then, wavelet analysis has been
successfully used to generate time schedules for intervention
measures and perform ongoing evaluations of control out-
comes for various infectious diseases, including pertussis,8

malaria in Africa,9 and cutaneous leishmaniasis.10 In this study,
the wavelet analysis approach was applied to the P. falciparum
and P. vivax malaria time series for Hainan Province to detect
its cyclical fluctuations.
Many studies have explored the distribution of malaria in

different areas of the world. The worldwide distribution of
P. falciparum malaria is of particular interest to global orga-
nizations and aims to understand transmission patterns and
healthcare beyond political and national borders.11,12 Focused
analysis to determine spatial distribution of malaria in specific
regions, such as in the western Kenya highlands,13 is carried
out to target populations that are most affected and contri-
bute significantly to the global problem. Studies in high-risk
malaria provinces in China14–17 have provided scientific basis
for malaria control and prevention in these areas.
The highest malaria incidences in Hainan during the 1995–

2008 epidemics were found in the southcentral counties of the
province.5,18 However, the microepidemiology and variations
of P. falciparum and P. vivax malaria in these regions are not
known. Cluster analysis is commonly used to identify geo-
graphic distributions of disease and evaluate the statistical
differences between regions and monitor variations over time
or due to interventions.16,19,20 The dynamic scanning window
make the clusters flexible enough to detect periods and areas
with high risk by using a likelihood ratio test, and classify
them according to the risk level. In this study, temporal and
spatial cluster analysis was used to explore the distribution
and variation of areas with high risk of P. falciparum and
P. vivax malaria in Hainan.
The principal aim of this study was to gain a clear under-

standing of the epidemiologic characteristics of malaria in
Hainan Province in China. This study will provide a scientific
basis for analyzing epidemic pattern of infectious diseases
quantitatively, and for the targeted control and prevention of
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malaria in Hainan, guiding public health resource allocation
to key areas and times during outbreaks of the different kinds
of malaria.

MATERIALS AND METHODS

Study area. The study area was the main island of Hainan
Province (18°10¢–20°10¢ N, 108°37¢–111°03¢ E), which has a
tropical monsoon and tropical marine climate . The region has
an area of 339,000 km2 and a population of 8.26 million. The
landscape is mainly mountainous and hilly.
Data collection and management. Malaria is a notifiable

disease in China. Monthly records of P. falciparum andP. vivax
malaria cases were obtained from the Hainan Center for Dis-
ease Control and Prevention. The malaria cases used in this
study, including microscopy-confirmed cases and suspected
cases that had responded to malaria drugs, were diagnosed in
the medical and health units of each county and reported to the
Hainan Center for Disease Control and Prevention through
the Reporting System of Communicable Diseases and Unex-
pected Public Health Events. The annual populations of each
county during 1995–2008 were derived from the Hainan statis-
tical yearbooks compiled by the Hainan Provincial Bureau of
Statistics. Population data were estimated by using the annual
records of household registration maintained by the local
police departments. The incidences of P. falciparum and P. vivax
malaria for each county were geo-coded and matched to a
corresponding polygon on a digital map of Hainan.
Secular trend analysis. The P. falciparum and P. vivax

malaria incidences during 1995–2008 in Hainan were calculated
and plotted by year to show annual fluctuations. The Cochran-
Armitage trend test was used to examine the temporal trends
in the annual incidence of these two types of malaria. The
index Z > 0 denotes an increasing trend of annual malaria
incidence, and Z < 0 denotes a decreasing trend. The trend
was considered significant when P was < 0.05.
Seasonal fluctuation analysis. The incidences and seasonal

indexes of each month during 1995–2008 were calculated to
observe the seasonal fluctuations of these two types of malaria
epidemic. The expression of seasonal index was made accord-
ing to the equations:

Sk=
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x
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The term Sk denotes the seasonal indexes in month k,
where k=1, 2, � � � , 12. The terms xk, x, and xik represent the
mean incidence in month k, the mean incidence during the
entire study period, and the incidence in year i month k,
respectively. The parameter n denotes the total number of
years, which was 14 in the study. No obvious seasonal fluctu-
ation was expected if all the seasonal indexes in each month
were close to 1.
Cyclical fluctuation analysis. Wavelet analysis was used to

detect the cyclical fluctuations of the P. falciparum and P. vivax
malaria epidemics. The Morlet wavelet was taken as basis
function for wavelet transforms because it is able to decompose

a signal using functions that narrow when high-frequency fea-
tures are present and widen with low-frequency structures.21

