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Abstract

In areas of low and unstable transmission, malaria cases occur in populations with lower
access to malaria services and interventions, and in groups with specific malaria risk expo-
sures often away from the household. In support of the Namibian National Vector Borne Dis-
ease Program’s drive to better target interventions based upon risk, we implemented a
health facility-based case control study aimed to identify risk factors for symptomatic malaria
in Zambezi Region, northern Namibia. A total of 770 febrile individuals reporting to 6 health
facilities and testing positive by rapid diagnostic test (RDT) between February 2015 and
April 2016 were recruited as cases; 641 febrile individuals testing negative by RDT at the
same health facilities through June 2016 were recruited as controls. Data on socio-demo-
graphics, housing construction, overnight travel, use of malaria prevention and outdoor
behaviors at night were collected through interview and recorded on a tablet-based ques-
tionnaire. Remotely-sensed environmental data were extracted for geo-located village resi-
dence locations. Multivariable logistic regression was conducted to identify risk factors and
latent class analyses (LCA) used to identify and characterize high-risk subgroups. The
majority of participants (87% of cases and 69% of controls) were recruited during the 2016
transmission season, an outbreak year in Southern Africa. After adjustment, cases were
more likely to be cattle herders (Adjusted Odds Ratio (aOR): 4.46 95%CI 1.05-18.96),
members of the police or other security personnel (a0R: 4.60 95%CI: 1.16—18.16), and pen-
sioners/unemployed persons (aOR: 2.25 95%Cl 1.24—4.08), compared to agricultural work-
ers (most common category). Children (aOR 2.28 95%CI 1.13-4.59) and self-identified
students were at higher risk of malaria (aOR: 4.32 95%CI 2.31-8.10). Other actionable risk
factors for malaria included housing and behavioral characteristics, including traditional
home construction and sleeping in an open structure (versus modern structure: aOR: 2.01
95%Cl 1.45-2.79 and aOR: 4.76 95%Cl: 2.14—10.57); cross border travel in the prior 30
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days (aOR: 10.55 95%CI 2.94—-37.84); and outdoor agricultural work at night (aOR: 2.09
95%Cl 1.12-3.87). Malaria preventive activities were all protective and included personal
use of an insecticide treated net (ITN) (aOR: 0.61 95%ClI 0.42-0.87), adequate household
ITN coverage (aOR: 0.63 95%CI 0.42—0.94), and household indoor residual spraying (IRS)
in the past year (versus never sprayed: (aOR: 0.63 95%CI 0.44-0.90). A number of environ-
mental factors were associated with increased risk of malaria, including lower temperatures,
higher rainfall and increased vegetation for the 30 days prior to diagnosis and residing more
than 5 minutes from a health facility. LCA identified six classes of cases, with class member-
ship strongly correlated with occupation, age and select behavioral risk factors. Use of ITNs
and IRS coverage was similarly low across classes. For malaria elimination these high-risk
groups will need targeted and tailored intervention strategies, for example, by implementing
alternative delivery methods of interventions through schools and worksites, as well as the
use of specific interventions that address outdoor transmission.

Background

Namibia is a low malaria transmission country in southern Africa that has successfully reduced
the burden of malaria over the past decade through the large-scale deployment of indoor resid-
ual spraying (IRS), distribution and use of long-lasting insecticide-treated bed nets (ITNs),
increased use of rapid diagnostic tests (RDTs) and treatment with artemisinin-based combina-
tion therapy (ACT) [1]. The country aimed to eliminate malaria by 2020, but has experienced
a number of outbreaks of malaria in northern Namibia since 2016 [2]. New approaches are
urgently needed to understand and address persistent low levels of transmission and prevent
seasonal epidemics of malaria.

In low malaria transmission settings, it is common to observe a shift in epidemiology
towards older age groups as well as clustering of infections by location, time and within sub-
populations with shared risk factors for infection [3]. Previous studies in North West and cen-
tral Namibia established the importance of malaria importation and local risk factors in deter-
mining patterns of disease, including spatial clustering of infection and cross-border travel [4,
5]. An understanding of spatial clustering has helped to inform the design of geographically
targeted interventions such as reactive case detection (RACD) [5, 6], reactive focal mass drug
administration (rfMDA) [7] and foci investigations. However, the effectiveness of these strate-
gies will be limited in populations where treatment-seeking is low, asymptomatic infection is
more common, the population is highly mobile or residents are frequently absent or large
numbers of infections are among non-resident populations. An evidence-based and transpar-
ent approach to describing local populations at high risk of infection can provide critical infor-
mation on coverage gaps, mobility patterns and drivers of infection to inform proactive and
tailored intervention strategies.

Malaria Indicator Surveys (MIS) and other cross-sectional studies are often used to provide
malaria control programs with useful information on malaria associated risk factors. In low
transmission settings such as Namibia, an MIS can identify asymptomatic infections but with-
out more sensitive methods to measure exposure (such as serology) is unlikely to provide use-
ful information to the national malaria control program (NMCP) on new malaria risk factors,
because of the low chance of detecting malaria in the community and high expense [4, 8-11].
Case-control methodologies are a classic epidemiological approach used in rapid outbreak

PLOS ONE | https://doi.org/10.1371/journal.pone.0252690 June 25, 2021 2/23


https://doi.org/10.1371/journal.pone.0252690

PLOS ONE

Malaria risk factors in northern Namibia

investigations, including for malaria [12-18] and for investigation of rare diseases. As such,
this approach is particularly well suited to risk-factor identification in malaria elimination set-
tings, where cases are few and cross-sectional surveys are likely to be underpowered. Detailed
information on behavioral and occupational exposures, along with standard questions on use
of malaria prevention tools, can characterize important individual risk factors and interven-
tion targets. A remaining challenge is to understand how risk factors co-occur and translate
results into actionable risk profiles for specific populations. Latent class analysis (LCA) is a
type of mixture modeling that assumes the population consists of unknown sub-populations
(latent classes) that differ in their mix of included variables and provides the ability to identify
these latent classes. LCA has been used to characterize patterns of multi-risk profiles in relation
to HIV and HCV [19-21] and can offer insights to optimize implementation of preventive
measures.

This paper presents results from a case-control study in Zambezi Region, Namibia, which
investigated local risk factors for malaria and overlap between behavioral and epidemiological
risk factors, in order to profile distinct high risk populations and hence identify potential tar-
gets for interventions.

Methods
Study setting

The study was undertaken in Zambezi Region, located in the north-east corner of Namibia,
and bordered by Angola, Zambia, and Botswana. Historically, it has some of the highest rates
of malaria incidence in Namibia. From 2004 to 2015, the annual parasite incidence in Zambezi
fell from over 600 to 17.1 cases per 1000 [22]. Zambezi Region is geographically diverse,
encompassing floodplains, woodlands and wetlands along the Zambezi River. The area is
largely agricultural, rural and poor, with the 2011 census estimating that nearly a third (30.2%)
of the population is engaged in subsistence agriculture [23]. Malaria transmission is highly sea-
sonal and typically occurs between November and June, with peak case numbers occurring
between February and April corresponding to the rainy season. Reported malaria cases are
almost all due to Plasmodium falciparum and the most common malaria vector species is
Anopheles arabiensis [24, 25].

The study area encompassed a geographical area of about 9500 km” in Western Zambezi
region and was the site for a number of baseline epidemiological studies prior to the start of a
large trial in January 2016 to evaluate the impact of targeted intervention strategies on malaria
transmission [26] (Fig 1). The study area borders with Angola, Botswana, and Zambia and
includes one official border crossing with Zambia. A total of 12 health facilities provide pri-
mary care services, including free malaria testing and treatment for Namibians, to the approxi-
mately 32,500 residents.

Study design

This was a health facility based, case-control study conducted over two malaria transmission
seasons. Case and control recruitment was carried out between February 2015 and April 2016,
with control recruitment extended through June 2016 to reach the desired sample size. Eligibil-
ity criteria for all participants included current or prior history of fever within 48 hours and
valid test for malaria by the Carestart™ Malaria HRP-2/pLDH (Pf/pan) Combo rapid diagnos-
tic test (RDT) at one of six randomly selected health facilities. The malaria case definition
included all passively detected cases of malaria confirmed by RDT. Controls were selected
from individuals presenting at the same health facilities as those who tested negative for
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Fig 1. Location of six selected health facilities within the larger study area, Zambezi Region, Namibia.

https://doi.org/10.1371/journal.pone.0252690.g001

malaria by RDT. Individuals who reported taking malaria prophylaxis or treatment within the
past 14 days or having a previous diagnosis of malaria within the past 30 days were ineligible.

Controls were frequency matched to incident cases by gender and within broad age catego-
ries (less than five years, five to 14 years, 15 to 59 years and 60 years and above). Both age and
gender are known to be important risk factors for malaria and frequency matching ensures
sufficient power to investigate specific behavioral risk factors within populations that are gen-
erally underrepresented at health facilities (i.e. adult males). Numbers of controls by age and
gender were allocated to health facilities for recruitment based on probability proportional to
the size (PPS) of the population in the catchment. This ensured that the distribution of con-
trols matched the underlying population distribution for optimal identification of malaria hot-
spots and risk mapping. Catchment populations were calculated by aggregating a gridded
population surface for 2015 from WorldPop [27] within geographical catchment areas, as
defined by Alegana et al [28]. At each health facility, the first incident control that matched an
existing recruitment profile was recruited into the study.

Data collection

Following routine diagnosis by health facility staff based on malaria RDT result, research assis-
tants based at health facilities screened individuals for eligibility as a case or a control. Con-
senting participants were interviewed using a tablet-based questionnaire in Open Data Kit
(ODK) and asked a set of standardized, pre-tested questions on demographics, socio-eco-
nomic variables, household construction, use of malaria prevention measures, overnight travel
outside their main residence in the past 30 days and outdoor activities during sundown and
sunup in the prior two weeks.

Data processing and definitions

Questionnaire data were uploaded from the tablet into a secured centralized server on a daily
basis and used to generate control profiles for recruitment, based on incident case
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demographics. Control profiles were allocated to facilities for recruitment using probability
proportional to size (PPS) of the catchment population. Regular data checks and processing
were carried out in R version 3.4 in order to track recruitment, as well as identify and correct
any data entry errors in a timely manner.

A categorical variable was used to indicate calendar quarters and control for differing distri-
butions of case and controls recruited into the study. For descriptive summaries, a binary vari-
able was created to distinguish individuals recruited early in the transmission season, when
cumulative cases were below 20% of annual total (November to February). Occupational vari-
ables were grouped according to broad categories and combined if numbers represented less
than 5% of cases or controls. Where individuals declined to answer a question or a low propor-
tion (<5%) responded “Don’t know”, responses were recategorized as missing and dropped
from logistic regression analyses. Selected outdoor occupations were identified a priori as
potentially high risk (cattle herders, agricultural workers, police and security guards) based on
night-time exposures discussed during formative research and were kept as separate categories
in exploratory analyses. A principal components analysis (PCA) was conducted to capture var-
iation among self-reported household assets, including electronic goods, electricity, personal
effects and transportation related assets. The first component was included in the model as a
socioeconomic measure, in addition to water source, latrine type and education. Following
Tusting et al [29], a housing variable was generated to distinguish traditional homes (ones
with mud walls, thatched roofs and earth floors) from modern homes [29]. Tents and struc-
tures with open walls were considered as separate categories. In addition, binary variables
were generated for sleeping outdoors in the past two weeks and sleeping in a room with open
eaves.

