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Abstract.

Zoonotic knowlesi malaria has replaced human malaria as the most prevalent malaria disease in Malaysia.

The persistence of knowlesi malaria in high-risk transmission areas or hotspots can be discouraging to existing malaria
elimination efforts. In this study, retrospective data of laboratory-confirmed knowlesi malaria cases were obtained from
the Sarawak Health Department to investigate the spatiotemporal patterns and clustering of knowlesi malaria in the state
of Sarawak from 2008 to 2017. Purely spatial, purely temporal, and spatiotemporal analyses were performed using
SaTScan software to define clustering of knowlesi malaria incidence. Purely spatial and spatiotemporal analyses in-
dicated most likely clusters of knowlesi malaria in the northern region of Sarawak, along the Sarawak—Kalimantan border,
and the inner central region of Sarawak between 2008 and 2017. Temporal cluster was detected between September
2016 and December 2017. This study provides evidence of the existence of statistically significant Plasmodium knowlesi
malaria clusters in Sarawak, Malaysia. The analysis approach applied in this study showed potential in establishing
surveillance and risk management system for knowlesi malaria control as Malaysia approaches human malaria

elimination.

INTRODUCTION

Malaysia is aiming to eliminate human malaria by 2020. With
zero indigenous human malaria cases in 2018, Malaysia has
been on track to achieving this.! Although the prospect for
human malaria elimination in Malaysia is optimistic, this co-
incided with a disheartening increase in zoonotic knowlesi
malaria in Malaysia. From 2013 to 2017, knowlesi malaria
accounted for 11,380 of the 16,500 malaria cases reported in
Malaysia.? The bulk of the knowlesi malaria cases equivalent
to 87% (9,902 cases) originated from Sabah and Sarawak,
with an average incidence rate (IR) of 0.302 per 1,000
population.?

Beginning with the discovery of a large focus of natural
Plasmodium knowlesi infections in humans in Kapit, Sarawak,
Malaysian Borneo,® knowlesi malaria has now been increasingly
reported in Malaysia, primarily in Malaysian Borneo, and is
found throughout Southeast Asia.* With long-tailed and pig-
tailed macaques as the monkey host, Anopheles latens have
been found to be one of the main vectors of P. knowlesi trans-
mission in Sarawak.>®

Although current antimalarials remain efficacious, P.
knowlesi infection can be severe and fatal.” With the in-
creasing knowlesi malaria incidence, it would be worthwhile to
identify the spatiotemporal distribution of knowlesi malaria
longitudinally. Current geospatial analysis helps to study ep-
idemiology of a disease spatially and temporally, identifying
high-risk areas, transmission changes, and peak transmission
periods. This in turn provides a better understanding of
knowlesi malaria transmission that can assist in devising ef-
fective control policy, and to determine exactly where and
when to implement interventions.®

Longitudinal spatiotemporal patterns of P. knowlesi trans-
mission have only been described in Peninsular Malaysia,® ata
regional scale and in parts of Sabah.'®'! Because malaria
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transmission can be markedly heterogeneous spatially, even
at the scale of a village,"'* and interventions should be
precisely targeted, this study aimed to investigate the spa-
tiotemporal patterns of knowlesi malaria in Sarawak, one of
the states with the highest number of P. knowlesi infections,
from 2008 to 2017.

METHODS

Study area. Sarawak, East Malaysia, is situated at the
northwest coast of Borneo, located close to the Equator be-
tween latitude 0°50’ and 5°N and between longitude 109°36’
and 115°40'E."® It shares its northeastern border with Sabah,
another state in East Malaysia; its northern borders with Brunei;
and its southern and western borders with Kalimantan, Indo-
nesia. It has an area of about 124,450 km?, with an estimated
population of 2.81 million in 2019."® Its land mass is only slightly
smaller than that of the whole of Peninsular Malaysia
(132,100 km?).1”

Sarawak is made up of 11 divisions, which are divided into
31 districts (Supplemental Figure 1). Topographically, the
coastal lowlands and plains are found along the west coast of
Sarawak from the north to the south, which extends eastward
into a large region of undulating hills that stretches into the
mountainous region along the Sarawak-Kalimantan border."®

Ethical approval. Ethics approval for this study was
obtained from the Medical Research and Ethics Committee of
the Ministry of Health, Malaysia, and registered with the Na-
tional Medical Research Register, the Ministry of Health,
Malaysia (NMRR ID: 17-344-34773).

