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Abstract

Background

Persons with submicroscopic malaria infection are a major reservoir of gametocytes that
sustain malaria transmission in sub-Saharan Africa. Despite recent decreases in the
national malaria burden in Kenya due to vector control interventions, malaria transmission
continues to be high in western regions of the country bordering Lake Victoria. The objective
of this study was to advance knowledge of the topographical, demographic and behavioral
risk factors associated with submicroscopic malaria infection in the Lake Victoria basin in
Kisumu County.

Methods

Cross-sectional community surveys for malaria infection were undertaken in three eco-epi-
demiologically distinct zones in Nyakach sub-County, Kisumu. Adjacent regions were topo-
logically characterized as lakeshore, hillside and highland plateau. Surveys were conducted
during the 2019 and 2020 wet and dry seasons. Finger prick blood smears and dry blood
spots (DBS) on filter paper were collected from 1,777 healthy volunteers for microscopic
inspection and real time-PCR (RT-PCR) diagnosis of Plasmodium infection. Persons who
were PCR positive but blood smear negative were considered to harbor submicroscopic
infections. Topographical, demographic and behavioral risk factors were correlated with
community prevalence of submicroscopic infections.

Results

Out of a total of 1,777 blood samples collected, 14.2% (253/1,777) were diagnosed as sub-
microscopic infections. Blood smear microscopy and RT-PCR, respectively, detected 3.7%
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(66/1,777) and 18% (319/1,777) infections. Blood smears results were exclusively positive
for P. falciparum, whereas RT-PCR also detected P. malariae and P. ovale mono- and co-
infections. Submicroscopic infection prevalence was associated with topographical variation
(x® = 39.344, df = 2, p<0.0001). The highest prevalence was observed in the lakeshore zone
(20.6%, n = 622) followed by the hillside (13.6%, n = 595) and highland plateau zones
(7.9%, n = 560). Infection prevalence varied significantly according to season (x* = 17.374,
df = 3, p<0.0001). The highest prevalence was observed in residents of the lakeshore zone
in the 2019 dry season (29.9%, n = 167) and 2020 and 2019 rainy seasons (21.5%, n=144
and 18.1%, n = 155, respectively). In both the rainy and dry seasons the likelihood of submi-
croscopic infection was higher in the lakeshore (AOR: 2.71, 95% CI = 1.85-3.95; p<0.0001)
and hillside (AOR: 1.74, 95% Cl = 1.17-2.61, p=0.007) than in the highland plateau zones.
Residence in the lakeshore zone (p<0.0001), male sex (p = 0.025), school age (p=0.002),
and living in mud houses (p = 0.044) increased the risk of submicroscopic malaria infection.
Bed net use (p=0.112) and occupation (p = 0.116) were not associated with submicro-
scopic infection prevalence.

Conclusion

Topographic features of the local landscape and seasonality are major correlates of submi-
croscopic malaria infection in the Lake Victoria area of western Kenya. Diagnostic tests
more sensitive than blood smear microscopy will allow for monitoring and targeting geo-
graphic sites where additional vector interventions are needed to reduce malaria
transmission.

Introduction

Kenya is currently ramping up malaria control interventions in order to reduce disease burden
and eventually eliminate the disease. The primary vector control methods are long-lasting
insecticide-treated nets (LLIN) and indoor residual spraying (IRS) [1]. Despite these efforts,
existing control and treatment tools have not sufficiently reduced malaria morbidity and trans-
mission [1, 2] and vector densities have remained high in western Kenya [3-6]. A substantial
proportion of Plasmodium infections are submicroscopic, with densities too low to be detected
using standard diagnostic methods such as blood smear microscopy. Concerns have been
raised that asymptomatic submicroscopic infections sustain ongoing Plasmodium transmis-
sion, particularly if microscopy is used exclusively for Plasmodium parasite detection [7, 8].
Topography is a major determinant of malaria transmission and endemicity because it
affects local hydrology and the stability and productivity of vector breeding habitats. It is also
linked to the spatial distribution of malaria exposure in the human population [9]. Local popu-
lations may be vulnerable to weather-driven epidemics in areas with low transmission [9-13].
The topography of highland regions in western Kenya consist of hills, valleys, and plateaus
with various drainage characteristics [10]. Mosquito breeding habitats are widely distributed
in lowland areas, whereas breeding habitats are sparse in highlands due to efficient drainage.
The heterogeneous distribution of larval breeding sites also likely affects adult vector spatial
distribution and the risk of human exposure to infective mosquitoes [9, 10, 14]. Despite the
effect of topography on Plasmodium infection risk, information regarding variables that may
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contribute to submicroscopic infection throughout the year in western Kenya near the Lake
Victoria basin is meager.

Seasonality has also been shown to influence malaria burden, with rainfall having a positive
correlation with infection prevalence in both wet and dry seasons. Declines in transmission
observed in prolonged dry seasons are most likely due to the reduced numbers of vector breed-
ing sites [15]. The highland plateau region of western Kenya near the Lake Victoria basin is
located at an elevation of 1600m above sea level, whereas the elevation near the shore is signifi-
cantly lower. Numerous valleys and basin-like depressions with varying levels of malaria trans-
mission intensity occur in hillside regions located between the basin of Lake Victoria and
highland plateau. Human settlements along the hillside depressions may serve as the main
malaria reservoir during the dry seasons [3, 11, 15-17]. However, the overall impact of season-
ality on submicroscopic infection prevalence in these areas remains undetermined. The objec-
tive on this study was to evaluate topological, demographic and behavioral risk factors that
correlate with community submicroscopic malaria infection prevalence in these regions of
Kisumu County, Kenya.

Materials and methods
Study area and population

The study was carried out in the Nyakach Sub-County of Kisumu County in western Kenya
near the shore of Lake Victoria at latitude -.333333° and longitude 34.991°. The area includes
three eco-epidemiological zones: lakeshore, hillside and highland plateau. The lakeshore zone
is characterized by a flat plain at an elevation of 1100-1200m above sea level. It is prone to
flooding during the rainy season. The highland plateau has elevations ranging from 1450 to
>1600m. The hillside zone is located at 1300-1450m, between the lakeshore and Nyabondo
highland plateau. Larval habitats are unstable and permanent habitats scarce in this zone. Nya-
kach sub-County has an area of approximately 327 square kilometers and a population of
168,140 people living in 35,553 households at a population density of 460 people per square
km [18].

Study participation and data collection

Cross-sectional community based surveys were performed in June and November in 2019 and
2020. Malaria transmission generally peaks after the long rainy season in June. The dry season
in November is associated with minimal transmission in western Kenya [14, 19]. A demo-
graphic surveillance system was used to map house locations and conduct a population census
at the beginning of the study. The survey was conducted during the Covid-19 era, however, all
infection prevention and control protocols were followed according to Ministry of Health
guidelines [20]. Field assistants and community health volunteers (CHVs) were recruited from
the local community and trained on the use of Open Data Kit (ODK) software in an Android
Samsung tablet (Version SAM-T380) with a questionnaire for entering data requirements fol-
lowing an interview with the household head. The survey sought to determine community
health, demographic, and socioeconomic characteristics. The questionnaire collected self-
reported information on age, gender, LLIN use, household structure, primary occupation, and
tever history. Participants were categorized into three age groups (<5 years old, 5-<15 years
old, and >15 years old). LLIN use was defined as sleeping under a bed net the night before the
survey. The wall material type was used to assess house structure categorized into the following
groups: Brick/Block, Mud & Wood, and Mud & Cement. Occupation was divided into four
categories (farmer, commercial sales, child younger than working age, and unemployed). Fol-
lowing the WHO definition, a febrile case was defined as an individual with an axillary
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temperature >37.5°C at the time of examination or complaints of fever and other non-specific
constitutional symptoms prior to examination [21].