Travel destinations and village residences were geo-referenced to a specific longitude and
latitude using a range of sources. A comprehensive database of village locations in Zambezi
Region generated during a complete enumeration of all households within the study area in
early 2015 was used as the gold standard [30]. Locations outside of the study area were geo-ref-
erenced using the 2011 census database and electronic gazetteers, including GeoNet Names
Server [31], Google Earth [32], and Falling grain [33]. The majority of cases (94.2%) and con-
trols (96.4%) were successfully geolocated to a village residence with coordinates and 87.6% of
trip destinations. The remaining locations were assigned to a constituency. Domestic travel
destinations were categorized as having “high” risk of malaria transmission if they were located
in areas of Zambezi Region where the relative case burden within the encompassing health
facility catchment area was known to be above 10% of the regional total in 2016. In the absence
of sub-regional data, areas located in endemic northern regions were also classified as “high”
compared to other areas of Namibia. An individual’s most recent trip was used to characterize
travel duration. Migration within the past six months from domestic or international locations
was captured as a categorical variable.

Satellite-derived environmental data were extracted from Google Earth Engine [34] for
each participant’s village location for spatial analysis and inclusion in logistic regression mod-
els, including elevation, land cover type, distance to permanent water bodies and average mea-
sures of land surface temperature (LST), total rainfall and enhanced vegetation index (EVI; a
proxy for vegetation coverage) for the 30 days prior to diagnosis. A summary of the source of
each of these data sets and the resolution available is included in S1 Table.

Statistical analysis

Assuming a probability of exposure among controls of 0.1 and an odds of acquiring malaria in
exposed subjects relative to unexposed subjects of 2.25, a minimum target of 221 cases and 442
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controls was required to reject the null hypothesis that there is no difference between cases
and controls (i.e. odds ratio of 1), with 80% power and an o of 0.05.

STATA 13.0 (Stata Corporation, College Station, TX, USA) was used for descriptive and
multivariable modelling. Latent class analyses were carried out in MPlus (Version 8.4, Muthen
& Muthen) and maps created in ArcMap version 10.1 (ESRI, Redlands, CA).

The number, gender ratio and age distribution of cases and controls was described, with
breakdown by season. As controls were frequency matched to cases by age, gender and calen-
dar time, they were not representative of the underlying age and gender distribution of the
source population. The 2011 census data was used to calculate the expected age and gender dis-
tribution in the general population in Zambezi Region, and define a second set of 641 hypo-
thetical controls. These were compared to the age and gender distribution of cases using
Pearson’s chi-squared test for association and used to calculate unadjusted odds ratios and cor-
responding 95% confidence intervals for these risk factors. Bivariate associations between all
other exposures and case status were assessed using logistic regression with the Huber White
sandwich estimator for standard errors, including a fixed effect to capture clustering at the
health facility level and adjusting for age, gender, calendar quarter and year.

Collinearity between behavioral and environmental exposures was assessed during the model
building process by comparing p-values within bivariate models and calculating variance infla-
tion factors (VIF), where a VIF over 10 was taken to indicate collinearity. Reported frequency of
sleeping under a net and sleeping under a net the previous night were strongly associated
(p<0.0001), therefore the latter measure was retained in the model as a more reliable measure.
Continuous variables were initially plotted using the lowess’ command in STATA and divided
into categories based on natural breaks or three to four centiles for the unadjusted analysis. All
continuous variables were then assessed as either continuous or categorical in the final model
and the best fitting version retained based on the Bayesian information criterion (BIC) value.

Multivariable logistic regression models were built using a backwards stepwise approach,
retaining variables in the final model that had a p-value <0.05 or changed any adjusted odds
ratio (aOR) more than 10%. Travel, agricultural work and net use were identified as time-vary-
ing exposures in the raw data, and plausible effect modification assessed a by adding covariate-
by-time period interaction terms to the final multivariable model. In addition, a sensitivity
analyses was run to investigate whether the results were affected by the period during which a
disproportionate number of controls were recruited relative to cases (10 cases and 142 controls
recruited outside of the main malaria transmission season of November to May). An interac-
tion term was also evaluated to assess whether the risk associated with outdoor activities varied
according to reported use of bite prevention measures and season. Residuals from the final
model were exported and tested using Moran’s I for evidence of spatial autocorrelation in R.

A latent class analysis (LCA) was conducted to explore overlap in behavioral and epidemio-
logical risk factors and to profile distinct high risk populations who may require specific inter-
vention approaches. LCA is a statistical tool to identify homogenous, mutually exclusive
groups or classes within a heterogenous population [35]. The LCA model included all variables
indicating risk behaviors related to malaria in the univariate analysis, sex, and age group. All
categorical variables were coded as dummy variables in MPlus. Multiple models were esti-
mated with varying numbers of classes (from one to eight classes) and no covariates in MPlus,
using the maximum likelihood solution from running 100 iterations for each model from ran-
domly generated seed values. The Bayesian information criterion (BIC) was used to determine
the best-fitting model, and checked against the adjusted BIC (aBIC), in the context of entropy
(a summary measure of classification certainty) and epidemiological meaningfulness of class
structure. For subsequent descriptive analyses, participants were allocated to the latent class
for which they had the highest posterior membership probability.
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Ethical approval

Institutional Review Board approval for this study was obtained from the University of Califor-
nia San Francisco, the University of Namibia, and the Ministry of Health and Social Services of
Namibia. Written consent by signature or finger print was provided from all consenting par-
ticipants. Consent for individuals aged under 18 years was provided by a parent or guardian.
Assent was collected for all children over 12 years old. All individuals identified as cases with
positive RDT result received the national first-line malaria treatment (Coartem [artemether-
lumefantrine]) in accordance with the existing standard of care at the health facility.

Results
Descriptive analysis

A total of 1417 individuals were tested by RDT and eligible to participate in the study, including
772 RDT+ malaria cases and 645 RDT- febrile controls. This includes 86% of all incident cases
reported through routine surveillance systems in the period between January and April 2016
from the 6 included health facilities. Most cases who declined to participate did not provide a
reason, but of six individuals who cited reasons: one case felt too ill while the others cited con-
cerns around the procedures or lacked time to participate. A total of 770 cases and 641 controls
were interviewed at the clinics, the majority of whom (87% of cases and 69% of controls) were
recruited during the second transmission season in 2016 (Fig 2). This period coincided with a
malaria outbreak across northern Namibia and other parts of Southern Africa [2].

Summary characteristics of malaria cases and controls are described for each of the two
transmission seasons in Table 1. Control recruitment in a 2:1 ratio to cases was not possible in
the second transmission season, due to the high burden of cases. The vast majority (99.5%) of
participants reported they were residents within Namibia and most cases and controls had
Namibian citizenship (83.3% and 90.6%), primary education or lower (78.8% and 71.5%) and
reported relatively low net usage (39.4% and 58.8%) and spray coverage (33.4% and 40.3%) in
their sleeping structure. Peak transmission in 2016 shifted to later in the season, with four-
fifths (80.2%) of cases arising after February, compared to roughly two- thirds (64.8%) in 2015.

Mobility patterns. A total of 198 participants (14%) reported taking at least one trip in
the past 30 days, with a minority of cases and controls (1.2% and 2.5%) reporting more than
one trip. Travel characteristics are reported in Table 2. Recent cross border travel was rare, but
more common amongst cases than controls (2.2% and 1.1%). A majority of cross border travel
was by Zambian citizens (68%) and a key location was nearby districts in Western Province,
Zambia. In contrast, overnight travel within Namibia was less common amongst cases than
controls (7.5% and 16.2%). Most (82%) overnight trips were within Zambezi Region, although
a minority of participants traveled to other areas within Namibia.

Both domestic and cross-border travel tended to be seasonal and occurred during the rainy
season (Fig 3). However, the majority of cross-border travel in cases (82%) occurred early in
the transmission season compared to in controls (82% vs 14%) (Table 2), indicating a high-
risk window of travel time December to February that corresponds with the agricultural season
and holiday festivities.

Risk factors for malaria

A full table of unadjusted odds ratios for potential risk factors is included in S2 Table. Vari-
ables retained in the final model are described below and unadjusted and adjusted odds ratios
for these selected variables are shown in Fig 4. After adjusting for all risk factors, there was no
evidence supporting spatial correlation in the residuals (Moran’s I p =.706).
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Fig 2. Monthly recruitment of 770 cases and 641 controls at six participating health facilities in Zambezi Region, Namibia between February 2015
and June 2016.

https://doi.org/10.1371/journal.pone.0252690.g002

Socio-demographic risk factors. Using the census controls as a reference, the crude odds
of malaria was higher in males (Odds ratio (OR) 1.25 95% CI 1.00-1.54; p = 0.04) and lower in
children aged 0-4 years, compared to older age categories. The odds of malaria were 0.63 (95%
CI 0.45-0.88) in the youngest age group and ranged from 1.09 (95% CI 0.74-1.26) in adults
aged 15-59 years to 1.74 in children aged 5-14 years (95% CI 1.43-2.11).

Non-Namibian nationality was identified as a risk factor in the unadjusted analysis of the
study data (S2 Table), as its effects were accounted for by associated variables (cross-border
travel, migration and occupational categories). Use of an in-residence tap for drinking water
was protective compared to an open well (Adjusted Odds Ratio (aOR): 0.34 95%CI 0.17-0.69),
while cases were more likely to report surface water as their main source of drinking water
(aOR: 2.10 95%CI 1.03-4.27). Other socioeconomic indicators, such as lower education and a
lower score on the PCA asset index, were associated with a higher risk of malaria in the unad-
justed but not adjusted analysis (S2 Table).

Occupation and outdoor activities. The risk of malaria was higher in cattle herders
(aOR: 4.46 95%CI 1.05-18.96), members of the police or other security personnel (aOR: 4.60
95%CI: 1.16-18.16), and pensioners/unemployed persons (aOR: 2.25 95%CI 1.24-4.08) com-
pared to agricultural workers (most common). After adjusting for age, children (aOR 2.28 95%
CI 1.13-4.59) and students were at higher risk of malaria (aOR 4.32 95%CI 2.31-8.10). There
were high levels of overlap between specific occupational categories and reported outdoor
behaviors associated with malaria in the unadjusted analyses (S2 Table), such as playing and
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Table 1. Socio-demographics and select characteristics of 770 cases and 641 controls in Zambezi Region recruited between February 2015 and April 2016.