Data collection. Retrospective data of laboratory-confirmed
P. knowlesi/P. malariae malaria cases for 2008-2017 were
obtained from the Sarawak Health Department. These cases
were diagnosed and confirmed via microscopy. Although all
microscopically identified Plasmodium malariae or P. knowlesi
cases in Sarawak were categorized as P. knowlesi/P. malariae
cases, '® most cases were definitely P. knowlesi, as there was no
indigenous case of P. malariae in Sarawak based on molecular
detection of 887 samples from 2000 to 2011.1°

In Sarawak, it is compulsory for all laboratory-confirmed
cases of malaria to be notified to the nearest district health
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offices. Malaria case data were entered into the Online Malaria
Cases Registration System which can be accessed by district
health offices, state health offices, and the Ministry of Health,
Malaysia. Geographical coordinates were geocoded from the
residential addresses of the reported indigenous knowlesi
malaria cases. Only 98% of the case locations were able to be
geocoded and used for subsequent analysis. Population data
of Sarawak state and each district were projected each year
based on the 2010 National Census.*

Temporal pattern and spatial distribution of knowlesi
malaria. The yearly IR was calculated based on the number of
reported cases per 1,000 population at state and district lev-
els. For monthly temporal analysis, the knowlesi malaria cases
were aggregated by month based on their date of diagnosis.
Periodogram analysis was conducted by fast Fourier trans-
form of the time series case data of knowlesi malaria using
stats package spec.pgram() function in R version 3.5.3. Fast
Fourier transform decomposes the time series data into si-
nusoidal signals at different frequencies, enabling identifica-
tion of important periodicities such as seasonal and cyclical
patterns. The time series data were further decomposed into
trend, seasonal, and irregular components using locally esti-
mated scatterplot smoothing?" through stl() function in R. This
decomposition procedure was based on additive model:

Ye = Tt + St+ | (1)

where Y; is the observed time series data, T; is the trend
component which is the upward or downward shiftin a dataset
over time, S; is the seasonal component which represents the
repetitive pattern over time, and /; is the irregular component
which is the residual after trend and seasonal components
have been removed. The Ljung-Box test was applied to ex-
amine the autocorrelation in the irregular component of the
model. Under the null hypothesis in which autocorrelation is
absent, the applied model is considered fit to adequately de-
compose time series datainto trend and seasonal information.
Cox-Stuart and Friedman tests were performed using tsutils
package in R to assess the presence of trend and seasonality
of the data. Also, spatial distribution of knowlesi malaria was
analyzed using ArcGIS version 10.3 to illustrate digital maps of
yearly and annualized IRs of knowlesi malaria. The IR reported
in each district was grouped into categories of 1 IR intervals.

Spatiotemporal scan statistical analysis. Purely spatial,
purely temporal, and spatiotemporal analyses were carried
out using SaTScan version 9.6 to identify spatial and temporal
clustering of knowlesi malaria cases over the 10-year study
period. A discrete Poisson-based model was applied in all
scan statistical analyses of knowlesi malaria clusters.?? This
model was selected under the assumption that the occurrence
of cases follows a Poisson distribution based on known un-
derlying population at risk. Maximum scanning window size
was set at 50% of population at risk. Scanning process in-
volved the comparison of distributions between observed
cases and expected cases inside and outside a cluster under
the null hypothesis of random distribution according to spatial,
temporal, or spatiotemporal aspects. The observed cases
represent the actual number of cases reported within the
specified area, whereas the expected cases in each area were
computed in proportion to its population size. The significance
of each cluster was examined at a 95% confidence level
through Monte—Carlo simulation, and significant clusters (P <

0.05) were reported. In purely spatial and spatiotemporal
analyses, the potential candidate clusters are indicated in
circular windows imposed by the software. For each obser-
vation, a cluster with the highest log likelihood ratio (LLR) is
considered the most likely cluster (ranked no. 1), indicating
that it was least likely to have occurred by chance. By contrast,
other significant clusters were recognized as secondary
clusters and ranked based on the LLR value.