A total of 1,777 finger-prick blood smears and filter paper DBS samples were collected for
parasite examination via microscopy and RT-PCR, respectively. Blood samples were trans-
ported to the International Centre of Excellence for Malaria Research (ICEMR) laboratories at
Tom Mboya University College located in Homa Bay, Kenya for further analysis.

Processing of blood smears

Finger prick blood smears were examined for Plasmodium parasites by microscopic inspec-
tion. The thick and thin blood films were stained with 10% Giemsa. Two expert microscopists
examined the slides in immersed oil to identify the parasite species. If at least one asexual
blood-stage malaria parasite was found on a slide, it was considered positive. Discrepancies in
slide readings were confirmed by a third experienced microscopist for quality control.

DNA extraction and screening for Plasmodium parasite

The Chelex resin (Chelex-100) saponin method was used with minor modifications [22].
Primers and probes specific to Plasmodium species were used to target 18S ribosomal RNA
[23]. Six pL of PerfeCTa™ qPCR ToughMix™, Low ROX™ Master mix (2X), 0.4 uL each of the
forward and reverse species-specific primers (10 uM), 0.5 uL of the species-specific probe,

0.1 pL of double-distilled water and 2 pL of parasite DNA were used in the PCR reaction. The
following RT-PCR cycling conditions were used: 50°C for 2 minutes, (95°C for 2 minutes,
95°C for 3 seconds, and 58°C for 30 seconds) for 45 cycles (QuantStudio™ 3 Real-Time PCR
System). Nested PCR to detect P. vivax DNA was not performed since recent studies of finger
prick blood samples from ~1,000 local residents failed to detect a single P. vivax infection. Sub-
microscopic malaria infection was defined as an infection detected by RT-PCR but not by
microscopy.

Ethical considerations

The study received ethical approval from Maseno University’s Ethics Review Committee (ref-
erence number: MSU/DRPI/MUERC/00778/19) and the University of California, Irvine’s
Institutional Review Board (HS# 2017-3512). Administrative approval to conduct the study
was obtained from the Kisumu County Director of Health and the Nyakach Deputy County
Commissioner. The survey was open to all community residents who were willing to partici-
pate in the study. Residents who declined to participate in the study or changed their willing-
ness to participate at any time were excluded from the study analysis. All study participants
provided written informed consent. Minors provided assent with informed consent from
parents or guardians.

Data analysis

IBM SPSS Software Version 21.0 was used to analyze the data. The Chi-square test was used to
assess the significance association in malaria infection prevalence across seasons and topogra-
phy. Multiple comparisons between Plasmodium species and seasonality were performed
using the Kruskal-Wallis test followed by Dunn’s multiple comparison test. The adjusted
agreement between microscopy and RT-PCR results were measured using Cohen’s kappa sta-
tistic, sensitivity, specificity, positive predicted value, negative predicted value, and diagnostic
accuracy. Univariate binary logistic regression and multivariate mixed effect binary logistic
regression analyses were used to identify the risk factors associated with submicroscopic
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infection prevalence. In the univariate analysis, all risk factors were tested, and only those with
Pp<0.50 were chosen and included in the multivariate analysis. In the multivariate analysis, var-
iables with p<0.05 were considered significant risk factors. Topography, gender, age, bed net
usage, wall type, occupational, education level, household population size, bednet type, symp-
toms, and seasonality were among the variables investigated. Chi-square test and odds ratio

(OR) with p values <0.05 were considered significant.

Results

Cross-sectional community based surveys were conducted in the June 2019 and June 2020 wet
seasons (n = 458 and n = 388 study participants, respectively) and the November 2019 and
November 2020 dry seasons (n = 456 and n = 475, respectively).

Demographic characteristics of the study population

There were no differences in the number of study participants residing in the lakeshore, hill-
side and highland plateau topographical areas (p = 0.667) (Table 1). Study participants were
more frequently female than male (p = 0.039), equal to and older than 15 years (p<0.0001),
and occupied a household that included three or less residents (p<0.0001). Reported use of
long lasting insecticide treated bed nets was 95.4% at the time of study enrollment. There were
minor changes in bed net use according to season and year, but self-reported bed net use was

greater than 90% in all four cross-sectional surveys (Table 1).

Table 1. Geographic and demographic characteristics of study population.

Parameter Enrollment Season p-value
Rainy (June- | Dry (Nov- Rainy (June- | Dry (Nov-
19) 19) 20)
N =458 N =456 N =388 N =475
n % n % n % n % n %
Topography of residence area Lakeshore 622 | 350 | 155 | 33.8 | 167 | 36.6 | 144 | 37.1 | 156 | 32.8 0.667
Hillside 595 335 | 151 | 33.0 | 158 | 34.6 | 123 | 31.7 | 163 | 343
Plateau 560 31.5 | 152 | 332 | 131 | 28.7 | 121 | 31.2 | 156 | 32.8
Sex Male 674 379 | 160 | 65.1 | 181 | 39.7 | 167 43 166 | 34.9 0.039
Female 1103 | 62.1 | 298 | 349 | 275 | 60.3 | 221 57 309 | 65.1
Age <5 years 241 13.6 75 16.4 50 11.0 36 9.3 80 16.8 | <0.0001
5—<15 years 533 30.0 99 21.6 | 158 | 34.6 | 135 | 34.8 | 141 | 29.7
>15 years 1003 | 56.4 | 284 | 62.0 | 248 | 544 | 217 | 559 | 254 | 535
Household size < 3 individuals 849 47.8 | 267 | 583 | 154 | 33.8 | 164 | 423 | 264 | 55.6 | <0.0001
4-5 individuals 691 389 | 163 | 35.6 | 180 | 39.5 | 175 | 45.1 173 | 36.4
>5 Individuals 237 13.3 28 6.1 | 122 | 26.8 49 12.6 38 8.0
Education level Never attended school 88 50 | 10 22 | 31 6.8 | 28 7.2 19 4.0 | <0.0001
Younger than school age 164 92 | 54 | 11.8 | 40 88 | 23 59 | 47 9.9
Primary school 952 | 53.6 | 187 | 40.8 | 283 | 62.1 | 223 | 57.5 | 259 | 54.5
Secondary school 458 | 258 | 173 | 378 | 78 | 17.1 | 93 24 114 | 24.0
College & above 115 6.5 | 34 74 | 24 53 | 21 5.4 36 7.6
Occupation/ income generating activity | Farmer 521 | 293 | 177 | 38.6 | 135 | 296 | 70 | 18.1 | 139 | 29.3 | <0.0001
Commercial sales 252 14.2 70 15.3 54 11.8 74 19.1 54 114
Unemployed 104 59 | 36 7.9 | 24 53 | 21 5.4 23 4.8
Child younger than working age 900 | 50.6 | 175 | 382 | 243 | 53.3 | 223 | 57.4 | 259 | 54.5
Bed net use 1696 | 954 | 418 | 91.3 | 445 | 97.6 | 367 | 946 | 466 | 98.1 | <0.0001
https://doi.org/10.1371/journal.pone.0268463.t001
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Submicroscopic malaria infection prevalence and correlation with
topographical zone and seasons

Out of the 1,777 samples, submicroscopic infection was 14.2% (253/1,777), with microscopy
and RT-PCR detecting 3.7% (66/1,777) and 18% (319/1,777) infections, respectively (Table 2).
The overall prevalence of Plasmodium parasitemia detected by microscopic inspection of
blood smears and RT-PCR, respectively, varied from 2.3% to 4.8% (p = 0.2355) and 12.8% to
24.6% (p<0.0001) over the two rainy and dry seasons. Blood smear microscopy exclusively
identified P. falciparum infections, whereas RT-PCR identified P. malariae and P. ovale mono-
infections and co-infections with P. falciparum. Plasmodium malariae and P. ovale were
detected in less than one percent of blood samples (Table 2). Submicroscopic infection were
significantly different across seasonality (y* = 17.374, df = 3, p< 0.0001) with high infection in
the dry season of November 2019 (19.7%, n = 456), followed by the rainy season of June 2020
(13.9%, n = 458), then the rainy season of June 2019 (12.9, n = 458), and the dry season of
November 2020 (10.5%, n = 475) (Table 2).