Characteristic

Age (years)
<5
5-14
15-59
60 +
Male gender
Resides in Namibia
Citizenship
Namibian
Foreign
Education
None
Primary
Secondary
Slept under net
Sprayed < 1 year
Don’t know
Migration'
Not within past six months
Domestic migration
Cross-border migration
Recent mobility®
None
Domestic (Low? risk)
Domestic (High risk)
Cross-border

Early in season

Case (N =96)

12 (12.8)
28 (29.8)
53 (56.4)
1(L1)

51 (54.3)
91 (96.8)

12 (12.8)

22 (23.4)
59 (62.8)
13 (13.8)
48 (51.1)
35 (37.2)
9(9.6)

82 (87.2)
9 (9.6)
3(3.2)

82 (87.2)
11 (11.7)

1(L1)
35 (36.8)

MMP: mobile and migrant population;

! Within the past six months,
% Within the past 30 days,

Total
Control (N = 641)

Season 2
Control (N = 442)

Season 1

Control (N = 199) Case (N = 674) Case (N = 770)

26 (13.4) 45 (6.7) 61 (13.6) 57 (7.4) 87 (13.6)
57 (29.4) 250 (37.0) 107 (23.9) 278 (36.1) 164 (25.6)
104 (53.6) 332 (49.1) 250 (55.9) 385 (50.0) 354 (55.2)
7 (3.6) 49 (7.2) 29 (6.5) 50 (6.5) 36 (5.6)
102 (52.6) 366 (54.1) 201 (45.0) 417 (54.2) 303 (47.3)
193 (99.5) 673 (99.6) 447 (100) 764 (99.2) 640 (99.8)
175 (90.2) 559 (82.7) 406 (90.8) 641 (83.3) 581 (90.6)
19 (9.8) 117 (17.3) 41(9.2) 129 (16.8) 60 (9.4)
58 (29.9) 186 (27.5) 129 (28.9) 208 (27.0) 187 (29.2)
92 (47.4) 340 (50.3) 179 (40.0) 399 (51.8) 271 (42.3)
44 (22.7) 150 (22.2) 139 (31.1) 163 (21.2) 183 (28.6)
125 (64.4) 256 (37.9) 252 (56.4) 304 (39.5) 377 (58.8)
62 (32.0) 222 (32.8) 196 (43.8) 257 (33.4) 258 (40.3)
17 (8.8) 66 (9.8) 31(6.9) 75 (9.7) 48 (7.5)
176 (90.7) 611 (90.4) 418 (93.5) 693 (90.0) 594 (92.7)
12 (6.2) 28 (4.1) 22 (4.9) 37 (4.8) 34 (5.3)
6(3.1) 37 (5.5) 7 (1.6) 40 (5.2) 13 (2.0)
157 (80.9) 607 (89.8) 367 (82.1) 689 (89.5) 524 (81.7)
34 (17.5) 54 (8.0) 77 (17.2) 65 (8.4) 111 (17.3)
3(1.5) 15(2.2) 3(0.7) 16 (2.1) 6(0.9)

33 (16.8) 133 (19.7) 73 (16.3) 168 (21.8) 106 (16.4)

3 Non-endemic or lower endemic area (<10% of case burden in Zambezi Region).

https://doi.org/10.1371/journal.pone.0252690.t001

studying outside at night. Collinear behavioral variables were dropped from the final model
but retained in the latent class analysis to better profile sub-groups with similar characteristics.

In the final model (Fig 4), agricultural work carried out between sundown and sunup was
independently associated with a higher risk of malaria (aOR: 2.09 95%CI 1.12-3.87), whereas
frequenting outdoor bars at night was associated with four-fold reduction in the odds of
malaria (aOR: 0.38 95%CI 0.17-0.85). While there was insufficient power to test interactions
in the final model, stratified chi-squared tests and a bivariate model of gender and bar atten-
dance suggested that this protective effect may be present in females (3* p = 0.005 and OR:
0.10, 95%CI [0.01-0.87], p = 0.04) but not males s p =0.21 and OR: 0.71, 95%CI [0.31-1.61],
p = 0.41). There was insufficient power to assess whether the risk associated with outdoor
activities varied with use of bite prevention, with a minority of cases (3.6%) and controls
(6.7%) reporting using any form of protection against mosquito bites while engaged in out-
door activities between sunup and sundown.
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Table 2. Travel characteristics of cases and controls reporting overnight travel in prior 30 days’, from a sample of 770 cases and 641 controls in Zambezi Region.

Characteristic

Male
Age category:
<5
5-14
15-59
60 +
Foreign citizenship
Early season (Nov-Feb)
Frequency:
> 1 per month
< 1 per month
< 1 per year
Duration:
< 1 week
1-4 weeks
1 month +
Reason for travel:
Occupation
Education
Family
Other?
Use of bite prevention

Destination:

northern Namibia (Zambezi)
northern Namibia (Other)
Other Namibia (Hardap, Khomas)

Western Province, Zambia

Other, Zambia

Cuando Cubango, Angola

Domestic (Low risk) Domestic (High risk) Cross-border

Cases N = 14 Controls N = 50 Cases N =49 Controls N = 60 Cases N =18 Controls N =7
8 (57.1) 20 (40.0) 33 (67.4) 25 (41.7) 11 (61.1) 7 (100.0)
1(7.1) 5(10.0) 2 (4.1) 6(10.0) 3(16.7) 1(14.3)
0(0.0) 10 (20.0) 11 (22.5) 17 (28.3) 5(27.8) 0(0.0)
13 (92.9) 35(70.0) 32 (65.3) 36 (60.0) 9 (50.0) 5(71.4)
0(0.0) 0(0.0) 4(8.2) 1(1.7) 1(5.6) 1(14.3)
2(14.3) 3(6.0) 8(16.3) 6(10.0) 14 (77.8) 3 (42.9)
9(21.4) 9 (18.0) 14 (28.6) 15 (25.0) 15 (83.4) 1(14.3)
3(21.4) 11 (22.9) 16 (35.6) 11 (18.6) 1(5.6) 0 (0.0)
4 (28.6) 23 (47.9) 16 (35.6) 26 (44.1) 7 (38.9) 4 (57.1)
7 (50.0) 14 (29.2) 13 (28.9) 22 (37.3) 10 (55.6) 3 (42.9)
7 (50.0) 32 (64.0) 29 (59.2) 30 (50.0) 3(16.7) 3 (42.9)
6 (42.9) 16 (32.0) 14 (28.6) 27 (45.0) 3(16.7) 4(57.1)
1(7.1) 2 (4.0) 6(12.2) 3(5.0) 12 (66.7) 0(0.0)
2 (14.3) 8 (16.0) 9 (18.4) 11 (18.3) 2(11.1) 0 (0.0)
0(0.0) 2 (4.0) 6 (12.2) 3(5.0) 0 (0.0) 0 (0.0)
10 (71.4) 32 (64.0) 31 (63.3) 39 (65.0) 16 (88.9) 6 (85.7)
2 (14.3) 8 (16.0) 3(6.1) 7 (11.7) 0(0.0) 1(14.3)
3(21.4) 7 (14.0) 5(10.2) 10 (16.7) 3(16.7) 3 (42.9)
13 (92.9) 47 (94.0) 49 (100.0) 55 (91.7) - .
1(7.1) 0 (0.0) 0 (0.0) 5(8.3) - .
0(0.0) 3 (6.0) - - - -

- - - 15 (83.3) 4(57.1)

- - - 1(5.6) 3 (42.9)

. . . 2(11.1) 0 (0.0)

' If >1 destination, characteristics summarized for destination with highest risk,

% Funerals, health, church and shopping.

https://doi.org/10.1371/journal.pone.0252690.t002

Travel-related risk factors. Overnight cross border travel within the past month was
associated with an increased risk of malaria (aOR: 10.55 95%CI 2.94-37.84), while domestic
travel to low risk destinations was protective (aOR: 0.38 95%CI 0.17-0.85).

Housing and malaria interventions. Traditional home construction and sleeping in an
open structure was associated with an increased odds of malaria (aOR: 2.01 95%CI 1.45-2.79
and aOR: 4.76 95%CI: 2.14-10.57) compared to homes built using modern construction mate-
rials. Cases were ten times more likely to sleep in a tent than controls, but there was weak evi-
dence to support this association in the multivariable model (aOR: 16.34 95%CI 0.28-957).
Openings to the outside (such as a gap between the walls and roof) were present in all tradi-
tional structures and so left out of the final model.

All malaria preventive activities were strongly protective against malaria. The risk of
malaria was lower in homes with adequate household net coverage and in persons who
reported sleeping under a net the previous night (aOR: 0.63 95%CI 0.42-0.94 and aOR: 0.61
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Fig 3. Relative frequency histogram presenting the proportion of cases and controls reporting cross border (a) and
domestic (b) travel by month.

https://doi.org/10.1371/journal.pone.0252690.9003
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Cases N (3%)__ Conlrols NN (%) __ __OR (95%C). AOR(@5%CN __ _ PValue
Water source

Open well 276770(36) 1630641 (25) ref et

In-residence tap 31770 (4) 122/641(19) 030(0.17-051) WM 0.34(0.17-0.68) 0.002

Outof compoundiclosed 394770 (51)  334/641(52) 079 (0.60-1.00) LAl 095(065139) 0803

Surface water 69770 (9) 220541 (3) 207 (1.18-363) A 257 (1.25-5.28) 001
Main Occupation

Farmerlaborer 106769 (14) 1651640 (26) ref ref

Catte herder 167769 2) 264003)  785(17634.95) ———=—> 7s0s0358  oon

Police/Rangen/Security 11769 (1.4) 61640 (0.9) F——®——> ssia7s172¢9) 0003

Skilledisemi-skiled 431769 (6) 811640 (13) 079(0.48-1.28) - 1.29(0.68-2.47) 0.44

UnemplojePensioner 116769 (15)  83/640 (13) 160 (105-2.46) —— 235(136408) 0002

Child 2747769 (36) 2151640 (34) 241(154376) —— 215(116-397) 0015

Student 189769 (25) 750640 (12) 389(251-6.02) F——a————  so0@74877)  <00001

Other 14769 2) 130640 (2) 152(0.63-361) —— 141(052:380) 0497
House tipe

Hodern 3MT0(43) 3620641 (56) ref et

Traditional 382770(50) 2670641 (42) 167(133-211) e 185(1.36-251)  <0.0001

Tent 161770 2) 1641(02) 2170 (2.99-157.35) f————————> 13950097-19958) 005

No walls/Open 38(5) 1@ 286 (1.37-6.98) e 339(155-7.42) 0.002
Adequate net coverage 130770(17) 208641 (32) 0.44(033-057) - 052(035-076) 0001
Sleptunder net 266765(35)  304/639(48)  0.56(0.450.71) L] 070(050099) 0043
Indoor resicual spraying

Never sprayed 2aTI0(d2) - 187R40C0) ref ref

<12months 341770(44)  364BL0(ST) 049038063 |l 059(0.42:083) 0002

One year or more 20770 (4) 411640 (6) 042(024074) b 046(024-085) 0014

Dontknow 750770 (10) 481640 (8) 0.86(0.55-1.33) Ha 069(039-122) 0198
Recent mobilty¥

None 689770 (89) 5241641 (82) ref et

Domestic (Low risk) 14770 2) 500641 (8) 031(016-057) 034(0.14-078) 0011

Domestict (High risk) 49770 (6) 601641 (9) 072(0.46-1.12) Ha— 080(047-135) 0404

Cross-border 181770 (2) 71641 (1) 285(1.00-8.16) P————®——> 59501682108 0006
Outdoor bars atnight 14770 2) 251641 (4) 043(024098) W 033(0.16-067) 0002
Outdoor farming at night 52770 (7) 320641 (5) 190(1.20-301) —— 298(156-563) 0001
Travel time to HF (min)

<smin 24425(34) 301618 (49)

5-14min 272725(38) 1831618 (30) 155 (1.16-2.06) e 160(109-234) 0015

>=15min 200725(29) 1341618 (22) 190(1.37-263) e 158 (1.02-244) 0.04
Total Rainfall (mm) mean: 12817 mean:6697  1.02(102-1.02) L} 102(101102) <0001
vl

<2500 9725(5) 139618 (22) ref et

2500-4499 570725(79) 4530618 (73) 369 (248-5.50) = 198(121-326) 0007

>=4500 1161725 (16) 261618 (4) 11.56 (654-20.44) F———®—> 730@651450) <00001
Temperature tertes

Lowest 1 200725(29) 676618 (1) ref et
2 348725(48)  420518(69)  024(0.18-034) | 056(035090) 0015

Highest3 168725(23) 1226618 (20)  0.43(0.29-064) - 152(091256) 0112
Second season (2016) 676/770(88)  447/641(70) 312(234-4.17) i 152(099-232) 0054
Health Facilty

Sesheke 302770(39) 1874641 (29) ref ref

Chinchimani 1770 (1) 251541 (4) 035(0.17-0.73) - 123(049-311) 0665

Choi 208770(27) 1200641 (19) 1.14(0.85-1.55) e 120 (0.76-1.90) 044

Kanono 1770 (1) 476641 ®) 014(007-028) I 037(0.16088) 0025

Kasheshe 59770(77) 981641 (15) 037026059 056(031100) 0049

Sibbinda 179341(23)  162641(25)  068(0.51-090) L] 065(040-106) 0085

0 3.4 B8 7 8 8
<Lower isk— ———Higher risk—>

Fig 4. Unadjusted and adjusted odds ratios for selected exposures associated with the risk of symptomatic malaria
in Zambezi Region, adjusting for matching variables (age, gender, calendar quarter).

https://doi.org/10.1371/journal.pone.0252690.g004

95%CI 0.42-0.87), suggesting a household level protective effect persists after accounting for
individual net use. An interaction between net use and occupational category suggested that
individual net use was protective in children, unemployed persons and skilled/semi-skilled
workers (p = 0.006, 0.099, and 0.015), but not in students, agricultural workers, or police/secu-
rity guards (p = 0.465, 0.997, and 0.137). Neither of the two controls that were occupied as cat-
tle herders reported using a net and so this interaction was not included in the final model.
Any indoor residual spraying on the walls of the sleeping structure was associated with a lower
risk of malaria, either within the past year (aOR: 0.63 95%CI 0.44-0.90) or more than one year
ago (aOR: 0.44 95%CI 0.23-0.82) compared to never having been sprayed.