RESULTS

Plasmodium knowlesi cases from 2008 to 2017. Knowl-
esi malaria IRs in the whole of Sarawak spiked in 2009, 2012,
2015, and 2017 (Supplemental Figure 2). This appeared tobe a
cyclical phenomenon which occurred every 2-3 years.
Whenever a spike in cases was recorded in that year, the
number of cases fell in the following year. Periodogram anal-
ysis detected two important periodic patterns at 30 months
(2.5 years), which was in accordance with the mentioned cy-
clical phenomenon and 12-month seasonality (Supplemental
Table 1). The time series case data were decomposed into
trend and seasonal components with lack of significant au-
tocorrelation in the irregular components (P = 0.17). In gen-
eral, there was an increasing trend of knowlesi malaria in
Sarawak as demonstrated by the Cox-Stuart test (P < 0.01)
(Supplemental Figure 3).

Yearly, knowlesi malaria cases peaked in October (seasonal
index = 34.17, QR = 14.64), which then mostly fell quite rapidly
in the following months (Supplemental Figures 3 and 4). Rel-
atively, the lowest number of cases were reported in February
(seasonal index = —23.35, IQR = 15.69) based on the sea-
sonality of the dataset. The Friedman test further supported
the presence of a stable seasonal pattern of knowlesi malaria
(P < 0.01). The greatest number of cases recorded by month
was in October 2012 (183 cases), followed by November 2017
(165 cases) and October 2014 (137 cases). March 2008
recorded the lowest number of cases (15 cases), followed by
February 2010 (16 cases).

Knowlesi malaria IRs in districts of Sarawak from 2008
to 2017. Districts with consistent IRs of more than 1.5
throughout the years were Julau, Pakan, Song, Kapit, and
Kanowit, and Belaga and Lawas just to a slightly lesser extent.
These districts are in the inner central region of Sarawak, and
along the Sarawak-Kalimantan border. Song, Pakan, and
Julau consistently registered the highest IR (Supplemental
Figures 5 and 6).

The lowest IR (< 0.10) was recorded at the southern tip of
Sarawak (Kuching and Samarahan divisions) and along the
west coast in the central region (Mukah division) (Supplemental
Figures 5 and 6). Besides, districts with few cases reported over
the years (IR < 0.5) were Meradong, Sarikei, Sibu, Bintulu,
Limbang, Miri, and Sri Aman. Districts where cases had not
been reported from 2008 to 2017 were Asajaya and Matu
(Supplemental Figures 5 and 6).

However, albeit the very low IR (0.01-0.20), districts which
have begun to demonstrate an increase in IRs include Sri
Aman (starting 2011), Bau (starting 2015), and Kuching
(starting 2011). None of the districts demonstrated any de-
creasing trend in knowlesi malaria cases (Supplemental
Figure 6).

An annualized IR for the period of 2008-2017 of all districts
(Supplemental Figure 7) also reflected a similar picture as
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described earlier. The annualized IR in all districts was < 4. All
districts located in the eastern side of the northern and central
regions bordering Kalimantan had annualized IRs of 1-< 4,
with the highest in Julau and Song. The rest of the districts had
an annualized IR of < 1 and were located along the west coast
of Sarawak.

Purely spatial and temporal analyses of knowlesi
malaria cases in Sarawak from 2008 to 2017. Spatial anal-
ysis indicated that the distribution of P. knowlesi infections
was not random in Sarawak (Supplemental Table 2). It was
also evident that the identified clusters involved the same
districts every year. Four to five spatial clusters were present
yearly. Each spatial cluster encompassed 2-10 districts.
However, between 2013-2014 and 2017, there were more
localized clusters (7-13 clusters) (Supplemental Figure 8).

Ten statistically significant clusters for high incidence of
P. knowlesi infection during the period of 2008-2017 were
determined (Supplemental Figure 8 and Table 2). The four
relatively larger and most likely clusters for high incidence of
P. knowlesi cases occurred in the eastern side of Sarawak,
along the Sarawak-Kalimantan border. The most likely cluster
(ranked no. 1) was centered at Julau, encompassing areas of
Kanowit, Pakan, Saratok, Betong, Lubok Antu, and Song
districts (radius = 46.33 km, relative risk [RR] = 16.16, LLR =
3,324.18, P < 0.001), with 1935 observed cases and 155.03
expected cases, whereas cluster 2 was centered at Kapit,
encompassing areas of Belaga and Tatau (radius = 81.53 km,
RR=11.43,LLR =2153.65, P < 0.001). The third cluster which
was also the largest encompassed the areas of Marudi,
northern to northeastern Belaga, southern parts of Limbang
and Lawas, and parts of North Kalimantan (radius =
142.92 km, RR=10.37, LLR = 1875.56, P < 0.001). There was
also one cluster in northern Lawas (cluster 5) and another
centered in the northern part of the Sarikei district (cluster 6).
The rest of the smaller clusters were distributed along the
northeast-southwest axis in the central region of Sarawak and
one at northern Limbang (Supplemental Figure 8).