Submicroscopic P. falciparum infection prevalence showed significant topographical varia-
tion (x* = 39.344, df = 2, p<0.0001), with highest value in the lakeshore zone (20.6%) followed
by the hillside zone (13.6%) and highland plateau zone (9.1%) (Fig 1). Further post-hoc multi-
ple comparison analysis revealed significant variation within each and every topographical site
(p<0.05) (S1 Table). The highest sub-microscopic prevalence was observed in residents of the
lakeshore zone in the 2019 dry season (29.9%, n = 167) and 2020 and 2019 rainy seasons
(21.5%, n = 144 and 18.1%, n = 155, respectively) as compared to the hillside and the highland
plateau zones (Fig 1).

Table 2. Plasmodium infection prevalence according to season and diagnostic test.

Diagnosis Plasmodium Season Chi-square | p-value
species value'
Rainy (June-19) Dry (Nov-19) Rainy (June-20) Dry (Nov-20)
Infection (95% CI) infection (95% CI) infection (95% CI) infection (95% CI)
Number of study participants 458 456 388 475
Microscopy Percent P. falciparum 3.9(2.1,5.7) 4.8 (2.9,6.8) 3.8(1.9,5.7) 2.3(1.0,3.7) 4.252 0.2355
positive (95% CI) P. malariae 0 0 0 0 NA?
P. ovale 0 0 0 0 NA
P. falciparum + 0 0 0 0 NA
P. malariae
P. falciparum + 0 0 0 0 NA
P. ovale
Total 3.9(2.1,5.7) 4.8(2.9,6.8) 3.8(1.9,5.7) 2.3(1.0,3.7) 4.252 0.2355
RT-PCR Percent P. falciparum 15.3 (12.0, 18.6) 23.9(20.0, 27.8) 15.7 (12.1, 19.4) 11.4 (8.5,14.2) 27.80 <0.0001
positive (95% CI) | p_ malariae 0.4 (0.17,1.04) 0.2 (0.21,0.65) 0.4 (0.17,1.04) 0.2 (0.20, 0.62) 0.706 0.8717
P. ovale 0.2 (0.21, 0.64) 0.4 (0.16, 1.00) 0.6 (0.09, 1.40) 0.6 (0.08, 1.35) 1.178 0.7584
P. falciparum + 0.4 (0.16, 1.04) 0 0.2 (0.21, 0.65) 0.4 (0.16, 1.01) 2.156 0.5407
P. malariae
P. falciparum + 0.4 (0.16, 1.04) 0 0.5 (0.20, 1.23) 0.2 (0.20, 0.62) 2.522 0.4714
P. ovale
Total 16.8(12.2, 19.8) 24.6 (204, 28.2) 17.8(15.6, 22.9) 12.8(9.8, 16.0) 21.68 <0.0001
Percent submicroscopic infections (95% CI) 12.9 (9.8, 16.0) 19.7 (16.0, 23.4) 13.9 (10.5, 17.4) 10.5 (7.8, 13.3) 17.36 0.0006
! Kruskal-Wallis H test
2 NA = Not Applicable
https://doi.org/10.1371/journal.pone.0268463.t002
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Fig 1. Submicroscopic malaria infection prevalence across topographic zones in rainy and dry seasons.

https://doi.org/10.1371/journal.pone.0268463.9001

Risk factors associated with submicroscopic malaria infection

Residency in the lakeshore zone, age <4 years and 5-<15 years, male sex, household wall type
consisting of mud and cement, subjective fever and elevated body temperature recorded at the
time finger prick blood sample was obtained, and the 2019 dry season were associated with an
increased risk of submicroscopic malaria infection by univariate analysis (Table 3). All risk fac-
tors were tested in the univariate analysis, and only those with P<0.50, such as topography,
gender, age, bed net usage, wall type, occupational, education level, household population size,
bednet type, symptoms, and seasonality, were selected and included in the multivariate analy-
sis. The variables topography, gender, age, bed net usage, wall type, occupational, symptoms,
and seasonality qualified for inclusion in the multivariate analysis. Multivariate analysis
revealed that the associations were significant. However, bed net use was not correlated with
submicroscopic infection prevalence (Table 3).

Impact of topography on risk factors associated with submicroscopic
malaria infection

Children under the age of 5 years old in the lakeshore zone had a lower risk of submicroscopic
infection than residents over the age of 15 years old (AOR: 0.23, 95% CI = 0.10-0.57,

p =0.002). Furthermore, school-aged children (5-<15 years old) in the hillside (RR: 0.56, 95%
CI =0.39-0.82, p = 0.002) and highland plateau zones (RR: 0.25, 95% CI = 0.14-0.45,
p<0.0001) had a lower risk of submicroscopic infection than those in the lakeshore zone
(Table 4). In the lakeshore zone, females had a lower likelihood of submicroscopic infection
than males (AOR: 0.67, 95% CI = 0.45-0.98, p = 0.042), but the hillside (p = 0.102) and high-
land plateau (p = 0.812) zones had no effect on gender likelihood of submicroscopic infection
(Table 4). The relative risk of submicroscopic infection among females was lower in the hillside
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Table 3. Predictive factors associated with submicroscopic malaria infection.

Risk factor

Topography of residence area

Age group

Sex

Bed net usage

Wall type

Occupation/ income generating activity

Symptoms

Seasonality

Category Submicroscopic infection n (%) Univariate Multivariate
OR (95% CI) | p-value' | AOR (95% CI) | p-value’

Lakeshore 128 (20.6) 3.04 (2.11,4.37) | <0.0001 | 2.71 (1.85,3.95) | <0.0001
Hillside 81 (13.6) 1.85(1.26,2.72) | 0.002 | 1.74(1.17,2.61) | 0.007
Plateau 44 (7.9) 1

<5 years 19 (7.9) 0.58 (0.35,0.96) | 0.034 |0.54(0.322,0.89) | 0.017
5-<15 years 105 (19.7) 1.66 (1.25,2.20) | <0.0001 | 1.57 (1.17, 2.09) 0.002
>15 years 129 (12.9) 1

Female 141 (12.8) 0.74 (0.56, 0.96) | 0.025 0.74 (0.56, 0.96) 0.025
Male 112 (16.6) 1

No net 14 (17.9) 1.34(0.74,2.42) | 0.339 1.66 (0.88, 3.10) 0.115
Use net 239 (14.1) 1

Brick & block 40 (11.4) 0.61 (0.39,0.95) | 0.030 | 0.64(0.41,1.00) | 0.049
Mud & wood 160 (14.2) 0.78 (0.55,1.09) | 0.144 | 0.63(0.42,0.98) | 0.044
Mud & cement 53 (17.6) 1

Farmer 60 (11.5) 0.70 (0.46,1.06) | 0.098 | 0.60 (0.39,0.93) | 0.023
Commercial sales 27 (11.5) 0.70 (0.42,1.16) | 0.168 | 0.61(0.36,1.04) | 0.070
Child younger than working age 47 (14.9) 1.06 (0.73,1.54) | 0.772 | 0.77 (0.46,1.29) | 0.314
Unemployed 119 (16.9) 1

Asymptomatic 189 (12.7) 0.51 (0.37,0.70) | <0.0001 | 0.69 (0.48, 0.99) 0.048
Fever 64 (22.1) 1

Wet (June 2019) 59 (12.9) 1.26 (0.84,1.88) | 0.263 1.20 (0.78, 1.83) 0.416
Dry (November 2019) 90 (19.7) 2.09 (1.44, 3.03) | <0.0001 | 1.69 (1.12, 2.54) 0.012
Wet (June 2020) 54 (13.9) 1.37(0.91,2.07) | 0.129 | 1.41(0.85,2.35) | 0.182
Dry (November 2020) 50 (10.5) 1

! P-value determined using univariate binary logistic regression model.