Environmental and seasonal risk factors. Residing more than 5 minutes from a health
facility was associated with a higher risk of malaria (aOR: 1.63 95%CI 1.10-1.67). Environmen-
tal factors were strongly associated with malaria risk, with each millimeter of rainfall in the
month prior to presentation associated with a 2% increase in the adjusted odds of malaria
(aOR: 1.01 95%CI: 1.01-1.02). Similarly, higher levels of vegetation measured by EVI were
associated with increasing odds of malaria (Fig 4). After adjusting for other environmental risk
factors, higher levels of LST remained associated with lower risk of malaria.

Increased levels of rainfall and vegetation in 2016 compared to 2015 (p<0.0001 by t-test)
likely partly account for higher levels of malaria transmission. However, even after accounting
for environmental variables in the final model and variation between calendar quarters, there
was weak evidence of higher risk of malaria in 2016 (aOR: 1.60 95%CI 1.02-2.52).

Sensitivity analyses. Further analyses were performed in which the characteristics of con-
trols recruited during the main transmission season (between 1 November and 31 May) were
compared to those recruited outside the main transmission season; no notable changes were
evident in the risk factors for malaria using the full dataset compared to the restricted dataset
but estimates were slightly more precise (data not shown).
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LCA results: High risk profiles

After comparison of fit statistics, a model with six classes was found to be the best fit for the
data [BIC (6 class) = 11343; BIC (5 class) = 11423]; higher numbers of classes resulted in
numerical difficulties. The conditional probabilities of each malaria risk factor associated with
clusters are shown in Fig 5 and S3 Table, and group characteristics in Table 3. Clusters were
named to best represent the characteristics of each cluster, which were strongly correlated with
occupation, age and select behavioral risk factors. Use of malaria prevention was similar across
classes, suggesting low net use and IRS are likely to contribute to transmission in all groups.

Class 1 -Young children (n = 57, 7.4%): were a smaller risk group but included a relatively
high proportion of migrants (15%) and cross-border travelers (5%). The group had the highest
proportion of foreign-born individuals (28%) and were largely rural and poor, with the major-
ity living further than 5 minutes from a health facility (68%) and in the lowest socioeconomic
tertile (70%). This group was less likely than other classes to have been active outdoors between
sunset and sunrise, suggesting that transmission occurs in the home or while sleeping
outdoors.

Class 2 -Namibian pensioners (n = 54, 7.0%): were another small risk group comprised of
individuals identified as pensioners or unemployed who were predominantly Namibian
(92%), local residents (98%), female (70%) and aged 60 years and above. A fifth (20%) reported
agricultural work at night with most outdoor activities reported after sunset and early in the
morning. These cases predominately arose later in the transmission season (89%) and during
the 2016 outbreak (94%).

Class 3 —Primary school-age children (n = 168, 21.8%): were a large risk group and included
children aged 5-14 years (median age 8 and IQR 8-11 years). Members of this group were
more likely to sleep in the open (9%) and without a net the previous night (65%). Reported
outdoor exposure was primarily after sunset, and members engaged in play or domestic activi-
ties. These cases were identified earlier in the transmission season (25% in February) com-
pared to many other groups and had a relatively large burden in the 2016 outbreak, along with
pensioners and students.

Class 4 —(Self-identified) Students (n = 106, 13.8%): were at higher risk of malaria than those
who self-identified as children, for largely unknown reasons. These individuals tended to be
slightly older (median age 11 and IQR = 9-13 years) than Class 3. Compared to other groups,
members of this class were more likely to be male and live more than 15 minutes from a health
facility (37%). Although IRS at their main place of residence was relatively high, the study did
not capture sleeping at a school dormitory and many individuals reported sleeping without a
net the previous night (69%).

Class 5 -Adults; non-agricultural workers (n = 278, 36.1%): broadly included young adults
(median age 21 and IQR 17-30 years) with outdoor non-agricultural occupations, such as cat-
tle herders, security personnel and police officers, and rangers. This class also included a subset
of younger unemployed persons and older students who were included here as a function of
age and lack of agricultural exposures. While overall 15% of individuals in this class identified
themselves as non-Namibian, there was variation within occupational subgroups. For example,
a higher proportion of cattle herders were Zambian (69%) and were diagnosed early in the
transmission season (31%) compared to unemployed persons (16% Zambian and 10% early in
the season). This class had the lowest net use of all groups (28%).

Class 6 -Adults; agricultural workers (n = 107, 13.9%): included adults (median age 33 and
IQR 25-46 years) who identified as agricultural workers. While this broad occupational cate-
gory did not have a high risk of malaria, other high risk characteristics tend to co-occur and
define members of this group, including agricultural work at night (38%), foreign citizenship
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Fig 5. Profile plot of estimated indicator probabilities and latent class proportions for all six latent classes of malaria risk in a sample of malaria cases
from Zambezi Region. The item-response probabilities represent the probability of a positive response on a variable, given membership in a given class.

https://doi.org/10.1371/journal.pone.0252690.9005

(31%), cross-border migration (9%) and recent domestic or cross-border travel (12% and 5%).
These cases were identified earlier in the transmission season (28% in February) compared to
many other groups.

Discussion

In this assessment of risk factors associated with symptomatic malaria in Zambezi Region, our
findings support the presence of 6 distinct malaria high-risk subgroups primarily defined by
key risk factors like occupation and age. In terms of the burden of disease, key groups were
adults with outdoor occupational exposures in Classes 5 and 6 (including subpopulations of
cattle herders, unemployed persons, and farmers who work outdoors at night), and school age
children. Use of malaria prevention was similarly low within these groups, suggesting that they
are frequently missed by intervention campaigns and some sleep in informal or temporary
housing structures without nets or protected by IRS. Environmental factors were strongly
related to malaria risk, and occupational risk factors indicate that outdoor biting and transmis-
sion away from the home is likely to be important in this setting. Based on these findings, tai-
lored strategies are warranted to address transmission within different subpopulations and
improve overall coverage and impact of public health interventions. This study describes a
robust methodology for understanding populations at greater risk of malaria transmission
where risk factors overlap or co-occur.

Opverall, study findings point towards exposures occurring outdoors and away from home,
and a need to investigate worksites as potentially important sites of transmission linking vil-
lages within foci. Results from our analyses suggest that adults with outdoor occupational
exposures, including field workers and cattle herders working in agricultural areas, are an
important risk group in this setting. A cross-sectional survey in 2015 in Zambezi Region
reported a similar five-fold increase in the odds of malaria infection associated with

PLOS ONE | https://doi.org/10.1371/journal.pone.0252690 June 25, 2021 14/23


https://doi.org/10.1371/journal.pone.0252690.g005
https://doi.org/10.1371/journal.pone.0252690

PLOS ONE Malaria risk factors in northern Namibia

Table 3. Profiles of six high risk malaria clusters based on individual risk factors, including select class conditional probabilities (full in S3 Table) and key socio-
demographic and behavioral indicators.

Characteristic Class 1 Young | Class 2 Namibian pensioners Class 3 Class 4 Class 5 Outdoor exposures Class 6 Adult agr.
children SAC Students workers
Number (%) 57 (7%) 54 (7%) 168 106 (14%) 278 (36%) 107 (14%)
(22%)
Median age [IQR] 3 [2-4] 69 [62-76] 8[7-11] 11 [9-13] 21 [17-30] 33 [25-46]
(years)
Male 51% 30% 52% 56% 58% 60%
Primary occupation | Child (100%) Pensioner (72%) Unemployed Child Student Unemployed (25%) Cattle herder (6%) Agr./fishing (93%)
(s) (13%) Agr./fishing (11%) (100%) (100%) Student (30%) Police/security (4%) Sales/service (4%)
Foreign citizenship 28% 6% 12% 13% 15% 31%
Migrant:
Domestic 5% 2% 0% 3% 9% 4%
Cross-border 11% 0% 5% 1% 5% 9%
Recent travel:
Domestic 5% 7% 2% 7% 12% 12%
Cross border 5% 2% 2% 1% 1% 5%
Lowest SES asset 70% 56% 53% 58% 51% 41%
tertile
Housing:
Modern 44% 39% 47% 42% 42% 45%
Traditional 51% 59% 43% 53% 50% 50%
Tent 0% 2% 1% 1% 4% 2%
Open 5% 0% 9% 5% 4% 3%
Never sprayed 49% 44% 45% 34% 42% 41%
Net use prior night 46% 40% 35% 31% 28% 47%
Median # activities 3 3 2 2 2 1
Time of outdoor activities
After sunset 14% 26% 59% 62% 61% 52%
Late evening/all 0% 4% 1% 0% 3% 4%
night
Early morning 2% 30% 17% 21% 35% 64%
Agricultural work at 0% 20% 0% 0% 0% 38%
night
Sleep outdoors at 21% 22% 18% 18% 13% 32%
night
Playing outdoors at 12% 0% 52% 29% 10% 0%
night
>15min from health 26% 17% 30% 37% 30% 22%
facility
Health facility
Sesheke 32% 46% 43% 19% 44% 40%
Choi 26% 22% 30% 28% 26% 27%
Kasheshe 7% 6% 11% 10% 7% 2%
Sibbinda 32% 21% 11% 41% 21% 28%
Kanono 2% 2% 1% 1% 2% 2%
Chinchimani 2% 4% 2% 1% 1% 1%
Early in season 21% 11% 30% 12% 19% 30%
2016 season 79% 94% 90% 91% 88% 82%

IQR: inter-quartile range; SES: socioeconomic status.

https://doi.org/10.1371/journal.pone.0252690.t1003
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agricultural occupations and cattle herders, detected by loop-mediated isothermal amplifica-
tion [30]. Despite the ubiquity of malaria in rural, farming areas across sub-Saharan Africa
and well documented risk in seasonal migrants and permanent agricultural workers in Ethio-
pia [36, 37], few studies have explicitly investigated how agricultural exposures (including
occupation and land cover) influence individual malaria risk [38, 39]. The effect of agricultural
practices and crop types may vary, with differences in effect estimates influenced by vector bio-
nomics, human population susceptibility and other mediating factors like access to and use of
malaria prevention [40-42]. Recent entomological assessments within the study area found
that vectors will bite outdoors throughout the hours of 7pm to 7am, with peaks between 10-
12pm and 3-5am [43]. Amongst agricultural workers in the current study, the marginal effect
of working outdoors early in the morning and/or evenings translated to a 12% increase in the
odds of being a case, reinforcing the importance of behavioral differences as a mediator of vec-
tor-human contact. Other outdoor occupations such as cattle herders, security guards, police
offices and rangers had a relatively high risk of malaria, and unemployed persons also reported
frequent outdoor exposures such as agricultural activities and sleeping outside at night. Sur-
prisingly, after controlling for other risk-factors in the model, spending time outdoors at bars
between biting hours was associated with a lower risk of malaria [44]. This protective effect
was observed only in females, some of whom worked at the location, and suggests the presence
of uncontrolled confounding or selection bias in relation to behavioral risk or treatment seek-
ing behaviors. Alternatively, this finding could be due to chance, given the low prevalence of
this exposure and small sample size.

