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Abstract. Malaria control in sub-Saharan Africa has stagnated despite widespread adoption of control measures
such as long-lasting insecticidal nets (LLINS). Progress has stalled, in part, because of pyrethroid insecticide resistance,
driving the need for retooling to increase the effectiveness of bed nets. Consequently, LLINs have been treated with
the chemical synergist piperonyl butoxide (PBO). Piperonyl butoxide LLINs have been shown to be efficacious
in controlled settings; however, their effectiveness in real-world settings warrants investigation. In Bungoma County,
Western Kenya, a cohort of 768 participants was followed from June 2017 to December 2023 via active and
passive surveillance. Household visits were conducted monthly, during which LLIN use for nets distributed in 2017 and
2021 was recorded, and symptomatic malaria cases were identified using rapid diagnostic tests (RDTs). The comparative
effectiveness of PBO versus conventional LLINS was assessed in terms of malaria infections. A multilevel logistic regres-
sion model was fit with monthly RDT results as the dependent variable. The study results indicate that PBO LLINs pro-
vide greater protection against malaria at the individual level than conventional LLINs (odds ratio: 0.70; 95% CI: 0.47—
1.03), although the findings were not statistically significant. The added protection against malaria infections provided by
PBO LLINs compared with conventional LLINs observed in the current study aligns with findings from most previous
studies, although this finding was not statistically significant. In areas with documented pyrethroid resistance, the use of
LLINs with an added synergist, such as PBO, can provide additional protection against malaria infections (compared

with pyrethroid-only LLINs) and should be considered for scaled-up scenarios despite the additional cost.

INTRODUCTION

Long-lasting insecticidal nets (LLINs) are the cornerstone
of malaria prevention efforts across sub-Saharan Africa.
Since 2004, more than 2 billion LLINs have been distributed
globally."? As a result, household ownership of LLINs in
sub-Saharan Africa rose from 5% to a peak of 75% by
20172 contributing to a more than 40% decline in malaria
incidence and deaths across the continent.”?> However,
since 2015, global malaria cases have plateaued, with some
regions experiencing resurgence, including areas where
control efforts had previously been successful.*®

Malaria control has plateaued for several reasons, includ-
ing stagnating financial support. In 2018, for example, there
was a funding gap of ~5.0 billion US dollars compared with
the estimated global amount necessary to maintain progress
toward malaria control targets.®”® The situation is further
complicated by the spread of vector resistance to pyrethroid
insecticides, which has likely contributed to a resurgence of
malaria in some regions.2®%° Pyrethroids have traditionally
been used to impregnate bed nets owing to their favorable
safety profile, relatively lower cost, and rapid insecticidal activ-
ity against mosquitoes with minimal harm to humans.2 1%

The rapid and widespread pyrethroid resistance present in
most parts of Africa and Asia has driven the need for new
strategies or retooling of existing ones to overcome this
challenge.’'® In response, next-generation LLINs have
been designed to combat insecticide-resistant, host-seeking
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mosquitoes by killing or sterilizing them or by reducing their
ability to reproduce. Next-generation nets intended to kill resis-
tant mosquitoes typically involve a combination of pyrethroid
insecticides and additional active ingredients. One such type
includes nets treated with both pyrethroids and the synergist
piperonyl butoxide (PBO), which inhibits mosquito metabolic
enzymes responsible for detoxifying insecticides, thereby
enhancing their effectiveness. Another category, known as
dual-active ingredient nets, combines pyrethroids with non-
pyrethroid insecticides. For example, nets that include both
alpha-cypermethrin (a pyrethroid) and chlorfenapyr (a pyrrole
insecticide) have already been tested and shown promising
entomological and epidemiological impacts.