The series of P. falciparum and P. vivax malaria cases were
first filtered and then normalized. The local wavelet power
spectrum (LWPS) was obtained by computing wavelet trans-
forms and was subsequently color-coded from blue to red to
denote increasing power. The global wavelet spectrum was
estimated by averaging the LWPS across time, and the lower
limit of significance was denoted by a dotted line. This analysis
was performed by using Matlab 7.0 (www.mathworks.com/
products/matlab/).
Spatial distribution analysis. Counties in Hainan were

divided into four regions according to P. falciparum malaria
incidence and into six regions according to P. vivax malaria
incidence to show the different levels of malaria incidence.
The annual P. falciparum and P. vivax malaria incidences in
each county were mapped during 1995–2008, respectively.
Each incidence region was denoted by a different color on
the county-level digital map.
Spatio-temporal cluster analysis. Cluster analysis was used

to detect and evaluate malaria epidemic clusters in a temporal
or spatial setting quantitatively by using spatial scan statistics
detailed by Kulldorff22 to avoid the annual adjustment of key
areas for malaria control and prevention according to the
incidence map. The procedure involves gradual scanning of a
data window across time or space, and noting the number of
observed and expected observations inside the window at
each location. For each scanning window of varying position
and size, the risk of malaria within and outside the window
was tested by likelihood ratio test using likelihood ratio
(LLR), and the null hypothesis equaled risk. The expression
of LLR was made according to the equation:

LLR =
c

E cð Þ
� �c

+
C � c

C � E cð Þ
� �C� c

+Ið Þ

where C is the total number of cases, c is the observed number
of cases within the window, and E(c) is the covariate adjusted
expected number of cases within the window under the null
hypothesis. I() is an indicator function, which is equal to 1 when
the window has more cases than expected under the null
hypothesis, and 0 otherwise. The window having the maximum
LLR was indicative of the most likely cluster and considered
the area with the highest malaria risk. The window with the
next to maximum LLR (the secondary likely cluster) was con-
sidered the area with the second highest malaria risk.23 The
relative risk of malaria within and outside the window was
calculated to evaluate the degree of malaria risk.24

In this study, temporal cluster analyses of P. falciparum and
P. vivax malaria epidemic during 1995–2008 were performed
to detect the periods of high malaria risk, respectively. To
analyze the variation of areas with relatively high malaria risk,
the period from 1995 through 2008 was divided into several
stages according to the results of temporal cluster analyses.
Next, spatial cluster analyses of the malaria epidemics occur-
ring within each stage were conducted to detect the distribu-
tion and variation of areas with relatively high risk of
P. falciparum and P. vivax malaria in Hainan. Annual inci-
dence data was used for the above analysis. A maximum
cluster size of 30% of the study period was specified in the
temporal cluster analysis. In the spatial cluster analyses, 25%
of the population was specified for P. falciparum and P. vivax
malaria epidemic respectively. This analysis was performed by
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using SatScan version 7.0.3 (www.satscan.org/cgi-bin/satscan/
register.pl/SaTScan%20User%20Guide?todo=process_version_
history_download).

RESULTS

Secular trend of the P. falciparum and P. vivax malaria
epidemic. There were 11,712 P. falciparum malaria cases and
39,014 P. vivax malaria cases reported in Hainan during 1995–
2008, the ratio ofP. falciparummalaria cases toP. vivaxmalaria
cases was 0.30. The annual incidences of P. falciparum and
P. vivaxmalaria inHainan showeda clear year-to-year variation
during 1995–2008. The highest incidence of P. falciparum

malaria occurred in 1995 (21.87/100,000), and that of P. vivax
malaria occurred in 2004 (64.38/100,000). A fluctuating but dis-
tinctly decreasing trend of annual malaria incidence was identi-
fied for the study years (P. falciparum malaria: Z = –54.62,
P < 0.01, by Cochran-Armitage trend test; P. vivax malaria:
Z = –43.12, P < 0.01, by Cochran-Armitage trend test) (Figure 1).