The study found a higher risk of malaria in cross-border travelers compared to those who
did not travel or those who traveled domestically, despite the low occurrence of cross-border
travel. Trips were overwhelmingly for family and work-related reasons, with cross border trips
of longer duration and lower frequency than domestic travel. Specific sub-groups of cases,
including cattle herders, agricultural workers and young children, were more likely to identify
as non-Namibian (70%, 31% and 28% respectively) and migrants or cross-border travelers
compared to other groups. Cross-border travelers are a known high risk group across southern
Africa, and their vulnerability to infection is attributed to lower access to health services and
use of malaria prevention at their destination, in combination with travel to/from higher trans-
mission settings [4, 45-48]. Domestic travel to low risk areas (defined as areas with no trans-
mission or <10% of the regional total in Zambezi Region) was protective against malaria and
there was no evidence of an association between malaria and travel to higher risk areas within
Namibia. Research by Tessema et al. complements these findings and, using genetic data
derived in part from this study, demonstrated high levels of genetic parasite connectivity to
neighboring countries and in particular, Western Zambia [49]. In this setting, it is likely that
health facility data underrepresent seasonal workers and young children who may accompany
their parents for seasonal work, due to the remoteness of worksites and potential concerns
around payment in relation to residency status. This study highlights the diversity of mobile
populations in northern Namibia, and illustrates the need to tailor community-based solutions
to local contexts to address population mobility [50].

Self-identified students accounted for nearly a quarter of malaria cases and school-aged
children represented half of all cases in the study area. Malaria is prevalent in school-aged pop-
ulations across moderate and high transmission contexts [51-53], behavioral risk factors that
lead to increased exposure of these age groups to malaria as well as effective control measures
that target younger children. In this study, there was a clear shift in the burden of cases towards
younger age groups between 2015 and the outbreak in 2016 (Table 1), reflecting the impact of
the epidemic on a susceptible population in a normally low endemic context. Net and IRS cov-
erage was insufficient across all populations, but learners in grades 9-12 may be particularly

PLOS ONE | https://doi.org/10.1371/journal.pone.0252690 June 25, 2021 16/23


https://doi.org/10.1371/journal.pone.0252690

PLOS ONE

Malaria risk factors in northern Namibia

exposed when staying away from home during exam periods (February to November). During
this time, students typically stay on or near school grounds and sleep in tents or hostels with
little or no access to bednets. School-based malaria interventions are a staple intervention in
higher burden settings and in Namibia, offer a targeted approach to improve intervention cov-
erage and hence impact on transmission dynamics. School-based interventions are able to
leverage a trained cadre of teachers, making them cost-efficient agents for combining malaria
prevention education with distribution of LLINs [54, 55] and have been successfully integrated
with existing neglected tropical disease (NTD) mass drug administration campaigns [56].
Housing improvements at dormitories would be a low cost and potentially high impact inter-
vention. Preventive treatment (PT) of malaria in school-age children has shown impact on
prevalence of asexual parasites and gametocytes, clinical malaria and anaemia across transmis-
sion settings [57, 58]. Vector control and rapid access to case management through school
platforms would be relatively cost-effective, while highly targeted intermittent PT to hotspots
might be feasible, in conjunction with drug resistance monitoring and management [59].

Our study supported many established risk factors for malaria including: housing type,
malaria prevention measures, including individual net use, household net coverage, and IRS
coverage, and environmental factors including weather and distance to health facility. A higher
risk of malaria was associated with traditional or informal housing structures, including those
with open eves, open sides and tents. These findings are corroborated by the literature, in
which improved housing is consistently associated with reduced risk of a range of malaria out-
comes [29, 60-63] and provides barriers to mosquito entry [64, 65]. The protective effect of
ITNs is well established in areas of stable and unstable malaria transmission [66], and a univer-
sal net distribution took place in Zambezi region in 2013 [1]. Since this, their distribution has
been restricted to vulnerable populations through antenatal clinics and, more recently, in a tar-
geted approach to some of the high-risk populations identified in this study. In elimination set-
tings, programs may be challenged by lower uptake of some interventions due to the
perception that malaria is no longer a risk, which should be managed through targeted messag-
ing and health promotion [67]. In contrast, IRS is currently a cornerstone of the malaria elimi-
nation strategy in Namibia, which used predominantly DDT for malaria vector control up till
2017. DDT is typically expected to be effective over a six to 12 month time frame [68], but this
study found a protective effect of IRS within the past year or ever, compared to never having
been sprayed. Some of this apparent effect may be capturing residual confounding related to
socioeconomic status or proximity to a road/village center. Taken within the context of low
coverage of malaria preventive measures, these findings suggest that a large proportion of
transmission still occurs indoors in Zambezi region and effective control will require targeted
scale up of these interventions. Climatic risk factors including temperature, vegetation (EVI)
(a proxy measure of relative humidity [69]) and precipitation in the month prior to diagnosis
suggest that transmission varies on relatively small scales [4, 70, 71]. After accounting for rain-
fall, increased risk associated with higher EVI and lower temperatures is likely to relate to
greater availability of larval habitats [72] and lower thermal optima for mosquito and parasite
development [73]. These relationships are difficult to disentangle from seasonal variation in
risk-behaviors, such as agricultural work, which occur in areas with higher vegetation and dur-
ing the wet season. Increased distance to health facility was associated with a higher risk of
malaria, which likely reflects lower access to care and socioeconomic vulnerability, as found in
previous studies using DHS data [28]. Individuals who reported surface water as their main
source of drinking water were more likely to have malaria, and may indicate the presence of
vector breeding sites near a household or act as a proxy measure of socioeconomic status.

The main limitation of this study lies in its health facility-based design, which limits infer-
ence to symptomatic and higher density infections diagnosed by RDT and treatment seeking
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populations. Case recruitment at health facilities remains the most feasible option in low
endemic settings, and selection of controls from this same population avoids documented
selection biases due to treatment seeking [4, 28]. However, sub-populations with lower treat-
ment seeking behaviors are likely to be underrepresented in both case and control data. In
addition, the large malaria outbreak across southern Africa in 2016 presented a key operational
challenge during implementation, and resulted in a higher case burden, challenges in recruit-
ment of controls and altered transmission dynamics. Associations and identified risk factors in
non-epidemic years may differ. In general, matching was successful only in the first transmis-
sion season, when incident case numbers were lower and it was possible to recruit control pro-
files within a shorter time frame. The results from the sensitivity analysis, which restricted the
sample to controls recruited within the same timeframe as incident cases, did not result in
changes to the model. Potential sources of measurement error that could introduce misclassifi-
cation in exposures include recall bias for self-reported measures of net usage and travel his-
tory, geolocation errors and uncertainty around relevant periods of exposure due to variation
in the length of time between infection and diagnosis. Finally, statistical power to assess inter-
actions was limited by the small sample size of some occupational sub-groups and low preva-
lence of other specific risk factors.

The findings from this study have important programmatic implications. Routine surveil-
lance data should collect detailed occupational data to allow monitoring within sub-groups
and IRS should be scaled up to achieve high coverage of vector control interventions amongst
high risk groups. Intervention approaches can be targeted and tailored for specific groups and
delivery strategies adapted to leverage existing occupational and educational networks and
thereby improve access and community engagement in target populations. Community and
school-based intervention campaigns are a natural fit as community leaders and teachers are
likely to know who is travelling or engaged in particular occupational categories. Ethiopia
implemented a successful community-based test and treat strategy in the home villages of
returning migrant workers [74]. Police and security services are another easy group to target
through intersectoral engagement and existing organizational structures, which has been done
successfully in the Greater Mekong Subregion [75]. Worksites where seasonal agricultural
workers congregate away from their home and experience gaps in protection are another
access point for targeted interventions. Existing quantitative and qualitative methods used in
HIV can provide effective tools to adapt and integrate routine surveillance and response activi-
ties for high-risk populations [76]. Furthermore, there is a need to pair entomological data col-
lection with targeted surveys to understand the role of vector characteristics, including
seasonal patterns and biting behaviors, on transmission at these locations. Future work is
needed to understand the role of malaria high risk populations in driving transmission and the
potential impact of targeted interventions.

Conclusions

In this low endemic, cross-border setting, there are distinct malaria high risk populations with
clearly identified exposures to infection and gaps in preventative interventions. Targeted and
tailored intervention strategies are needed to extend coverage to these risk groups, including
delivery through schools and worksites. Low IRS coverage and ITN use, coupled with outdoor
exposures, suggest that targeted scale up of vector control activities should also consider spe-
cific interventions to address outdoor transmission and provide protection against outdoor
biting. Adapting routine malaria surveillance and response to include high-risk populations is
an area of growing concern as countries move closer to elimination and seek to prevent out-
breaks and reintroduction of parasites through cross border movement from neighboring
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endemic areas. The findings from this study and other surveillance data are increasingly used
to guide detailed formative work to support programs in planning for targeted surveillance
and response strategies.

Supporting information

S1 Table. Potential environmental covariates.
(PDF)

$2 Table. Number, percent and univariate analysis for all measured exposures.
(PDF)

S3 Table. Latent class analyses among malaria cases: Probability of latent class member-
ship and item-response probabilities within each of the six clusters.
(PDF)

Acknowledgments

We are grateful to the residents of Zambezi Region for their help and cooperation with the
study; to the National Ministry of Health and Social Services and Regional Directorate of
Health in Zambezi Region.

Author Contributions

Conceptualization: Jennifer L. Smith, Davis Mumbengegwi, Roly Gosling, Adam Bennett,
Hugh J. Sturrock.

Formal analysis: Jennifer L. Smith.

Funding acquisition: Roly Gosling.

Methodology: Jennifer L. Smith, Hugh J. Sturrock.

Project administration: Erastus Haindongo.

Supervision: Davis Mumbengegwi, Erastus Haindongo, Carmen Cueto, Kathryn W. Roberts.
Writing - original draft: Jennifer L. Smith.

Writing - review & editing: Jennifer L. Smith, Davis Mumbengegwi, Erastus Haindongo, Car-
men Cueto, Kathryn W. Roberts, Roly Gosling, Petrina Uusiku, Immo Kleinschmidt,
Adam Bennett, Hugh J. Sturrock.

References

1. Smith Gueye C, Gerigk M, Newby G, Lourenco C, Uusiku P, Liu J. Namibia’s path toward malaria elimi-
nation: a case study of malaria strategies and costs along the northern border. BMC public health.
2014; 14:1190. Epub 2014/11/21. https://doi.org/10.1186/1471-2458-14-1190 PMID: 25409682.

2. ChandaE, Arshad M, Khaloua A, Zhang W, Namboze J, Uusiku P, et al. An investigation of the Plasmo-
dium falciparum malaria epidemic in Kavango and Zambezi regions of Namibia in 2016. Transactions of
the Royal Society of Tropical Medicine and Hygiene. 2018; 112(12):546-54. Epub 2018/09/27. https://
doi.org/10.1093/trstmh/try097 PMID: 30252108.