? P-value determined using multivariate mixed effects binary logistic regression model-variables with P value <0.50 in the unadjusted unvariate analysis were

considered.

https://doi.org/10.1371/journal.pone.0268463.t003

(RR: 0.66, 95% CI 0.46-0.93, p = 0.018) and highland plateau (RR: 0.45, 95% CI = 0.30-0.68,
p<0.0001) zones compared to the lakeshore zone. Males in the hillside (RR: 0.67, 95%

CI =0.46-0.97, p = 0.030) and highland plateau (RR: 0.30, 95% CI = 0.30-0.68, p<0.0001)
zones were less likely to be infected than males in the lakeshore zones (Table 4). Although peo-
ple who did not use bed nets in the highland plateau zone had higher likelihood of submicro-
scopic infections than those who did (AOR: 3.37, 95% CI = 1.19-9.54, p = 0.022), there was no
significant difference in the likelihood of infection between bednet users and non-users in the
lakeshores (p = 0.523) and hill side zones (p = 0.958) (Table 4). The risk of sub-microscopic
infection among bednet users was lower in the hillside (RR: 0.67, 95% CI = 0.52-0.87,

p =0.002) and highland plateau zones (RR: 0.35, 95% CI = 0.25-0.50, p<0.0001), than in the
lake zone. Residency in mud wall houses on the hillside and highland plateau had a lower risk
of submicroscopic infection than those who lived in lakeshore zones, with risk factors of 0.48
(RR: 0.48, 95% CI = 0.34-0.67, p<0.0001) and 0.38 (RR: 0.38, 95% CI = 0.26-0.57, p<0.0001),
respectively (Table 4). The likelihood of the submicroscopic infection being symptomatic or
asymptomatic were the same in the lakeshore (p = 0.0.613), hillside (p = 0.125) and the high-
land plateau (p = 0.710) (Table 4). The rainy and dry seasons had a significant impact on the
infection across the topographic zones. In the lakeshore zone, the rainy season of 2020 had 3.4
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times the odds of submicroscopic infection than the dry season (AOR = 3.40, 95% CI = 1.57-
7.36, p = 0.002).

In the highland plateau zone, the wet season of 2020 had 0.16 times odds of submicroscopic
infection as the dry season of 2020 (AOR: 0.16, 95% CI = 0.04-0.63, p = 0.009) (Table 4).

Risk factors associated with submicroscopic infection in malaria infection

A follow-up analysis was performed to determine the prevalence of submicroscopic infection
among the RT-PCR positive cases. Risk factors for submicroscopic infection were also identi-
fied among the RT-PCR positives, including topography, age, gender, wall type, occupation,
symptoms, and seasonality. The sub-microscopic infection was found in 79.3% (253/319) of
the malaria infections. Among the RT-PCR positives, only age group was significantly associ-
ated with submicroscopic infection (p<0.0001). Topography, gender, wall type, occupation,
symptoms, and seasonality, on the other hand, were not associated with submicroscopic infec-
tion in the malaria infection (S2 Table).

Discussion

Despite increased vector control efforts, the persistence of infection in endemic areas remains
problematic. The submicroscopic infection as well as asymptomatic infection in the population
serve as a reservoir for infectious gametocytes, resulting in continuous malaria transmission.
The current study provides evidence on submicroscopic infection carriage along a transect in
western Kenya from the lowland Lake Victoria basin through the hillside to the highland pla-
teau zones, as well as the influence of seasonality and topography on risk factors associated
with submicroscopic infection. The submicroscopic infection in the study area was high at
14.2% (N = 1,777) with the overall prevalence by microscopy and RT-PCR at 3.7% (N = 1,777)
and 18% (N = 1,777) despite the bed net coverage of 95%. The infection showed topographical
and seasonal variations with lower altitudes areas and the wet seasons having the highest car-
riage of infection. In addition, there was a strong association with carriage of submicroscopic
infection if one lived in the lowland lake zone, or was a male, or was of school going age and
lived in a mud walled house. Bed net ownership and resident’s economic activity did not influ-
ence the carriage of submicroscopic infection.

The prevalence of submicroscopic infection varied along the altitudinal transect, according
to the current study. When compared to the highland plateau zone, the lakeshore zone, which
is adjacent to Lake Victoria, had 3-fold higher likelihood of submicroscopic infection. The
findings are consistent with other studies that show a higher prevalence of malaria in lowland
areas than in highland areas [9-13]. The lowland lakeshore zone is distinguished by a flat plain
frequented by flooding, resulting in stagnant water bodies that are potential mosquito breeding
habitats, whereas transmission in the highland plateau area may be less distinct due to the flat
topography and the more diffuse hydrology resulting from numerous streams, hence better
drainage and lower stability of malaria transmission [9, 24-26]. Similarly, residents of the hill-
sides zones were found to be twice as likely as those of the highland plateau zone to have sub-
microscopic infections (AOR: 1.74, 95% CI = 1.17-2.61, p = 0.007). As rivers and streams run
along the valley bottoms and the majority of breeding habitats are confined to the valley bot-
toms as hillside gradients provide efficient drainage, the hillside zone has unstable larval habits.
As a result, heterogeneous distribution of larval breeding habitats is likely to affect adult vector
distribution and heterogeneity exposure of the human population to malaria [9, 14]. In addi-
tion, rainfall correlates positively with malaria incidence, and malaria distribution varies across
different levels of geographical elevation [27]. The hillside zone was discovered to have man-
made ponds and constructed water pans that take time to dry out, providing potential
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breeding sites for mosquitos throughout the seasons. Despite the fact that the hillside is always
dry, human activity on the land, such as the construction of ponds for water reservoirs, serves
as a potential breeding site for mosquitoes. Pools of water collect in the lowlands zones, and
flooding occurs frequently, resulting in stagnant water bodies that are potential mosquito
breeding sites, as opposed to the hillside and highland plateau, which have efficient natural
drainage and diffuse hydrology as a result of numerous streams [9, 10, 14, 28]. During the
rainy season, vectors migrate from valley bottoms towards the top of the hills, being the reason
for the increasing malaria prevalence at higher altitudes [12]. Studies have reported high habi-
tat productivity during the rainy season correlates with increased vector density and species
richness [14, 29, 30], however, the current study did not investigate the effect of seasonality on
larval habitats productivity and the infection burden.

Malaria is expected to be present throughout the year in endemic areas of western Kenya,
with seasonal peaks during the rainy season [15, 19, 31-34]. Environmental modification
caused by economic activities such as dam constructions, where large reservoirs appear to
facilitate malaria transmission by increasing breeding habitat for malaria vector mosquitoes,
appear to facilitate malaria transmission [35]. Environmental manipulation was observed in
the study areas as a result of economic activities such as brick-making, fish farming, irrigation,
rock mining, water pans and man-made ponds that leave depressions on the grounds that are
filled with water could explain the persistence of the infections in the study area. Pools of stag-
nant water are vector breeding grounds, so even if it doesn’t rain, conditions that mimic rainy
seasons are available even during the dry season, allowing pools of water to stay wet for longer
periods of time without drying up, resulting in more vector breeding sites. Climate variability,
which has been shown to influence malaria transmission in endemic areas, may also play a
role in infection persistence because the infectious vector population may increase under
favorable climatic conditions, resulting in malaria prevalence rates remaining stable [3, 15, 33,
36-39].