Seasonal index of the P. falciparum and P. vivax malaria
epidemic. Relatively high malaria incidence was observed dur-
ingMay–October, during which 69.8%ofP. falciparummalaria
cases and 67.0% of P. vivax malaria cases were reported. The
cumulative monthly incidence of these two types of malaria
reached their peaks in August (P. falciparum malaria, 16.20/
100,000; P. vivax malaria, 48.78/100,000). The highest seasonal

Figure 1. Annual incidence of Plasmodium falciparum and Plasmodium vivax malaria in Hainan, China, 1995–2008. The highest incidence of
P. falciparum malaria was 21.87 cases/100,000 in 1995, and that of P. vivax malaria was 64.38 cases/100,000 in 2004. A fluctuating but distinctly
decreasing temporal trend of these two types of malaria was identified.

Figure 2. Seasonal index and monthly incidence of Plasmodium falciparum and Plasmodium vivax malaria in Hainan, China, 1995–2008.
Relatively high malaria incidence was observed during May–October, during which 69.8% of P. falciparum malaria cases and 67.0% of P. vivax
malaria cases were reported. The cumulative monthly incidence of these two types of malaria reached their peaks in August (P. falciparum
malaria, 16.20/100,000; P. vivax malaria, 48.78/100,000). The highest seasonal index was 1.75 for P. falciparum malaria and 1.61 for P. vivax
malaria, and the lowest was 0.40 for both types of malaria.
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index was 1.75 for P. falciparum malaria and 1.61 for P. vivax
malaria, and the lowest was 0.40 for both types of malaria
(Figure 2).
Cyclical fluctuation of the P. falciparum and P. vivax

malaria epidemic. The time series of monthly P. falciparum

and P. vivax malaria cases in Hainan during 1995–2008 gen-
erated a peak in power around one year before 2005, which
was pronounced during 2001–2003 for P. falciparum malaria
and during 2002–2005 for P. vivax malaria. The annual
summer peak was less distinct after 2006, as shown by the

Figure 3. Wavelet time series analysis for the monthly Plasmodium falciparum malaria cases time series, Hainan, China, 1995–2008. A, Time
series. B, Local wavelet power spectrum (LWPS). Blue to red color-coding indicates increasing power. The white line in LWPS corresponds to the
5% significance level. The area encompassed by the white line indicates that the annual peak was pronounced during 2001–2003. A relatively
strong, but not significant, periodicity was detected in the area with red or orange color, but which was not encompassed by the white line; note the
annual peak before 2005 and the three-year periodicity during 1998–2006. The trend of periodicity could be analyzed according to the color of the
LWPS, but it was determined to not reach statistical significance. The superimposed parabola indicates the cone of influence, measuring the extent
of edge effects. C, Global wavelet spectrum, which is analogous to the traditional Fourier spectrum. The peaks of power around one year and
three years can be observed.

Figure 4. Wavelet time series analysis for the monthly Plasmodium vivax malaria case time series, Hainan, China, 1995–2008. A, Time series.
B, Local wavelet power spectrum (LWPS). Blue to red color-coding indicates increasing power. The white line in LWPS corresponds to the
5% significance level. The area encompassed by the white line indicates that the annual peak was pronounced during 2002–2005. A relatively
strong, but not significant, periodicity was detected in the area with red or orange color, but which was not encompassed by the white line; note the
annual peak before 2005 and the three-year periodicity during 1998–2006. The trend of periodicity could be analyzed according to the color of the
LWPS, but it was determined to not reach statistical significance. The superimposed parabola indicates the cone of influence, measuring the extent
of edge effects. C, Global wavelet spectrum, which is analogous to the traditional Fourier spectrum. The peaks of power around one year and
three years can be observed.
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wavelet figures. In addition, although not significant, peaks
in power were detected at approximately three years dur-
ing 1998–2006 in these two types of malaria time series
(Figures 3 and 4).

Spatial distribution of annual P. falciparum and P. vivax

malaria incidence. Plasmodium falciparum and P. vivax
malaria were reported in all counties of Hainan during the
epidemic period of 1995–2008. The highest incidences of these

Figure 5. Annual incidence of Plasmodium falciparum malaria at the county level in Hainan, China, 1995–2008. The county with the highest
incidence changed from year to year. The highest incidence was 193.42 cases per 100,000 in Baoting in 1995.