3. Cotter C, Sturrock HJ, Hsiang MS, Liu J, Phillips AA, Hwang J, et al. The changing epidemiology of
malaria elimination: new strategies for new challenges. Lancet (London, England). 2013; 382
(9895):900-11. Epub 2013/04/19. https://doi.org/10.1016/S0140-6736(13)60310-4 PMID: 23594387.

4. Smith JL, Auala J, Haindongo E, Uusiku P, Gosling R, Kleinschmidt |, et al. Malaria risk in young male
travellers but local transmission persists: a case-control study in low transmission Namibia. Malar J.
2017; 16(1):70. Epub 2017/02/12. https://doi.org/10.1186/s12936-017-1719-x PMID: 28187770.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252690 June 25, 2021 19/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252690.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252690.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252690.s003
https://doi.org/10.1186/1471-2458-14-1190
http://www.ncbi.nlm.nih.gov/pubmed/25409682
https://doi.org/10.1093/trstmh/try097
https://doi.org/10.1093/trstmh/try097
http://www.ncbi.nlm.nih.gov/pubmed/30252108
https://doi.org/10.1016/S0140-6736%2813%2960310-4
http://www.ncbi.nlm.nih.gov/pubmed/23594387
https://doi.org/10.1186/s12936-017-1719-x
http://www.ncbi.nlm.nih.gov/pubmed/28187770
https://doi.org/10.1371/journal.pone.0252690

PLOS ONE

Malaria risk factors in northern Namibia

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

Smith JL, Auala J, Tambo M, Haindongo E, Katokele S, Uusiku P, et al. Spatial clustering of patent and
sub-patent malaria infections in northern Namibia: Implications for surveillance and response strategies
for elimination. PLoS One. 2017; 12(8):e0180845. Epub 2017/08/19. https://doi.org/10.1371/journal.
pone.0180845 PMID: 28820883.

Sturrock HIW, Novotny JM, Kunene S, Dlamini S, Zulu Z, Cohen JM, et al. Reactive Case Detection for
Malaria Elimination: Real-Life Experience from an Ongoing Program in Swaziland. PLOS ONE. 2013; 8
(5):63830. https://doi.org/10.1371/journal.pone.0063830 PMID: 23700437

Hsiang MS, Ntuku H, Roberts KW, Dufour MK, Whittemore B, Tambo M, et al. Effectiveness of reactive
focal mass drug administration and reactive focal vector control to reduce malaria transmission in the
low malaria-endemic setting of Namibia: a cluster-randomised controlled, open-label, two-by-two facto-
rial design trial. Lancet (London, England). 2020; 395(10233):1361-73. Epub 2020/04/27. https://doi.
org/10.1016/S0140-6736(20)30470-0 PMID: 32334702.

Grigg MJ, Cox J, William T, Jelip J, Fornace KM, Brock PM, et al. Individual-level factors associated
with the risk of acquiring human Plasmodium knowlesi malaria in Malaysia: a case-control study. The
Lancet Planetary health. 2017; 1(3):e97—e104. Epub 2017/08/02. https://doi.org/10.1016/S2542-5196
(17)30031-1 PMID: 28758162.

Essendi WM, Vardo-Zalik AM, Lo E, Machani MG, Zhou G, Githeko AK, et al. Epidemiological risk fac-
tors for clinical malaria infection in the highlands of Western Kenya. Malar J. 2019; 18(1):211. Epub
2019/06/27. https://doi.org/10.1186/s12936-019-2845-4 PMID: 31234879.

Hsiang MS, Hwang J, Kunene S, Drakeley C, Kandula D, Novotny J, et al. Surveillance for malaria elimi-
nation in Swaziland: a national cross-sectional study using pooled PCR and serology. PLoS One. 2012;
7(1):€29550. Epub 2012/01/13. https://doi.org/10.1371/journal.pone.0029550 PMID: 22238621 follow-
ing conflicts: MSH works at and JH is on secondment to the Global Health Group of the University of
California San Francisco, which exists in part to support countries that are embarked on an evidence-
based pathway towards elimination. SK is the program manager for and SD a program officer for the
Swaziland National Malaria Control Program. DK, JN, and BM work with the Clinton Health Access Ini-
tiative, which is supporting malaria elimination activities in Swaziland. Other authors report no potential
conflicts of interest. This does not alter the authors’ adherence to all the PLoS ONE policies on sharing
data and materials.

Cohen JM. Cross-sectional surveys in Botswana and South Africa. (Personal communication with R.
Gosling)2018.

Agegnehu F, Shimeka A, Berihun F, Tamir M. Determinants of malaria infection in Dembia district,
Northwest Ethiopia: a case-control study. BMC public health. 2018; 18(1):480. Epub 2018/04/13.
https://doi.org/10.1186/s12889-018-5370-4 PMID: 29642899.

Cahyaningrum P, Sulistyawati S. Malaria Risk Factors in Kaligesing, Purworejo District, Central Java
Province, Indonesia: A Case-control Study. Journal of preventive medicine and public health = Yebang
Uihakhoe chi. 2018; 51(3):148-53. Epub 2018/06/12. https://doi.org/10.3961/jpmph.18.036 PMID:
29886710.

Kureya T, Ndaimani A, Mhlanga M. Malaria Outbreak Investigation in Chipinge, Zimbabwe: A Case-
control Study. Iranian journal of parasitology. 2017; 12(3):423-32. Epub 2017/10/06. PMID: 28979353.

Tesfahunegn A, Berhe G, Gebregziabher E. Risk factors associated with malaria outbreak in Laelay
Adyabo district northern Ethiopia, 2017: case-control study design. BMC public health. 2019; 19(1):484.
Epub 2019/05/03. https://doi.org/10.1186/s12889-019-6798-x PMID: 31046711.

Tesfahunegn A, Zenebe D, Addisu A. Determinants of malaria treatment delay in northwestern zone of
Tigray region, Northern Ethiopia, 2018. Malar J. 2019; 18(1):358. Epub 2019/11/11. https://doi.org/10.
1186/s12936-019-2992-7 PMID: 31706356.

Tesfay K, Assefa B, Addisu A. Malaria outbreak investigation in Tanquae Abergelle district, Tigray
region of Ethiopia: a case-control study. BMC research notes. 2019; 12(1):645. Epub 2019/10/06.
https://doi.org/10.1186/s13104-019-4680-7 PMID: 31585549.

Workineh B, Mekonnen FA, Sisay M, Gonete KA. Malaria outbreak investigation and contracting factors
in Simada District, Northwest Ethiopia: a case-control study. BMC research notes. 2019; 12(1):280.
Epub 2019/05/19. https://doi.org/10.1186/s13104-019-4315-z PMID: 31101068.

Clementi E, Bartlett S, Otterstatter M, Buxton JA, Wong S, Yu A, et al. Syndemic profiles of people living
with hepatitis C virus using population-level latent class analysis to optimize health services. Interna-
tional journal of infectious diseases: IJID: official publication of the International Society for Infectious
Diseases. 2020; 100:27-33. Epub 2020/08/19. https://doi.org/10.1016/.ijid.2020.08.035 PMID:
32810594.

Gottert A, Pulerwitz J, Heck CJ, Cawood C, Mathur S. Creating HIV risk profiles for men in South Africa:
a latent class approach using cross-sectional survey data. Journal of the International AIDS Society.
2020; 23 Suppl 2(Suppl 2):e25518. Epub 2020/06/27. https://doi.org/10.1002/jia2.25518 PMID:
32589340.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252690 June 25, 2021 20/23


https://doi.org/10.1371/journal.pone.0180845
https://doi.org/10.1371/journal.pone.0180845
http://www.ncbi.nlm.nih.gov/pubmed/28820883
https://doi.org/10.1371/journal.pone.0063830
http://www.ncbi.nlm.nih.gov/pubmed/23700437
https://doi.org/10.1016/S0140-6736%2820%2930470-0
https://doi.org/10.1016/S0140-6736%2820%2930470-0
http://www.ncbi.nlm.nih.gov/pubmed/32334702
https://doi.org/10.1016/S2542-5196%2817%2930031-1
https://doi.org/10.1016/S2542-5196%2817%2930031-1
http://www.ncbi.nlm.nih.gov/pubmed/28758162
https://doi.org/10.1186/s12936-019-2845-4
http://www.ncbi.nlm.nih.gov/pubmed/31234879
https://doi.org/10.1371/journal.pone.0029550
http://www.ncbi.nlm.nih.gov/pubmed/22238621
https://doi.org/10.1186/s12889-018-5370-4
http://www.ncbi.nlm.nih.gov/pubmed/29642899
https://doi.org/10.3961/jpmph.18.036
http://www.ncbi.nlm.nih.gov/pubmed/29886710
http://www.ncbi.nlm.nih.gov/pubmed/28979353
https://doi.org/10.1186/s12889-019-6798-x
http://www.ncbi.nlm.nih.gov/pubmed/31046711
https://doi.org/10.1186/s12936-019-2992-7
https://doi.org/10.1186/s12936-019-2992-7
http://www.ncbi.nlm.nih.gov/pubmed/31706356
https://doi.org/10.1186/s13104-019-4680-7
http://www.ncbi.nlm.nih.gov/pubmed/31585549
https://doi.org/10.1186/s13104-019-4315-z
http://www.ncbi.nlm.nih.gov/pubmed/31101068
https://doi.org/10.1016/j.ijid.2020.08.035
http://www.ncbi.nlm.nih.gov/pubmed/32810594
https://doi.org/10.1002/jia2.25518
http://www.ncbi.nlm.nih.gov/pubmed/32589340
https://doi.org/10.1371/journal.pone.0252690

PLOS ONE

Malaria risk factors in northern Namibia

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.
33.
34.
35.

36.

37.

38.

39.

40.

41.

Merzouki A, Styles A, Estill J, Orel E, Baranczuk Z, Petrie K, et al. Identifying groups of people with simi-
lar sociobehavioural characteristics in Malawi to inform HIV interventions: a latent class analysis. Jour-
nal of the International AIDS Society. 2020; 23(9):e25615. Epub 2020/09/29. https://doi.org/10.1002/
jia2.25615 PMID: 32985772.

Programme GotRoNNV-bDC. Malaria annual report 2014/2015. Windhoek: Ministry of Health and
Social Services, Republic of Namibia, 2015.

Namibia Statistics Agency. 2011 Population and Housing Census: Regional Profile, Zambezi Region.
2014.

Coetzee M, Craig M, le Sueur D. Distribution of African malaria mosquitoes belonging to the Anopheles
gambiae complex. Parasitology today (Personal ed). 2000; 16(2):74—7. Epub 2000/02/01. https://doi.
0rg/10.1016/s0169-4758(99)01563-x PMID: 10652493.

Haiyambo DH, Uusiku P, Mumbengegwi D, Pernica JM, Bock R, Malleret B, et al. Molecular detection
of P. vivax and P. ovale foci of infection in asymptomatic and symptomatic children in Northern Namibia.
PLoS neglected tropical diseases. 2019; 13(5):e0007290. Epub 2019/05/03. https://doi.org/10.1371/
journal.pntd.0007290 PMID: 31042707 kind. Isaac Quaye received funding from Merck KGA but he is
not employed by Merck. He has no competing interest of any kind.

Medzihradsky OF, Kleinschmidt |, Mumbengegwi D, Roberts KW, McCreesh P, Dufour M-SK, et al.
Study protocol for a cluster randomised controlled factorial design trial to assess the effectiveness and
feasibility of reactive focal mass drug administration and vector control to reduce malaria transmission
in the low endemic setting of Namibia. BMJ Open. 2018; 8. https://doi.org/10.1136/bmjopen-2017-
019294 PMID: 29374672

WorldPop. www.worldpop.org.