Existing control and treatment tools have not suppressed mosquito-borne P. falciparum
infection and disease transmission, necessitating the scaling up of intervention strategies [1].
Despite the high net coverage of 95%, not using a bed net had no statistically significant effect
on the likelihood of having submicroscopic infections (p = 0.115). The findings contradict pre-
vious research that found long-lasting insecticide-treated nets to be especially important in
reducing malaria incidence [40-42]. Furthermore, while people who did not use bed nets in
the highland plateau zone had an increased risk of submicroscopic infections compared to bed
net users (AOR: 3.37, 95% CI = 1.19-9.54, p = 0.022), those who did not use bed nets in the
lake and hillside zones had equal chances of infection. Non-compliance with LLINSs is linked
to an increased risk of malaria [42]. However, the current study found no difference in submi-
croscopic infection between bednet users and non-bednet users (p = 0.115), which could be
due to behavioral changes in malaria vectors, with outdoor transmission occurring earlier in
the evenings and mornings when people are not protected by LLIN [43-45], and increased
insecticide resistance to insecticides used in LLINs [46], though the current study did not
investigate these factors.

In the current study, school-aged children were 1.5 times more likely than >15 year olds to
have sub-patent infection. The current study supported previous research that found that
school-going children had an increased risk of submicroscopic infection, acting as reservoirs
of infectious gametocytes and thus maintaining infection in the community [7, 47]. This
higher prevalence of submicroscopic infections in school-age children could be attributed to
increased Plasmodium exposure as a result of inadequate bed net use [8]. Individuals in
malaria-endemic areas develop adaptive immunity as a result of frequent exposure to the P.
falciparum parasite, and this is related to age [48]. Adults are asymptomatic parasite carriers
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because they have developed strong immunity to malaria parasites through repeated expo-
sures, whereas young children are frequently symptomatic because their anti-malarial immu-
nity is still developing [7]. Furthermore, school-aged children from the hillside and highland
plateau zones had a lower risk of submicroscopic infection than those from the lakeshore
zones. The lower transmission pressure on the highland plateau may make residents more sus-
ceptible to Plasmodium infection, as children on the highland plateau may have a slower ability
to suppress parasite density than children in lowland areas with well-established transmission
[9, 47]. While people living in and near lowland areas have a large reservoir of infectious game-
tocytes, people living away from this area have a high proportion of susceptible individuals to
patent malaria.

Gender bias in infections could be attributed to socioeconomic differences that kept them
awake late at night and early in the morning, adult males engage in nocturnal outdoor gather-
ings without the protection of the IRS and treated nets, exposing themselves to mosquito bites
[8, 49]. This could explain why females were 0.7 times less likely than males to develop submi-
croscopic infection in the current study (AOR: 0.74, 95% CI = 0.56-0.96, p = 0.025). According
to the current study, doing business during the dry season increased the risk of developing
submicroscopic infection by 2.68 times. This could be because of increased exposure to infec-
tion risk as a result of favorable weather, as opposed to business disruption caused by rain,
which caused the business to close early. The main economic activity in Lakeshore zone is fish-
ing and reed cutting for mats, which causes residents to stay close to water for longer periods
of time, exposing themselves to mosquito breeding sites, resulting in higher biting rates and
high infection levels. The main economic activity in the highland plateau is farming and brick-
making. The brick-making sites have pits that, when filled with water, provide potential breed-
ing grounds for mosquitoes. However, further investigation revealed that the type of occupa-
tion had no effect on the likelihood of developing submicroscopic infection across the
topography.

The current study found that socio-demographic factors such as housing type was linked to
submicroscopic infection. The characteristics of the house have an impact on submicroscopic
infection. The current study discovered that houses constructed with mud, or mud and cement
increased the risk of submicroscopic infection, which is consistent with the findings of other
studies [19, 25, 26]. The majority of residents in the lakeshore zone had poor housing quality,
with traditionally constructed housing being common. Low socioeconomic status, and poor
housing quality may correlate with the use of personal protection measures, resulting in an
increased risk of infection [50]. The rapid emergence and spread of the COVID-19 has
resulted in massive global disruptions that are affecting people’s lives and well-being. The dev-
astation caused by the pandemic could be greatly exacerbated if the response jeopardizes the
provision of life-saving malaria services [51]. COVID-19-related challenges have contributed
to an increase in antimalarial and RDT stockout rates, resulting in a drop in test-and-treat pol-
icy adherence. [52]. Reduced funding for vector interventions, combined with competing pub-
lic health challenges such as the ongoing COVID-19 pandemic, may result in a rollback of
malaria control gains, leading to increased morbidity and mortality from malaria [53-55].

The current study blood smear microscopy exclusively identified P. falciparum infections,
whereas RT-PCR identified P. malariae and P. ovale mono-infections and co-infections with
P. falciparum. The low sensitivity of sensitivity of microscopy has been reported in western
Kenya [2]. The routine microscopy severely underestimates the burden of infections as the
submicroscopic infection may act as a reservoir of infectious gametocytes [56] and in some
instances may develop to clinical infection [57-59]. The findings of these four-season cross-
sectional surveys revealed that topography and seasonality contribute to persistent malaria
transmission and have an impact on susceptibility to submicroscopic infection.
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Conclusion

A substantial proportion of submicroscopic malaria carriers were found in the population liv-
ing along lakeshores and in mud houses, as well as among males and school-aged children.
However, bed net use and population occupation had no effect on submicroscopic infection.
To maintain progress toward parasite reservoir elimination and case malaria management,
strategies for identifying malaria transmission determinants within sub-counties should be
developed to guide the formulation of targeted interventions in different eco-epidemiological
settings.

Supporting information

S$1 Table. Multiple sub-microscopic infection comparisons within topographical zones.
Dependent Variable: sub-miscroscopic. Tukey HSD. Based on observed means. The error
term is Mean Square (Error) =.120.*. The mean difference is significant at the 0.05 level.
(DOCX)

S2 Table. Predictive factors associated with submicroscopic infection in malaria infection.
(DOCX)

Acknowledgments

We would like to thank the Nyakach Sub-County study participants for their participation in
the study. We would like to express our gratitude to all of the field assistants, CHVs, and field
and lab team members led by Charles Omboko, Polycarp Aduogo and Sally Mungoi who
worked tirelessly to complete this project.

Author Contributions

Conceptualization: Wilfred Ouma Otambo, Patrick O. Onyango, John Githure, Guiyun Yan,
James Kazura.

Data curation: Wilfred Ouma Otambo.

Formal analysis: Wilfred Ouma Otambo, Kevin O. Ochwedo, Patrick O. Onyango, Guofa
Zhou, Collins Ouma.

Funding acquisition: Guiyun Yan.
Investigation: Wilfred Ouma Otambo.

Methodology: Wilfred Ouma Otambo, Collince J. Omondi, Kevin O. Ochwedo, Guofa Zhou,
Andrew K. Githeko, Collins Ouma.

Project administration: Harrysone Atieli, John Githure.

Resources: Guiyun Yan.

Software: Wilfred Ouma Otambo, Kevin O. Ochwedo, Ming-Chieh Lee, Guofa Zhou.
Supervision: Wilfred Ouma Otambo, Patrick O. Onyango, John Githure.

Validation: Wilfred Ouma Otambo.

Visualization: Wilfred Ouma Otambo, Ming-Chieh Lee.

Writing - original draft: Wilfred Ouma Otambo.

PLOS ONE | https://doi.org/10.1371/journal.pone.0268463 May 16, 2022 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268463.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268463.s002
https://doi.org/10.1371/journal.pone.0268463

PLOS ONE

Risk associations of submicroscopic malaria infection in western Kenya

Writing - review & editing: Wilfred Ouma Otambo, Patrick O. Onyango, Ming-Chieh Lee,

Chloe Wang, Guofa Zhou, Andrew K. Githeko, John Githure, Collins Ouma, Guiyun Yan,
James Kazura.