The second type of next-generation LLINs is designed to
sterilize resistant mosquitoes or reduce their fecundity. These
nets also involve dual active ingredients, typically a pyrethroid
and an insect growth regulator, such as pyriproxyfen. Pyri-
proxyfen disrupts mosquito reproduction and development,
effectively sterilizing female mosquitoes and thereby limiting
their population growth.'”2' Findings from multiple field
studies conducted to assess the efficacy of next-generation
LLINs against malaria indicators in areas with documented
pyrethroid resistance have revealed significantly greater
effectiveness in reducing both malaria infections and malaria
vectors compared with conventional LLINs.222® The WHO
now recommends their use in areas where pyrethroid resis-
tance is either confirmed or is at an intermediate level
and linked, at least partially, to monooxygenase-based resis-
tance mechanisms.?” Next-generation LLINs with an incorpo-
rated synergist PBO, which works by inhibiting the P450
detoxification enzymes responsible for mosquitoes’ meta-
bolic resistance and thereby restoring mosquito susceptibility
to pyrethroids, have recently been deployed for use. Although
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PBO LLINs have exhibited promising results in primarily con-
trolled environments, limited research has been conducted in
real-world settings, and their effectiveness in these contexts
is still being assessed.

Despite their proven effectiveness, however, PBO LLINs
cost at least an additional dollar per LLIN delivered com-
pared with conventional LLINs,?® which has limited their
widespread distribution to areas experiencing a rise in insec-
ticide resistance. In Kenya, the first deployment of PBO-
impregnated LLINs took place in July 2021, targeting three
lake-endemic counties through a pilot project. Bungoma
County, Kenya, was among those regions that received PBO
LLINs. In July 2024, the Kenya National Malaria Control Pro-
gram (NMCP) coordinated a second deployment of these
next-generation bed nets in the same counties. Before the
introduction of PBO LLINs in Kenya, conventional LLINs
were primarily distributed through antenatal clinics and child
welfare clinics, targeting pregnant women and children
under 1 year of age, mainly in Western Kenya, in 2006. In
subsequent years (specifically, 2010 and 2014), the distribu-
tion was expanded to cover the general population. Initially,
these nets required regular retreatment by households.
Every 3 months, families would dip the nets into a solution
mixed with a pyrethroid-based tablet. However, this chan-
ged in 2017 with the introduction of LLINs. These new LLINs
were pretreated with pyrethroids designed to remain effec-
tive throughout the net’s entire lifespan (~3 years), eliminat-
ing the need for periodic retreatment by users. The brand
name of the LLINs distributed in 2017 was Olyset (Sumitomo
Chemical, Tokyo, Japan).2®

Since 2017, a community-based cohort has been moni-
tored in a setting with seasonal Plasmodium falciparum
transmission in Bungoma County, Kenya. In 2017, the
NMCP distributed conventional LLINs (Olyset brand) for the
first time. Distribution was performed through mass net cam-
paigns, and members of the study cohort in Bungoma
County were among the recipients. Before the distribution
process, a census registration of households and their mem-
bers was conducted by the NMCP team; collection was per-
formed at designated collection points, mainly at nearby
hospitals or schools. For each household, a bed net was
provided for every two people. However, because of the
growing problem of pyrethroid resistance, next-generation
LLINs treated with a synergist PBO were introduced in 2021.
As noted, Bungoma County was one of the three lake-
endemic counties selected for the initial pilot PBO LLIN
distribution. A similar process to the one used in 2017 was
followed for the registration and distribution of the bed nets.
Since the NMCP distributed conventional LLINs in 2017,
data on net usage, malaria infections, and mosquito popula-
tions have been collected. This longitudinal data collection,
coupled with the recent deployment of PBO LLINs, provides
a unique opportunity to assess their real-world effectiveness
compared with conventional LLINs. The study authors
hypothesized that compared with conventional LLINs, PBO
LLINs would provide a significantly greater protective effect
against malaria infections at the individual level. Understand-
ing whether PBO LLINs offer a significant advantage over
their predecessors will be crucial for determining the return
on investment, particularly in regions where malaria trans-
mission remains stubbornly high.

MATERIALS AND METHODS

Study population, setting, and design.

The present study was conducted in Bungoma County,
one of Kenya’s high-malaria burden regions, which is also
classified as a lake-endemic area. The incidence of malaria
infections in Bungoma County in 2019 was estimated at
200 cases per 1,000 population, higher than the national
average of 125.92 cases per 1,000 population.2° Anopheles
gambiae s.l. is the most predominant malaria mosquito spe-
cies (up to 75% of the mosquito population) in the region,
with a sporozoite rate of 9% for indoor resting mosquitoes
and 4% for outdoor resting mosquitoes.’