Alegana VA, Wright JA, Pentrina U, Noor AM, Snow RW, Atkinson PM. Spatial modelling of healthcare
utilisation for treatment of fever in Namibia. International journal of health geographics. 2012; 11:6.
Epub 2012/02/18. https://doi.org/10.1186/1476-072X-11-6 PMID: 22336441.

Tusting LS, Ippolito MM, Willey BA, Kleinschmidt I, Dorsey G, Gosling RD, et al. The evidence for
improving housing to reduce malaria: a systematic review and meta-analysis. Malar J. 2015; 14:209.
Epub 2015/06/10. https://doi.org/10.1186/s12936-015-0724-1 PMID: 26055986.

McCreesh P, Mumbengegwi D, Roberts K, Tambo M, Smith J, Whittemore B, et al. Subpatent malaria
in a low transmission African setting: a cross-sectional study using rapid diagnostic testing (RDT) and
loop-mediated isothermal amplification (LAMP) from Zambezi region, Namibia. Malar J. 2018; 17
(1):480. Epub 2018/12/21. https://doi.org/10.1186/s12936-018-2626-5 PMID: 30567537.

GeoNames Server. http://geonames.nga.mil/gns/html/.

Google Earth. http://earth.google.com.

Falling Rain Global Gazetteer Version 2.3. http://www.fallingrain.com/world/index.html.
Google Earth Engine. https://explorer.earthengine.google.com.

Raykov T, Marcoulides GA, Chang C. Examining Population Heterogeneity in Finite Mixture Settings
Using Latent Variable Modeling. Structural Equation Modeling: A Multidisciplinary Journal. 2016; 23
(5):726-30. https://doi.org/10.1080/10705511.2015.1103193

Lemma W. Impact of high malaria incidence in seasonal migrant and permanent adult male laborers in
mechanized agricultural farms in Metema—Humera lowlands on malaria elimination program in Ethio-
pia. BMC public health. 2020; 20(1):320. https://doi.org/10.1186/s12889-020-8415-4 PMID: 32164610

Schicker RS, Hiruy N, Melak B, Gelaye W, Bezabih B, Stephenson R, et al. A Venue-Based Survey of
Malaria, Anemia and Mobility Patterns among Migrant Farm Workers in Amhara Region, Ethiopia. PloS
one. 2015; 10(11):e0143829—e. https://doi.org/10.1371/journal.pone.0143829 PMID: 26619114.

Messina JP, Taylor SM, Meshnick SR, Linke AM, Tshefu AK, Atua B, et al. Population, behavioural and
environmental drivers of malaria prevalence in the Democratic Republic of Congo. Malar J. 2011;
10:161. Epub 2011/06/11. https://doi.org/10.1186/1475-2875-10-161 PMID: 21658268.

Janko MM, Irish SR, Reich BJ, Peterson M, Doctor SM, Mwandagalirwa MK, et al. The links between
agriculture, Anopheles mosquitoes, and malaria risk in children younger than 5 years in the Democratic
Republic of the Congo: a population-based, cross-sectional, spatial study. The Lancet Planetary health.
2018; 2(2):e74—e82. https://doi.org/10.1016/S2542-5196(18)30009-3 PMID: 29457150.

ljumba JN, Lindsay SW. Impact of irrigation on malaria in Africa: paddies paradox. Medical and veteri-
nary entomology. 2001; 15(1):1-11. Epub 2001/04/12. https://doi.org/10.1046/j.1365-2915.2001.
00279.x PMID: 11297098.

ljumba JN, Mosha FW, Lindsay SW. Malaria transmission risk variations derived from different agricul-
tural practices in an irrigated area of northern Tanzania. Medical and veterinary entomology. 2002; 16
(1):28-38. Epub 2002/04/20. https://doi.org/10.1046/}.0269-283x.2002.00337.x PMID: 11963979.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252690 June 25, 2021 21/23


https://doi.org/10.1002/jia2.25615
https://doi.org/10.1002/jia2.25615
http://www.ncbi.nlm.nih.gov/pubmed/32985772
https://doi.org/10.1016/s0169-4758%2899%2901563-x
https://doi.org/10.1016/s0169-4758%2899%2901563-x
http://www.ncbi.nlm.nih.gov/pubmed/10652493
https://doi.org/10.1371/journal.pntd.0007290
https://doi.org/10.1371/journal.pntd.0007290
http://www.ncbi.nlm.nih.gov/pubmed/31042707
https://doi.org/10.1136/bmjopen-2017-019294
https://doi.org/10.1136/bmjopen-2017-019294
http://www.ncbi.nlm.nih.gov/pubmed/29374672
http://www.worldpop.org
https://doi.org/10.1186/1476-072X-11-6
http://www.ncbi.nlm.nih.gov/pubmed/22336441
https://doi.org/10.1186/s12936-015-0724-1
http://www.ncbi.nlm.nih.gov/pubmed/26055986
https://doi.org/10.1186/s12936-018-2626-5
http://www.ncbi.nlm.nih.gov/pubmed/30567537
http://geonames.nga.mil/gns/html/
http://earth.google.com
http://www.fallingrain.com/world/index.html
https://explorer.earthengine.google.com
https://doi.org/10.1080/10705511.2015.1103193
https://doi.org/10.1186/s12889-020-8415-4
http://www.ncbi.nlm.nih.gov/pubmed/32164610
https://doi.org/10.1371/journal.pone.0143829
http://www.ncbi.nlm.nih.gov/pubmed/26619114
https://doi.org/10.1186/1475-2875-10-161
http://www.ncbi.nlm.nih.gov/pubmed/21658268
https://doi.org/10.1016/S2542-5196%2818%2930009-3
http://www.ncbi.nlm.nih.gov/pubmed/29457150
https://doi.org/10.1046/j.1365-2915.2001.00279.x
https://doi.org/10.1046/j.1365-2915.2001.00279.x
http://www.ncbi.nlm.nih.gov/pubmed/11297093
https://doi.org/10.1046/j.0269-283x.2002.00337.x
http://www.ncbi.nlm.nih.gov/pubmed/11963979
https://doi.org/10.1371/journal.pone.0252690

PLOS ONE

Malaria risk factors in northern Namibia

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

ljumba JN, Shenton FC, Clarke SE, Mosha FW, Lindsay SW. Irrigated crop production is associated
with less malaria than traditional agricultural practices in Tanzania. Transactions of the Royal Society of
Tropical Medicine and Hygiene. 2002; 96(5):476—-80. https://doi.org/10.1016/s0035-9203(02)90408-6
PMID: 12474470

National Vector-borne Disease Control Program NMoHaSS. ESPT Pilot in Namibia. Entomological Sur-
veillance Working Group Meeting; National Harbor, Maryland2019.

Jacobson JO, Smith JL, Cueto C, Chisenga M, Roberts K, Hsiang M, et al. Assessing malaria risk at
night-time venues in a low-transmission setting: a time-location sampling study in Zambezi, Namibia.
Malar J. 2019; 18(1):179. Epub 2019/05/24. https://doi.org/10.1186/s12936-019-2807-x PMID:
31118028.

Raman J, Gast L, Balawanth R, Tessema S, Brooke B, Maharaj R, et al. High levels of imported asymp-
tomatic malaria but limited local transmission in KwaZulu-Natal, a South African malaria-endemic prov-
ince nearing malaria elimination. Malar J. 2020; 19(1):152. Epub 2020/04/17. https://doi.org/10.1186/
$12936-020-03227-3 PMID: 32295590.

Tejedor-Garavito N, Dlamini N, Pindolia D, Soble A, Ruktanonchai NW, Alegana V, et al. Travel patterns
and demographic characteristics of malaria cases in Swaziland, 2010-2014. Malar J. 2017; 16(1):359.
Epub 2017/09/10. https://doi.org/10.1186/s12936-017-2004-8 PMID: 28886710.

Nghipumbwa MH, Ade S, Kizito W, Takarinda KC, Uusiku P, Mumbegegwi DR. Moving towards malaria
elimination: trends and attributes of cases in Kavango region, Namibia, 2010-2014. Public health
action. 2018; 8(Suppl 1):S18-s23. Epub 2018/05/02. https://doi.org/10.5588/pha.17.0076 PMID:
29713589.

Khadka A, Perales NA, Wei DJ, Gage AD, Haber N, Verguet S, et al. Malaria control across borders:
quasi-experimental evidence from the Trans-Kunene malaria initiative (TKMI). Malar J. 2018; 17
(1):224. Epub 2018/06/06. https://doi.org/10.1186/s12936-018-2368-4 PMID: 29866113.

Tessema S, Wesolowski A, Chen A, Murphy M, Wilheim J, Mupiri AR, et al. Using parasite genetic and
human mobility data to infer local and cross-border malaria connectivity in Southern Africa. eLife. 2019;
8. Epub 2019/04/03. https://doi.org/10.7554/eLife.43510 PMID: 30938286.

Sturrock HJW, Roberts KW, Wegbreit J, Ohrt C, Gosling RD. Tackling imported malaria: an elimination
endgame. Am J Trop Med Hyg. 2015; 93(1):139—44. Epub 2015/05/28. https://doi.org/10.4269/ajtmh.
14-0256 PMID: 26013369.

Pinchoff J, Chaponda M, Shields TM, Sichivula J, Muleba M, Mulenga M, et al. Individual and House-
hold Level Risk Factors Associated with Malaria in Nchelenge District, a Region with Perennial Trans-
mission: A Serial Cross-Sectional Study from 2012 to 2015. PLoS One. 2016; 11(6):e0156717. Epub
2016/06/10. https://doi.org/10.1371/journal.pone.0156717 PMID: 27281028.

Nankabirwa J, Brooker SJ, Clarke SE, Fernando D, Gitonga CW, Schellenberg D, et al. Malaria in school-
age children in Africa: an increasingly important challenge. Tropical medicine & international health: TM &
IH. 2014; 19(11):1294-309. Epub 08/22. https://doi.org/10.1111/tmi.12374 PMID: 25145389.

Walldorf JA, Cohee LM, Coalson JE, Bauleni A, Nkanaunena K, Kapito-Tembo A, et al. School-Age
Children Are a Reservoir of Malaria Infection in Malawi. PLOS ONE. 2015; 10(7):e0134061. https://doi.
org/10.1371/journal.pone.0134061 PMID: 26207758

Lalji S, Ngondi JM, Thawer NG, Tembo A, Mandike R, Mohamed A, et al. School Distribution as Keep-
Up Strategy to Maintain Universal Coverage of Long-Lasting Insecticidal Nets: Implementation and
Results of a Program in Southern Tanzania. Global health, science and practice. 2016; 4(2):251-63.
Epub 2016/06/30. https://doi.org/10.9745/GHSP-D-16-00040 PMID: 27353618.

Mphwatiwa T, Witek-McManus S, Mtali A, Okello G, Nguluwe P, Chatsika H, et al. School-based diag-
nosis and treatment of malaria by teachers using rapid diagnostic tests and artemisinin-based combina-
tion therapy: experiences and perceptions of users and implementers of the Learner Treatment Kit,
southern Malawi. Malar J. 2017; 16(1):318. Epub 2017/08/09. https://doi.org/10.1186/s12936-017-
1964-z PMID: 28784129.

Cohee LM, Chilombe M, Ngwira A, Jemu SK, Mathanga DP, Laufer MK. Pilot Study of the Addition of
Mass Treatment for Malaria to Existing School-Based Programs to Treat Neglected Tropical Diseases.
Am J Trop Med Hyg. 2018; 98(1):95-9. Epub 2017/11/17. https://doi.org/10.4269/ajtmh.17-0590 PMID:
29141768.