650 XIAO, LONG, WANG AND OTHERS



two types of malaria mainly occurred in the southern counties
of the province. The county with the highest incidence was
not consistent year to year (Figures 5 and 6). The overall
highest incidence of P. falciparum malaria occurred in 1995

in Baoting County (193.42/100,000), and that of P. vivax
malaria occurred in 1998 in Baoting County (415.82/100,000).
Plasmodium falciparum malaria incidence in all counties
decreased to less than 10 cases per 100,000 in 2008.

Figure 6. Annual incidence of Plasmodium vivaxmalaria at the county level in Hainan, China, 1995–2008. The county with the highest incidence
changed from year to year. The highest incidence was 415.82 cases/100,000 in Baoting in 1998.
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Temporal clusters of the P. falciparum and P. vivax

malaria epidemic. The most likely temporal cluster of
P. falciparum malaria epidemic during 1995–2008 occurred
within a window encompassing 1995–1998 (relative risk [RR] =
2.04, P < 0.01), and that of P. vivax malaria epidemic encom-
passed 2002–2004 (RR = 1.61, P < 0.01). Therefore, the entire
period for each malaria type was subdivided for further spatial
cluster analysis; P. falciparum malaria was divided into 1995–
1998 and 1999–2008, and P. vivax malaria was divided into
1995–2001, 2002–2004, and 2005–2008.

Spatial clusters of the P. falciparum and P. vivax malaria
epidemic. The spatial cluster analysis of P. falciparum
malaria epidemic during 1995-1998 showed that seven
counties constituted the most likely cluster (average inci-
dence = 52.19/100,000; RR = 9.58, P < 0.01) (Figure 7).
During 1999–2008, eight counties made up the most likely
cluster (average incidence = 25.38/100,000: RR = 14.27, P <
0.01) and two counties composed the secondary likely clus-
ter (average incidence = 9.53/100,000; RR = 1.14, P < 0.01)
(Figure 7).

Figure 7. Spatial distribution of clusters of Plasmodium falciparum malaria with high risk in Hainan, China, 1995–2008. The risk of malaria
was ordered by using the likelihood ratio. The most likely cluster indicates the area with the highest malaria risk, and the secondary likely cluster
indicates the area with the second highest malaria risk.

Figure 8. Spatial distribution of clusters of Plasmodium vivax malaria with high risk in Hainan, China, 1995–2008. The risk of malaria was
ordered by using the likelihood ratio. The most likely cluster indicates the area with the highest malaria risk, and the secondary likely cluster
indicates the area with the second highest malaria risk.
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Spatial cluster analysis of P. vivax malaria epidemic during
1995–2001 showed that six counties constituted the most
likely cluster (average incidence = 145.49/100,000; RR = 6.63,
P < 0.01) (Figure 8). During 2002–2004, five counties made up
the most likely cluster (average incidence = 186.62/100,000;
RR = 6.70, P < 0.01) and two counties composed the second-
ary likely cluster (average incidence = 67.06/100,000; RR =
1.37, P < 0.01) (Figure 8). Analysis for the period 2005–2008
showed that four counties made up the most likely cluster
(average incidence = 124.91/100,000; RR = 6.51, P < 0.01)
and two counties composed the secondary likely cluster (aver-
age incidence = 47.19/100,000; RR = 1.87, P < 0.01) (Figure 8).

DISCUSSION

Wavelet analysis is a powerful statistical method for
detecting cyclical fluctuations across a time period. Compared
with the conventional method that analyzes cyclical fluctua-
tions of an infectious disease epidemic by observing the inci-
dence time series, wavelet analysis can provide more reliable
and accurate information on the cyclical fluctuations of an
infectious disease epidemic. Therefore, wavelet analysis was
applied to explore the cyclical fluctuations of two types of
malaria in Hainan, China. During 1995–2008, annual incidence
rates were consistently higher during May–October. Further-
more, a characteristic peak occurred each year for each of the
two malaria types. However, this peak was cannot be detected
over time after 2003 for P. falciparum malaria and after 2005
for P. vivax malaria. This finding indicated that the seasonal
fluctuation of these two types of malaria epidemic gradually
weakened over the recent years. Therefore, malaria epidemics
are as likely to occur during November–April as during other
months, and health facilities should be aware of this finding.
The annual incidence of P. falciparum and P. vivax malaria