Basically, the likely clusters covered areas of all districts in
the northern and central regions of Sarawak, except for areas
at the west coast, that is, Miri, western part of Bintulu, Mukah,
Dalat, Matu, Daru, Sibu, and Meradong. No cluster was de-
tected in the southern parts of Sarawak.

Temporal analysis of the 10-year period indicated that the
distribution of P. knowlesi infection was not random in Sar-
awak. The analysis identified one statistically significant 16-
month period of high incidence of P. knowlesi infection, which
happened between September 2016 and December 2017
(RR =1.63, LLR = 136.54, P < 0.001), with 1,597 observed
cases and 1,064 expected cases (Supplemental Table 3).

Spatiotemporal analysis of knowlesi malaria cases in
Sarawak from 2008 to 2017. Three statistically significant
clusters for high incidence of P. knowlesi infection were
identified through spatiotemporal scan statistics (Figure 1,
Supplemental Table 4). The most likely cluster was distributed
throughout Song and Kanowit, and their adjacent districts
(radius = 107.49 km, RR = 11.14, LLR = 2870.98, P < 0.001)
during December 2012 to November 2017, with 2095 ob-
served cases and 247.1 expected cases (Figure 1).

During the same period, albeit a shorter time frame (August
2012-July 2017), a secondary cluster was also identified in the
northeastern part of Sarawak (radius = 150.88, RR = 10.53,
LLR =1,234.05, P < 0.001). Also, there was an emergence of a

Ficure 1. Spatiotemporal clusters of knowlesi malaria from 2008 to
2017. Each dot on the map represents a case. These clusters were
identified in time frames of December 2012-November 2017 (cluster
1), August 2012-July 2017 (cluster 2), and October 2017-December
2017 (cluster 3). This figure appears in color at www.ajtmh.org.

third cluster (radius = 77.34, RR=3.84, LLR =26.3, P < 0.001) in
the southwestern coast of Sarawak for the three-month period
(October 2017-December 2017). These clusters demonstrated
that knowlesi malaria transmission had been stable and con-
tinuous for the past years in these districts.

DISCUSSION

Collectively, all data analyses indicated districts in the
northern region of Sarawak, along the Sarawak-Kalimantan
border, and the inner central region of Sarawak to be high-risk
areas for knowlesi malaria between 2008 and 2017. Analyses
also showed that knowlesi malaria transmission was stable in
these clusters throughout the period. Similarly, a spatiotem-
poral study on malaria cases in Betong district, Sarawak,
demonstrated a high malaria IR in Betong and Spaoh sub-
districts. These hotspots were mainly concentrated in the
northeastern to eastern parts of Betong district which are
close to the borders of Pakan and Lubok Antu.2® The trans-
mission clusters detected throughout the years were mostly
situated in the inner and eastern regions of Sarawak, with
undulating hills, or are mountainous. This may suggest geo-
graphical elevation as an associating factor of knowlesi
malaria cases in Sarawak, as also indicated in Sabah.?#2°

Ooi et al."® predicted knowlesi malaria incidence to increase
in Sarawak in the coming decades. In fact, the forecasted IR of
0.44 (per 1,000 population) for 2020 had already “come true” in
2017 (Supplemental Figure 2). There seemed to be a cyclical
rise in knowlesi malaria cases in Sarawak, occurring every 2-3
years. The underlying reason for this phenomenon is not
known. Also, it was noted that more localized clusters were
observedin2013-2014 and 2017 than in other years. Increase
in the number of spatial clusters could be contributed by
heightened diagnostic capacity, changes in vector abun-
dance and behaviors, as well as frequent human activities
such as deforestation or forest-related recreations. However,
could the cyclical patterns of knowlesi malaria incidences, and
the emergence of a higher number of larger knowlesi malaria
spatial clusters (Supplemental Figure 8), predict a high
knowlesi malaria incidence in the coming year? A similar study
with a longer period of time should be able to confirm this.