References

10.

1.

12

13.

14.

15.

16.

17.

18.
19.

Kenya Malaria Control Programme. The Kenya Malaria Strategy 2019-2023. 2019.

Otambo WO, Olumeh JO, Ochwedo KO, Magomere EO, Debrah |, Ouma C, et al. Health care provider
practices in diagnosis and treatment of malaria in rural communities in Kisumu County, Kenya. Malar J.
2022; 21:129. https://doi.org/10.1186/s12936-022-04156-z PMID: 35459178

Degefa T, Yewhalaw D, Zhou G, Lee MC, Atieli H, Githeko AK, et al. Indoor and outdoor malaria vector
surveillance in western Kenya: Implications for better understanding of residual transmission. Malar J.
2017; 16:443. https://doi.org/10.1186/s12936-017-2098-z PMID: 29110670

Orondo PW, Nyanjom SG, Atieli H, Githure J, Ondeto BM, Ochwedo KO, et al. Insecticide resistance
status of Anopheles arabiensis in irrigated and non-irrigated areas in western Kenya. Parasit Vectors.
2021; 14:335. https://doi.org/10.1186/s13071-021-04833-z PMID: 34174946

Ng'ang’a PN, Aduogo P, Mutero CM. Long lasting insecticidal mosquito nets (LLINs) ownership, use
and coverage following mass distribution campaign in Lake Victoria basin, Western Kenya. BMC Public
Health. 2021; 21:1046. https://doi.org/10.1186/s12889-021-11062-7 PMID: 34078333

Khagayi S, Desai M, Amek N, Were V, Onyango ED, Odero C, et al. Modelling the relationship between
malaria prevalence as a measure of transmission and mortality across age groups. Malar J. 2019;
18:1-12.

Zhiyong Z, Mitchell RM, Kariuki S, Odero C, Otieno P, Otieno K, et al. Assessment of submicroscopic
infections and gametocyte carriage of Plasmodium falciparum during peak malaria transmission season
in a community-based cross-sectional survey in western Kenya, 2012. Malar J. 2016; 15:1-13.

Ochwedo KO, Omondi CJ, Magomere EO, Olumeh JO, Debrah |, Onyango SA, et al. Hyper - preva-
lence of submicroscopic Plasmodium falciparum infections in a rural area of western Kenya with declin-
ing malaria cases. Malar J. 2021; 20:427.

Githeko A, Ayisi JM, Odada PK, Atieli FK, Ndenga BA, Githure JI, et al. Topography and malaria trans-
mission heterogeneity in western Kenya highlands: prospects for focal vector control. Malar J. 2006;
5:107. https://doi.org/10.1186/1475-2875-5-107 PMID: 17096835

Wanjala CL, Githeko AK, Waitumbi JN. Assessing the impact of topography on malaria exposure and
malaria epidemic sensitivity in the Western Kenya highlands. Malar J. 2010; 9:59.

Zhou G, Githeko AK, Minakawa N, Yan G. Community-wide benefits of targeted indoor residual spray
for malaria control in the Western Kenya Highland. Malar J. 2010; 9:67. https://doi.org/10.1186/1475-
2875-9-67 PMID: 20199674

Ndenga B, Githeko A, Omukunda E, Munyekenye G, Atieli H, Wamai P, et al. Population dynamics of
malaria vectors in Western Kenya highlands. J Med Entomol. 2006; 43:200—6. https://doi.org/10.1603/
0022-2585(2006)043[0200:pdomvi]2.0.co;2 PMID: 16619599

Stevenson JC, Stresman GH, Baidjoe A, Okoth A, Oriango R, Owaga C, et al. Use of different transmis-
sion metrics to describe malaria epidemiology in the highlands of western Kenya. Malar J. 2015; 14:1—
13.

Atieli HE, Zhou G, Lee MC, Kweka EJ, Afrane Y, Mwanzo |, et al. Topography as a modifier of breeding
habitats and concurrent vulnerability to malaria risk in the western Kenya highlands. Parasites and Vec-
tors. 2011; 4:241. https://doi.org/10.1186/1756-3305-4-241 PMID: 22196078

Matsushita N, Kim Y, Ng CFS, Moriyama M, Igarashi T, Yamamoto K, et al. Differences of rainfall—
malaria associations in lowland and highland in western Kenya. Int J Environ Res Public Health. 2019;
16:3693. https://doi.org/10.3390/ijerph 16193693 PMID: 31575076

Wandiga SO, Opondo M, Olago D, Githeko A, Githui F, Marshall M, et al. Vulnerability to epidemic
malaria in the highlands of Lake Victoria basin: The role of climate change/variability, hydrology and
socio-economic factors. Clim Change. 2010; 99:473-97.

Ndenga BA, Simbauni JA, Mbugi JP, Githeko AK, Fillinger U. Productivity of malaria vectors from differ-
ent habitat types in the western kenya highlands. PLoS One. 2011;6. https://doi.org/10.1371/journal.
pone.0019473 PMID: 21559301

Kisumu County. Kisumu County Integrated Development Plan Il, 2018-2022 [Internet]. 2018.

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; 18:211. https://doi.
org/10.1186/s12936-019-2845-4 PMID: 31234879

PLOS ONE | https://doi.org/10.1371/journal.pone.0268463 May 16, 2022 14/16


https://doi.org/10.1186/s12936-022-04156-z
http://www.ncbi.nlm.nih.gov/pubmed/35459178
https://doi.org/10.1186/s12936-017-2098-z
http://www.ncbi.nlm.nih.gov/pubmed/29110670
https://doi.org/10.1186/s13071-021-04833-z
http://www.ncbi.nlm.nih.gov/pubmed/34174946
https://doi.org/10.1186/s12889-021-11062-7
http://www.ncbi.nlm.nih.gov/pubmed/34078333
https://doi.org/10.1186/1475-2875-5-107
http://www.ncbi.nlm.nih.gov/pubmed/17096835
https://doi.org/10.1186/1475-2875-9-67
https://doi.org/10.1186/1475-2875-9-67
http://www.ncbi.nlm.nih.gov/pubmed/20199674
https://doi.org/10.1603/0022-2585%282006%29043%5B0200%3Apdomvi%5D2.0.co%3B2
https://doi.org/10.1603/0022-2585%282006%29043%5B0200%3Apdomvi%5D2.0.co%3B2
http://www.ncbi.nlm.nih.gov/pubmed/16619599
https://doi.org/10.1186/1756-3305-4-241
http://www.ncbi.nlm.nih.gov/pubmed/22196078
https://doi.org/10.3390/ijerph16193693
http://www.ncbi.nlm.nih.gov/pubmed/31575076
https://doi.org/10.1371/journal.pone.0019473
https://doi.org/10.1371/journal.pone.0019473
http://www.ncbi.nlm.nih.gov/pubmed/21559301
https://doi.org/10.1186/s12936-019-2845-4
https://doi.org/10.1186/s12936-019-2845-4
http://www.ncbi.nlm.nih.gov/pubmed/31234879
https://doi.org/10.1371/journal.pone.0268463

PLOS ONE

Risk associations of submicroscopic malaria infection in western Kenya

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ministry of Health K. Interim guidelines on management of COVID-19 in Kenya. Repub Kenya. 2020;1—
76.

WHO. WHO informal consultation on fever management in peripheral health care settings: a global
review of evidence and practice [Internet]. Vol. 148.2013.