Rehman AM, Maiteki-Sebuguzi C, Gonahasa S, Okiring J, Kigozi SP, Chandler CIR, et al. Intermittent
preventive treatment of malaria delivered to primary schoolchildren provided effective individual protec-
tion in Jinja, Uganda: secondary outcomes of a cluster-randomized trial (START-IPT). Malar J. 2019;
18(1):318. Epub 2019/09/20. https://doi.org/10.1186/s12936-019-2954-0 PMID: 31533845.

Cohee LM, Opondo C, Clarke SE, Halliday KE, Cano J, Shipper AG, et al. Preventive malaria treatment
among school-aged children in sub-Saharan Africa: a systematic review and meta-analyses. The Lan-
cet Global Health. https://doi.org/10.1016/S2214-109X(20)30325-9 PMID: 33222799

PLOS ONE | https://doi.org/10.1371/journal.pone.0252690 June 25, 2021 22/23


https://doi.org/10.1016/s0035-9203%2802%2990408-6
http://www.ncbi.nlm.nih.gov/pubmed/12474470
https://doi.org/10.1186/s12936-019-2807-x
http://www.ncbi.nlm.nih.gov/pubmed/31118028
https://doi.org/10.1186/s12936-020-03227-3
https://doi.org/10.1186/s12936-020-03227-3
http://www.ncbi.nlm.nih.gov/pubmed/32295590
https://doi.org/10.1186/s12936-017-2004-8
http://www.ncbi.nlm.nih.gov/pubmed/28886710
https://doi.org/10.5588/pha.17.0076
http://www.ncbi.nlm.nih.gov/pubmed/29713589
https://doi.org/10.1186/s12936-018-2368-4
http://www.ncbi.nlm.nih.gov/pubmed/29866113
https://doi.org/10.7554/eLife.43510
http://www.ncbi.nlm.nih.gov/pubmed/30938286
https://doi.org/10.4269/ajtmh.14-0256
https://doi.org/10.4269/ajtmh.14-0256
http://www.ncbi.nlm.nih.gov/pubmed/26013369
https://doi.org/10.1371/journal.pone.0156717
http://www.ncbi.nlm.nih.gov/pubmed/27281028
https://doi.org/10.1111/tmi.12374
http://www.ncbi.nlm.nih.gov/pubmed/25145389
https://doi.org/10.1371/journal.pone.0134061
https://doi.org/10.1371/journal.pone.0134061
http://www.ncbi.nlm.nih.gov/pubmed/26207758
https://doi.org/10.9745/GHSP-D-16-00040
http://www.ncbi.nlm.nih.gov/pubmed/27353618
https://doi.org/10.1186/s12936-017-1964-z
https://doi.org/10.1186/s12936-017-1964-z
http://www.ncbi.nlm.nih.gov/pubmed/28784129
https://doi.org/10.4269/ajtmh.17-0590
http://www.ncbi.nlm.nih.gov/pubmed/29141763
https://doi.org/10.1186/s12936-019-2954-0
http://www.ncbi.nlm.nih.gov/pubmed/31533845
https://doi.org/10.1016/S2214-109X%2820%2930325-9
http://www.ncbi.nlm.nih.gov/pubmed/33222799
https://doi.org/10.1371/journal.pone.0252690

PLOS ONE

Malaria risk factors in northern Namibia

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Teboh-Ewungkem MI, Mohammed-Awel J, Baliraine FN, Duke-Sylvester SM. The effect of intermittent
preventive treatment on anti-malarial drug resistance spread in areas with population movement. Malar
J. 2014; 13:428. Epub 2014/11/16. https://doi.org/10.1186/1475-2875-13-428 PMID: 25398463.

Tusting LS, Gething PW, Gibson HS, Greenwood B, Knudsen J, Lindsay SW, et al. Housing and child
health in sub-Saharan Africa: A cross-sectional analysis. PLoS Med. 2020; 17(3):e1003055. Epub
2020/03/24. https://doi.org/10.1371/journal.pmed. 1003055 PMID: 32203504.

Tusting LS, Bottomley C, Gibson H, Kleinschmidt |, Tatem AJ, Lindsay SW, et al. Housing Improve-
ments and Malaria Risk in Sub-Saharan Africa: A Multi-Country Analysis of Survey Data. PLoS Med.
2017; 14(2):e1002234. Epub 2017/02/22. https://doi.org/10.1371/journal.pmed.1002234 PMID:
28222094.

Kirby MJ, Green C, Milligan PM, Sismanidis C, Jasseh M, Conway DJ, et al. Risk factors for house-
entry by malaria vectors in a rural town and satellite villages in The Gambia. Malar J. 2008; 7:2. Epub
2008/01/09. https://doi.org/10.1186/1475-2875-7-2 PMID: 18179686.

Liu JX, Bousema T, Zelman B, Gesase S, Hashim R, Maxwell C, et al. Is housing quality associated
with malaria incidence among young children and mosquito vector numbers? Evidence from Korogwe,
Tanzania. PLoS One. 2014; 9(2):e87358. Epub 2014/02/08. https://doi.org/10.1371/journal.pone.
0087358 PMID: 24505285.

Wangzirah H, Tusting LS, Arinaitwe E, Katureebe A, Maxwell K, Rek J, et al. Mind the gap: house struc-
ture and the risk of malaria in Uganda. PLoS One. 2015; 10(1):e0117396. Epub 2015/01/31. https://doi.
org/10.1371/journal.pone.0117396 PMID: 25635688.

Bradley J, Rehman AM, Schwabe C, Vargas D, Monti F, Ela C, et al. Reduced prevalence of malaria
infection in children living in houses with window screening or closed eaves on Bioko Island, equatorial
Guinea. PLoS One. 2013; 8(11):e80626. Epub 2013/11/16. hitps://doi.org/10.1371/journal.pone.
0080626 PMID: 24236191 This does not alter our adherence to all the PLOS ONE policies on sharing
data and materials.

Lengeler C. Insecticide-treated bed nets and curtains for preventing malaria. The Cochrane database of
systematic reviews. 2004;(2):Cd000363. Epub 2004/04/24. https://doi.org/10.1002/14651858.
CD000363.pub2 PMID: 15106149.

Makadzange K, Dlamini N, Zulu Z, Dlamini S, Kunene S, Sikhondze W, et al. Low uptake of preventive
interventions among malaria cases in Swaziland: towards malaria elimination. Public health action.
2018; 8(Suppl 1):S29-S33. https://doi.org/10.5588/pha.17.0016 PMID: 29713591.

Global Malaria Programme. Indoor residual spraying: Use of indoor residual spraying for scaling up
global malaria control and elimination. Geneva: World Health Organization, 2006.

Midekisa A, Senay G, Henebry GM, Semuniguse P, Wimberly MC. Remote sensing-based time series
models for malaria early warning in the highlands of Ethiopia. Malar J. 2012; 11:165. Epub 2012/05/16.
https://doi.org/10.1186/1475-2875-11-165 PMID: 22583705.

Alegana VA, Atkinson PM, Wright JA, Kamwi R, Uusiku P, Katokele S, et al. Estimation of malaria inci-
dence in northern Namibia in 2009 using Bayesian conditional-autoregressive spatial-temporal models.
Spatial and spatio-temporal epidemiology. 2013; 7:25-36. Epub 2013/11/19. https://doi.org/10.1016/j.
sste.2013.09.001 PMID: 24238079.

Midekisa A, Beyene B, Mihretie A, Bayabil E, Wimberly MC. Seasonal associations of climatic drivers
and malaria in the highlands of Ethiopia. Parasites & vectors. 2015; 8:339. Epub 2015/06/25. https://doi.
0rg/10.1186/s13071-015-0954-7 PMID: 26104276.

Ren Z, Wang D, Hwang J, Bennett A, Sturrock HIW, Ma A, et al. Spatial-Temporal Variation and Pri-
mary Ecological Drivers of Anopheles sinensis Human Biting Rates in Malaria Epidemic-Prone Regions
of China. PLoS One. 2015; 10(1):e0116932. https://doi.org/10.1371/journal.pone.0116932 PMID:
25611483

Mordecai EA, Caldwell JM, Grossman MK, Lippi CA, Johnson LR, Neira M, et al. Thermal biology of
mosquito-borne disease. Ecol Lett. 2019; 22(10):1690-708. Epub 07/08. https://doi.org/10.1111/ele.
13335 PMID: 31286630.

Chritz S, Yeshiwondim A, Bansil P, Workie WM, Agma AA, Zeleke MT, et al. Malaria control in migrant
laborers working in agricultural farms in Metema Region, Ethiopia: Current practices, feasibility, and
acceptability of new malaria interventions #1004. ASTMH2017.

Manning JE, Satharath P, Gaywee J, Lopez MN, Lon C, Saunders DL. Fighting the good fight: the role
of militaries in malaria elimination in Southeast Asia. Trends in parasitology. 2014; 30(12):571-81.
Epub 2014/12/03. https://doi.org/10.1016/].pt.2014.10.002 PMID: 25455566.

Jacobson JO, Cueto C, Smith JL, Hwang J, Gosling R, Bennett A. Surveillance and response for high-
risk populations: what can malaria elimination programmes learn from the experience of HIV? Malar J.
2017; 16(1):33. Epub 2017/01/20. https://doi.org/10.1186/s12936-017-1679-1 PMID: 28100237.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252690 June 25, 2021 23/23


https://doi.org/10.1186/1475-2875-13-428
http://www.ncbi.nlm.nih.gov/pubmed/25398463
https://doi.org/10.1371/journal.pmed.1003055
http://www.ncbi.nlm.nih.gov/pubmed/32203504
https://doi.org/10.1371/journal.pmed.1002234
http://www.ncbi.nlm.nih.gov/pubmed/28222094
https://doi.org/10.1186/1475-2875-7-2
http://www.ncbi.nlm.nih.gov/pubmed/18179686
https://doi.org/10.1371/journal.pone.0087358
https://doi.org/10.1371/journal.pone.0087358
http://www.ncbi.nlm.nih.gov/pubmed/24505285
https://doi.org/10.1371/journal.pone.0117396
https://doi.org/10.1371/journal.pone.0117396
http://www.ncbi.nlm.nih.gov/pubmed/25635688
https://doi.org/10.1371/journal.pone.0080626
https://doi.org/10.1371/journal.pone.0080626
http://www.ncbi.nlm.nih.gov/pubmed/24236191
https://doi.org/10.1002/14651858.CD000363.pub2
https://doi.org/10.1002/14651858.CD000363.pub2
http://www.ncbi.nlm.nih.gov/pubmed/15106149
https://doi.org/10.5588/pha.17.0016
http://www.ncbi.nlm.nih.gov/pubmed/29713591
https://doi.org/10.1186/1475-2875-11-165
http://www.ncbi.nlm.nih.gov/pubmed/22583705
https://doi.org/10.1016/j.sste.2013.09.001
https://doi.org/10.1016/j.sste.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24238079
https://doi.org/10.1186/s13071-015-0954-7
https://doi.org/10.1186/s13071-015-0954-7
http://www.ncbi.nlm.nih.gov/pubmed/26104276
https://doi.org/10.1371/journal.pone.0116932
http://www.ncbi.nlm.nih.gov/pubmed/25611483
https://doi.org/10.1111/ele.13335
https://doi.org/10.1111/ele.13335
http://www.ncbi.nlm.nih.gov/pubmed/31286630
https://doi.org/10.1016/j.pt.2014.10.002
http://www.ncbi.nlm.nih.gov/pubmed/25455566
https://doi.org/10.1186/s12936-017-1679-1
http://www.ncbi.nlm.nih.gov/pubmed/28100237
https://doi.org/10.1371/journal.pone.0252690