http://www.ajtmh.org

SPATIAL AND TEMPORAL PATTERNS OF PLASMODIUM KNOWLES! 1817

There was a decrease in P. knowlesi cases between 2015 and
2016 followed by a significant increase in cases in 2017. Similar
to the situation in Sabah, researchers then believed that this
could be due to the change in vector behaviors and ecological
adaptations attributed to changing rainfall and weather patterns
associated with the El Nino phenomenon.?®2” Furthermore, it
was found that knowlesi malaria cases typically peaked in
October. To some extent, this has been attributed to the fruit
harvesting season between July and October annually.2® The
macaques and humans converged in the same farms, orchards,
and forest fringes for the fruits. With suitable vectors present,
these became ideal grounds for knowlesi malaria transmission.?®

None of the districts demonstrated any decreasing trend in
knowlesi malaria cases. However, measures should be put in
place to ensure areas with low number of cases (Samarahan,
Mukah, and Kuching divisions; districts Meradong, Sarikei,
Sibu, Bintulu, Miri, and Sri Aman) or no cases (Asajaya and
Matu) remain at low risk, and to progress toward risk free.
Besides, it would be interesting to examine the reason for
some areas (e.g., Meradong) to have low incidence of
knowlesi malaria despite being adjacent to districts with a high
number of cases. Inversely, further local investigations can be
carried out to understand the specific risk factors that led
some districts to have a much higher transmission than their
neighbors. These factors could be the presence of vectors, the
environment, geography, or human-related activities.?®

However, in Sarawak, there are limited studies associating
human risk factors, improved diagnostic capacity, heightened
awareness of knowlesi malaria, change in factors related to
vectors’ and macaques’ behavior or habitat, and de-
forestation, with the increase in knowlesi malaria incidence.'®
Nonetheless, a study at Betong district found males, adults,
farmers, and the aboriginal Iban ethnics to have higher risk of
contracting malaria.2® This is also corroborated by a study in
Sabah, which demonstrated that among others, adult male,
plantation work, sleeping outdoors, clearing vegetation, and
having long grass around the house pose an increased risk for
P. knowlesi infection.??® Indeed, more risk factors of
knowlesi malaria are known in Sabah. The proportion of forest
within a certain distance from a village or household, isolated
households in patches of forest or plantation, deforestation,
agricultural practices, and historical forest loss were found to
be associated with the incidence of P. knowlesi infections.242°
Besides, a recent molecular-based study reported that sub-
population of P. knowlesi associated with long-tailed ma-
caque host was predominantly present at Betong, Sarikei, and
Kapit divisions, whereas subpopulation associated with pig-
tailed macaque was more common in Kanowit.*® These lo-
cations are within clusters of high incidences as identified in
this study, and this warrants the importance of continuous
molecular-based surveillance to understand the association
among parasite subpopulations, distribution of macaque
species, and clustering of cases.

Anopheles latens, which is the main vector for P. knowlesi in
Kapit, Sarawak, can be found abundantly in forest and farm.>®
Nonetheless, it must be admitted that although An. latens is
the main vector for P. knowlesi in Kapit,6 it may not be the main
vector in other districts. Therefore, there could be other
knowlesi malaria vectors in other areas, such as An. puju-
tensis, An. macarthuri, An. introlatus,® and An. balabacensis,”"
of the Leucosphyrus group, which may have behaviors dif-
ferent from those of the current known vector, contributing to

the varying epidemiology of knowlesi malaria in Sarawak.
Thus, the ecology and the vectors’ behaviors in relation to
knowlesi malaria transmission patterns in other districts need
to be studied too.

Malaria interventions should be locally tailored. In this case,
the use of spatiotemporal analyses enables us to under-
stand the transmissions in different geographical areas. Un-
fortunately, conventional human malaria control measures,
including insecticide-treated bed nets, indoor residual
spraying, and mass drug therapy, have limited efficacies
against knowlesi malaria. These control measures do not
block transmissions among the macaque hosts, and are in-
adequate against P. knowlesi vectors which bite outdoors and
do not enter dwellings to feed and rest.323® Therefore, new
approaches are needed to curb P. knowlesi transmission to
humans. This may be achieved through specific vector con-
trol activities using local surveillance data, increasing aware-
ness of knowlesi malaria, and improving diagnostics and
treatment.?®2° With knowlesi malaria transmission which oc-
curs in forested areas or non-domestic settings, target inter-
ventions onto a highly populated area are not encouraged.
Targeted approach onto individuals who are of high risk may
be more appropriate.’* Provisions of insecticide-treated pro-
tective items, such as hammocks, tarpaulins, bed nets, or
uniforms, to individuals who spent the night outdoors in high-
risk areas may also be considered, although their efficacies
require evaluation.®* In Aceh, it was suggested that the District
Health Office could collaborate with other relevant govern-
ment departments and local stakeholders (farm owners, log-
ging site supervisors, and farming companies) to engage
forest workers in malaria elimination activities. The authors are
also in the opinion that migration and mobility surveillance
system should be linked to the malaria surveillance system for
use across subdistricts, districts, and province.34 The gist of it
is building strong networks to fight against knowlesi malaria.?®