Plowe C V., Djimde A, Bouare M, Doumbo O, Wellems TE. Pyrimethamine and proguanil resistance-
conferring mutations in Plasmodium falciparum dihydrofolate reductase: Polymerase chain reaction
methods for surveillance in Africa. Am J Trop Med Hyg. 1995; 52:565-8. https://doi.org/10.4269/ajtmh.
1995.52.565 PMID: 7611566

Veron V, Stephane S, Bernard C. Experimental Parasitology Multiplex real-time PCR detection of P. fal-
ciparum, P. vivax and P. malariae in human blood samples. Exp Parasitol. 2009; 121:346-51. https://
doi.org/10.1016/j.exppara.2008.12.012 PMID: 19124021

Balls MJ, Badker R, Thomas CJ, Kisinza W, Msangeni HA, Lindsay SW. Effect of topography on th risk
of malaria infection in the Usambara Mountains, Tanzania. Trans R Soc Trop Med Hyg. 2004; 98:400—
8. https://doi.org/10.1016/j.trstmh.2003.11.005 PMID: 15138076

Nganga PN, Okoyo C, Mbogo C, Mutero CM. Evaluating effectiveness of screening house eaves as an
intervention for integrated vector management for malaria control in Nyabondo, Western Kenya. Malar
J.2019;1-23.

Mutero CM, Okoyo C, Girma M, Mwangangi J, Kibe L, Ng’ang’a P, et al. Evaluating the impact of larvi-
ciding with Bti and community education and mobilization as supplementary integrated vector manage-
ment interventions for malaria control in Kenya and Ethiopia. Malar J. 2020; 19:390. https://doi.org/10.
1186/s12936-020-03464-6 PMID: 33143707

Dabaro D, Birhanu Z, Negash A, Hawaria D, Yewhalaw D. Effects of rainfall, temperature and topogra-
phy on malaria incidence in elimination targeted district of Ethiopia. Malar J. 2021; 20:104. https://doi.
org/10.1186/s12936-021-03641-1 PMID: 33608004

Cohen JM, Ernst KC, Lindblade KA, Vulule JM, John CC, Wilson ML. Topography-derived wetness indi-
ces are associated with household-level malaria risk in two communities in the western Kenyan high-
lands. Malar J. 2008; 7:1—12.

Soma DD, Poda SB, Hien AS, Namountougou M, Sangaré |, Sawadogo JME, et al. Malaria vectors
diversity, insecticide resistance and transmission during the rainy season in peri-urban villages of
south-western Burkina Faso. Malar J. 2021; 20:1-11.

Selvaraj P, Wenger EA, Gerardin J. Seasonality and heterogeneity of malaria transmission determine
success of interventions in high-endemic settings: A modeling study. BMC Infect Dis. 2018; 18:413.
https://doi.org/10.1186/s12879-018-3319-y PMID: 30134861

Kweka EJ, Zhou G, Munga S, Lee MC, Atieli HE, Nyindo M, et al. Anopheline Larval Habitats Seasonal-
ity and Species Distribution: A Prerequisite for Effective Targeted Larval Habitats Control Programmes.
PLoS One. 2012;7. https://doi.org/10.1371/journal.pone.0052084 PMID: 23272215

Cairns ME, Walker PGT, Okell LC, Griffin JT, Garske T, Asante KP, et al. Seasonality in malaria trans-
mission: Implications for case-management with long-acting artemisinin combination therapy in sub-
Saharan Africa. Malar J. 2015; 14:1-13.

Reiner RC, Geary M, Atkinson PM, Smith DL, Gething PW. Seasonality of Plasmodium falciparum
transmission: A systematic review. Malar J. 2015; 14:343. https://doi.org/10.1186/s12936-015-0849-2
PMID: 26370142

Kipruto EK, Ochieng AO, Anyona DN, Mbalanya M, Mutua EN, Onguru D, et al. Effect of climatic vari-
ability on malaria trends in Baringo County, Kenya. Malar J. 2017; 16:220. https://doi.org/10.1186/
5$12936-017-1848-2 PMID: 28545590

Kibret S, Wilson GG, Ryder D, Tekie H, Petros B. Malaria impact of large dams at different eco-epidemi-
ological settings in Ethiopia. Trop Med Health. 2017; 45:1-14.

Shanks GD, Hay SI, Omumbo JA, Snow RW. Malaria in Kenya’s western highlands. Emerg Infect Dis.
2005; 11:1425-32. https://doi.org/10.3201/eid1109.041131 PMID: 16229773

Shah MM, Krystosik AR, Ndenga BA, Mutuku FM, Caldwell JM, Otuka V, et al. Malaria smear positivity
among Kenyan children peaks at intermediate temperatures as predicted by ecological models. Para-
sites and Vectors. 2019; 12:228.

Nkumama IN, Meara WPO, Osier FHA. Changes in Malaria Epidemiology in Africa and New Chal-
lenges for Elimination. Trends Parasitol. 2017; 33:128—40. https://doi.org/10.1016/j.pt.2016.11.006
PMID: 27939610

Munga S, Yakob L, Mushinzimana E, Zhou G, Ouna T, Minakawa N, et al. Land use and land cover
changes and spatiotemporal dynamics of anopheline larval habitats during a four-year period in a high-
land community of Africa. Am J Trop Med Hyg. 2009; 81:1079-84. https://doi.org/10.4269/ajtmh.2009.
09-0156 PMID: 19996440

PLOS ONE | https://doi.org/10.1371/journal.pone.0268463 May 16, 2022 15/16


https://doi.org/10.4269/ajtmh.1995.52.565
https://doi.org/10.4269/ajtmh.1995.52.565
http://www.ncbi.nlm.nih.gov/pubmed/7611566
https://doi.org/10.1016/j.exppara.2008.12.012
https://doi.org/10.1016/j.exppara.2008.12.012
http://www.ncbi.nlm.nih.gov/pubmed/19124021
https://doi.org/10.1016/j.trstmh.2003.11.005
http://www.ncbi.nlm.nih.gov/pubmed/15138076
https://doi.org/10.1186/s12936-020-03464-6
https://doi.org/10.1186/s12936-020-03464-6
http://www.ncbi.nlm.nih.gov/pubmed/33143707
https://doi.org/10.1186/s12936-021-03641-1
https://doi.org/10.1186/s12936-021-03641-1
http://www.ncbi.nlm.nih.gov/pubmed/33608004
https://doi.org/10.1186/s12879-018-3319-y
http://www.ncbi.nlm.nih.gov/pubmed/30134861
https://doi.org/10.1371/journal.pone.0052084
http://www.ncbi.nlm.nih.gov/pubmed/23272215
https://doi.org/10.1186/s12936-015-0849-2
http://www.ncbi.nlm.nih.gov/pubmed/26370142
https://doi.org/10.1186/s12936-017-1848-2
https://doi.org/10.1186/s12936-017-1848-2
http://www.ncbi.nlm.nih.gov/pubmed/28545590
https://doi.org/10.3201/eid1109.041131
http://www.ncbi.nlm.nih.gov/pubmed/16229773
https://doi.org/10.1016/j.pt.2016.11.006
http://www.ncbi.nlm.nih.gov/pubmed/27939610
https://doi.org/10.4269/ajtmh.2009.09-0156
https://doi.org/10.4269/ajtmh.2009.09-0156
http://www.ncbi.nlm.nih.gov/pubmed/19996440
https://doi.org/10.1371/journal.pone.0268463

PLOS ONE

Risk associations of submicroscopic malaria infection in western Kenya

40.

41.

42,

43.

44.

45.

46.
47.

48.

49.

50.

51.
52.
53.

54.

55.

56.

57.

58.

59.