showed a fluctuating but distinctly decreasing temporal trend,
which was consistent with the secular trend of malaria epi-
demic in Hainan.5 Some researchers have suggested that fluc-
tuations in secular trend and periodicity of infectious disease
are closely related to changes in intervention measures.7,25 It is
interesting to consider that the Global Fund Program on
Malaria was implemented in Hainan in 2003. This program
provides treatment and prevention measures, including stan-
dard early treatment of current infections, mass drug prophy-
laxis, and insecticide impregnating of bed nets, and is
conducted in 10 counties of Hainan.26 Because of this program,
more than 90% of infected persons have received standard
early treatment, »70% of infected persons received free pro-
phylactic treatment, and the number of impregnated bed nets
reached 10,386, all of which effectively reduced the possibility
of future outbreaks of malaria in Hainan. Therefore, the num-
ber of malaria cases and the difference in number of cases of
each month may be decreased. That may also be a reason for
weakened seasonal fluctuation of these two types of malaria
epidemic during recent years. It is likely that the recent fluctu-
ation of malaria epidemic in Hainan reflects the successful
campaign to combat the disease and its causative agent.
Nonetheless, malaria is not yet eradicated in the Hainan

Province. It is necessary to take advantage of the downward
trend in malaria cases and modify eradication efforts to allo-
cate existing public health resources to the counties that
remain most affected. This study showed that the county in
Hainan with the highest P. falciparum and P. vivax malaria

incidence was not consistent. If such analysis was conducted

on an ongoing basis, a real-time picture of the epidemiologic

status of malaria in Hainan might be captured. Thus, the

program of eradication can be continually modified to match

the dynamic needs of the region.
This study also showed that the area with a relatively high risk

of P. falciparum and P. vivax malaria fluctuated over time but

remained centered in southcentral Hainan, including Baoting,

Wuzhishan,Qiongzhong andBaisha, which are located inmoun-

tain areas and have relatively low-level medical services. Many

persons in this region perform farmwork in amountainous envi-

ronment, which increases their opportunity of exposure to mos-

quitoes. This finding indicates the need to focus malaria control

and prevention in southcentral Hainan. However, the differen-

tial status of the twomalaria types through these regions suggests

that monitoring should be dynamic through the southcentral

region.Plasmodiumfalciparummalaria incidence rates increased

in the southeastern and southwestern regions during 1999–

2008, andmalaria incidence rates forP. vivaxmalaria increased

in southeastern Hainan during 2002–2008. Implementation of a

continuous and dynamic strategy could make public health

resource allocationmore cost-effective andbeneficial.Moreover,

this strategy should also be extended to other high malaria risk

provinces in China, such asAnhui Province.16,17

It is important to note that unlike the extent of periodicity
characteristically seen in other studies of infectious disease
epidemics, this study showed that the annual peak of the
two types of malaria in Hainan disappeared in recent years.
This finding may have resulted from the study period being
too short to facilitate accurate observations of a relatively long
remarkable periodicity of malaria in Hainan. Because minimal
relevant data are available from the Hainan regions for years
before the 1990s, further study using future data of malaria
epidemics will help to provide more insights into the epidemi-
ology of malaria in Hainan. In addition, the case reporting data
used in this study may not include all malaria cases in Hainan;
it is well recognized that case reporting data is rarely absolute
in any country. Many factors, such as testing technique, inspec-
tion apparatus, and technical standard of medical personnel,
may have influenced the data reported. Finally, it is possible
that there may have been a relative increase in case reporting
after the Global Fund supported program was instituted.
In summary, this study showed that the annual incidence of

P. falciparum and P. vivax malaria decreased during 1995–
2008. The epidemiology of these two malaria types was remark-

ably dynamic; the characteristic annual peaks of P. falciparum
and P. vivax malaria incidence could not be detected after

2005, and geographic areas with relatively high risk of

P. falciparum and P. vivax malaria changed year to year.
These results identified the current epidemiologic features of

the two types of malaria in Hainan, and will provide a basis by
which public health resource allocation may be maximized to

combat malaria in this province.
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