The aforementioned point on building networks to control
knowlesi malaria appropriately applies to Sarawak. Some
of the knowlesi malaria clusters in Sarawak encompassed
the areas of Sabah, Brunei, and Kalimantan. The areas with
high risks for knowlesi malaria in Sarawak are along the
Sarawak-Kalimantan border, and knowlesi malaria is preva-
lent in these regions. These cross-border knowlesi malaria
clusters add an extra layer to the complexity of knowlesi
malaria monitoring and control. However, it is extremely cru-
cial that interstate and international stakeholders come to-
gether and coordinate malaria surveillance and control. Failing
to acknowledge malaria clusters in the adjacent state or
country will not help malaria control efforts of one’s district,
state, or country.® Lessons learnt from the many cross-border
malaria studies have also shown how positive actions taken by
anation for malaria control or the lack of it can greatly influence
malaria transmission in its neighbor.®2%3°

One factor which is not considered in this study is the
asymptomatic reservoir of knowlesi malaria. Application of
PCR detection in routine surveillance of malaria is uncommon,
which could allow asymptomatic cases to be undetected due
to low sensitivity of microscopy in diagnosing low-density
malaria infection. Hence, current data are not sufficient to
represent the statewide prevalence of knowlesi malaria in
Sarawak. Asymptomatic knowlesi malaria has been reported
from Sabah,*® Sarawak, in the Belaga district,%” and Betong
division,®® and from other Southeast Asian countries.3%#2
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These infections may contribute to sustained transmission or
outbreaks,*® and they are potentially affected by geographical
factors as well as sociodemography.** Active case detection
of asymptomatic and submicroscopic malaria is essential to
establish an accurate picture of malaria burden and prevent
misinformed interventions.3”

With the eventual elimination of human malarias in this re-
gion, malaria control programs will now need to focus on
zoonotic malarias, especially P. knowlesi and Plasmodium
cynomolgi infections,*>™*" which are prevalent in Malaysia.
Therefore, knowlesi malaria stratification by time and space is
a relevant tool that can cater the shift in focus of national
malaria control programs. The analyses allow observation of
high-risk areas to be made not only at a regional level but also
with higher resolution, down to the local village or household
levels, thereby giving the flexibility to articulate interventions
based on local needs.?%“8 Furthermore, a robust spatial and
temporal cluster detection with reliably high statistical power
in this study is made possible because of the availability of
large amount of case data recorded over 10 years. This ana-
lytical method will be helpful in providing an understanding on
when and where to concentrate public health resources with
constant update from surveillance.

There were two limitations pertaining to the method used for
spatiotemporal analysis. First, SaTScan imposed a fixed cir-
cular scan window which moves across space and time set-
ting to detect clusters, thus preventing potential irregular
shaped clusters from being identified. Second, possible risk
factors associated with case clustering were not assessed in
this study. Hence, some improvement is needed to enhance
the sensitivity of the spatiotemporal analyses, particularly in
future analysis. This may include incorporating land use in-
formation," use of higher resolution data down to the village
or household level to prevent erroneous missing out of high-
risk areas, human movement data, locations of occupational
risk groups, role of asymptomatic and undiagnosed cases,
local vector population data, climatic data, and malaria
transmission data from neighboring areas of Sarawak to as-
sess risk at either side of the border.%®

In conclusion, this study clearly highlighted the spatiotem-
poral epidemiology characteristics of knowlesi malaria as well
as spatial and temporal clustering of the cases in Sarawak
from 2008 to 2017. The findings and approach used in this
study are especially helpful for the Malaysian health authority,
particularly Sarawak Health Department, in enhancing malaria
intervention strategies, high-risk area identification, effective
resource distribution, as well as facilitating surveillance and
risk management of vector-borne diseases.
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