Kamau A, Nyaga V, Bauni E, Tsofa B, Noor AM, Bejon P, et al. Trends in bednet ownership and usage,
and the effect of bednets on malaria hospitalization in the Kilifi Health and Demographic Surveillance
System (KHDSS): 2008—2015. BMC Infect Dis. 2017; 17:720. https://doi.org/10.1186/s12879-017-
2822-x PMID: 29141606

Thomsen EK, Koimbu G, Pulford J, Jamea-Maiasa S, Ura Y, Keven JB, et al. Mosquito behavior change
after distribution of bednets results in decreased protection against malaria exposure. In: Journal of
Infectious Diseases. Oxford University Press; 2017. p. 790-7. https://doi.org/10.1093/infdis/jiw615
PMID: 28007921

Rek J, Musiime A, Zedi M, Otto G, Kyagamba P, Asiimwe Rwatooro J, et al. Non-adherence to long-last-
ing insecticide treated bednet use following successful malaria control in Tororo, Uganda. Carvalho LH,
editor. PLoS One. 2020; 15:€02433083. https://doi.org/10.1371/journal.pone.0243303 PMID: 33270743

Moshi IR, Manderson L, Ngowo HS, Mlacha YP, Okumu FO, Mnyone LL. Outdoor malaria transmission
risks and social life: A qualitative study in South-Eastern Tanzania. Malar J. 2018; 17:1-11.

Monroe A, Moore S, Koenker H, Lynch M, Ricotta E. Measuring and characterizing night time human
behaviour as it relates to residual malaria transmission in sub - Saharan Africa: a review of the published
literature. Malar J. 2019; 18:1-12.

Kleinschmidt I, Bradley J, Knox TB, Mnzava AP, Kafy HT, Mbogo C, et al. Implications of insecticide
resistance for malaria vector control with long-lasting insecticidal nets: a WHO-coordinated, prospec-
tive, international, observational cohort study. Lancet Infect Dis. 2018; 18:640-9. https://doi.org/10.
1016/S1473-3099(18)30172-5 PMID: 29650424

WHO. Guidelines for Malaria Vector Control [Internet]. World Health Organization. 2019.

Walldorf JA, Cohee LM, Coalson JE, Bauleni A, Nkanaunena K, Kapito-Tembo A, et al. School-age chil-
dren are a reservoir of malaria infection in Malawi. PLoS One. 2015; 10:e0134061. https://doi.org/10.
1371/journal.pone.0134061 PMID: 26207758

Agwu E, Ihongbe JC, Okogun GRA, Inyang NJ. High incidence of co-infection with Malaria and Typhoid
in febrile HIV infected and AIDS patients in Ekpoma, Edo State, Nigeria. Brazilian J Microbiol. 2009;
40:329-32. PMID: 24031367

Diiro GM, Affognon HD, Muriithi BW, Wanja SK, Mbogo C, Mutero C. The role of gender on malaria pre-
ventive behaviour among rural households in Kenya. Malar J. 2016; 15:1-8.

Hajison PL, Feresu SA, Mwakikunga BW. Malaria in children under-five: A comparison of risk factors in
lakeshore and highland areas, Zomba district, Malawi. PLoS One. 2018; 13:20207207. https://doi.org/
10.1371/journal.pone.0207207 PMID: 30419002

WHO. Tailoring malaria interventions in the COVID-19 response [Internet]. 2020.
U.S. President’s Malaria Initiative. Kenya Malaria Operational Plan FY 2022 [Internet]. 2022.

Ajayi 10, Ajumobi OO, Falade C. Malaria and COVID-19: commonalities, intersections and implications
for sustaining malaria control. Pan Afr Med J. 2020; 37:1-10. https://doi.org/10.11604/pamj.supp.2020.
37.1.25738 PMID: 33294102

Weiss DJ, Bertozzi-villa A, Rumisha SF, Amratia P, Arambepola R, Battle KE, et al. Indirect effects of
the COVID-19 pandemic on malaria intervention coverage, morbidity, and mortality in Africa: a geospa-
tial modelling analysis. Lancet Infect Dis. 2021; 21:59-69. https://doi.org/10.1016/S1473-3099(20)
30700-3 PMID: 32971006

Heuschen AK, Lu G, Razum O, Mumin AA, Sankoh O, Von Seidlein L, et al. Public health - relevant con-
sequences of the COVID - 19 pandemic on malaria in sub - Saharan Africa: a scoping review. Malar J.
2021; 20:339. https://doi.org/10.1186/s12936-021-03872-2 PMID: 34380494

Rovira-Vallbona E, Contreras-Mancilla JJ, Ramirez R, Guzman-Guzman M, Carrasco-Escobar G, Lla-
nos-Cuentas A, et al. Predominance of asymptomatic and sub-microscopic infections characterizes the
Plasmodium gametocyte reservoir in the Peruvian Amazon. PLoS Negl Trop Dis. 2017; 11:e0005674.
https://doi.org/10.1371/journal.pntd.0005674 PMID: 28671944

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:e0180845. https://doi.org/10.1371/journal.pone.0180845 PMID:
28820883

Waltmann A, Darcy AW, Harris |, Koepfli C, Lodo J, Vahi V, et al. High Rates of Asymptomatic, Sub-
microscopic Plasmodium vivax Infection and Disappearing Plasmodium falciparum Malaria in an Area
of Low Transmission in Solomon Islands. PLoS Negl Trop Dis. 2015; 9:e0003758. https://doi.org/10.
1371/journal.pntd.0003758 PMID: 25996619

ZhaoY, Zeng J, Zhao Y, Liu Q, He Y, Zhang J, et al. Risk factors for asymptomatic malaria infections
from seasonal cross-sectional surveys along the China-Myanmar border. Malar J. 2018; 17:247. https://
doi.org/10.1186/s12936-018-2398-y PMID: 29973194

PLOS ONE | https://doi.org/10.1371/journal.pone.0268463 May 16, 2022 16/16


https://doi.org/10.1186/s12879-017-2822-x
https://doi.org/10.1186/s12879-017-2822-x
http://www.ncbi.nlm.nih.gov/pubmed/29141606
https://doi.org/10.1093/infdis/jiw615
http://www.ncbi.nlm.nih.gov/pubmed/28007921
https://doi.org/10.1371/journal.pone.0243303
http://www.ncbi.nlm.nih.gov/pubmed/33270743
https://doi.org/10.1016/S1473-3099%2818%2930172-5
https://doi.org/10.1016/S1473-3099%2818%2930172-5
http://www.ncbi.nlm.nih.gov/pubmed/29650424
https://doi.org/10.1371/journal.pone.0134061
https://doi.org/10.1371/journal.pone.0134061
http://www.ncbi.nlm.nih.gov/pubmed/26207758
http://www.ncbi.nlm.nih.gov/pubmed/24031367
https://doi.org/10.1371/journal.pone.0207207
https://doi.org/10.1371/journal.pone.0207207
http://www.ncbi.nlm.nih.gov/pubmed/30419002
https://doi.org/10.11604/pamj.supp.2020.37.1.25738
https://doi.org/10.11604/pamj.supp.2020.37.1.25738
http://www.ncbi.nlm.nih.gov/pubmed/33294102
https://doi.org/10.1016/S1473-3099%2820%2930700-3
https://doi.org/10.1016/S1473-3099%2820%2930700-3
http://www.ncbi.nlm.nih.gov/pubmed/32971006
https://doi.org/10.1186/s12936-021-03872-2
http://www.ncbi.nlm.nih.gov/pubmed/34380494
https://doi.org/10.1371/journal.pntd.0005674
http://www.ncbi.nlm.nih.gov/pubmed/28671944
https://doi.org/10.1371/journal.pone.0180845
http://www.ncbi.nlm.nih.gov/pubmed/28820883
https://doi.org/10.1371/journal.pntd.0003758
https://doi.org/10.1371/journal.pntd.0003758
http://www.ncbi.nlm.nih.gov/pubmed/25996619
https://doi.org/10.1186/s12936-018-2398-y
https://doi.org/10.1186/s12936-018-2398-y
http://www.ncbi.nlm.nih.gov/pubmed/29973194
https://doi.org/10.1371/journal.pone.0268463