The current study is part of a larger longitudinal cohort
study launched in June 2017, aimed at understanding
malaria transmission dynamics in the region to inform effec-
tive interventions. Continuous monitoring of malaria indica-
tors, including mosquito population densities and malaria
infections, has been ongoing, with weekly mosquito collec-
tions and monthly and annual surveys conducted in five
high-malaria burden villages that comprise the study cohort.
These villages are part of the former Webuye Health and
Demographic Surveillance Sites (HDSSs) established in Bun-
goma County in 2007 to provide reliable demographic,
health, and economic data for research and planning. Details
of the full radial sampling scheme have been described
previously.®2

A subset of households within the former HDSSs was
enrolled in this cohort using an open cohort design, starting
with randomly selected index households and followed by
the selection of neighboring households until 12 households
per village were enrolled in natural clusters. In 2020, the pre-
sent study was expanded to include two additional villages,
increasing the total to five. Over the course of the study
period, whenever households opted out of the study, neigh-
boring households were contacted to replace them and
maintain a 12-household-per-village sampling rate. These
villages were chosen because of their high malaria transmis-
sion burden. All household members over the age of 1 year
who regularly slept in the household were enrolled.

The villages are located within Webuye East and Webuye
West subcounties in Bungoma County, ~50 kilometers from
the Uganda border. The region’s primary economic activity
is small-scale maize farming, with a few families growing
sugarcane commercially. More than 60% of the population
lives below the poverty line, with limited access to basic
amenities such as water and electricity. Malaria transmission
in this area is perennial, peaking after the rains in May and
June.

Study procedures.

Active surveillance for insecticide-treated net use.
Detailed data on household LLIN use was collected monthly,
including information about bedtimes, wake times, and LLIN
use from the previous night. Conventional LLINs were dis-
tributed in 2017, followed by the distribution of PBO LLINs
4 years later, in June 2021. During annual surveys, additional
data were collected on sleeping spaces, including the pres-
ence of nets (whether PBO or conventional LLINs) and
household members occupying each space. The condition
of each net was visually inspected, and net-specific informa-
tion was recorded, including the number and size of holes,
age (the date when the net was acquired), source, and how
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the net was being used (hung correctly, permanently hung,
or removed daily).

Moreover, during these monthly visits, participants were
asked whether they had experienced malaria-like symptoms
in the month preceding the monthly visit and whether a rapid
diagnostic test (RDT) had been performed. If an RDT was
conducted, participants were further asked whether the RDT
results were positive or negative and whether the test was
conducted by the study team or at another health facility.
Monthly and annual visit data were collected using separate
REDCap survey tools (Vanderbilt University, Nashville, TN).

Passive surveillance of malaria episodes. Cohort mem-
bers were encouraged to request malaria testing, which was
conducted by the study team, whenever someone in their
household had a fever. During these sick visits, presenting
symptoms were documented, and a malaria RDT was per-
formed. Moreover, a malaria slide was also prepared for confir-
matory microscopy. If the test result was positive, the patient
received antimalarial medication (artemether-lumefantrine) at
no cost from a pharmacy within the cohort study area. Patients
with severe cases or persistent fevers were referred to the hos-
pital. Those with negative cases and lingering symptoms were
referred to the nearest health facility. Monthly follow-ups were
used to track whether patients took their medication, com-
pleted the dosage, and took further steps. Sick visit records
were collected using a REDCap survey tool that was distinct
from the monthly and annual survey tools.

Collection of entomology indicators. On the same day
of each week, households were visited between 6 avm and
7 av, and mosquito captures were performed via vacuum
aspiration. Participants were always instructed to leave
doors and windows shut before the arrival of the study team
for mosquito aspirations. Captured mosquitoes were stored
in collection cups within ice-packed cool boxes and were
subsequently transported to the laboratory, where the sex
and genus of captured mosquitoes were recorded, and female
mosquitoes were graded according to abdominal status. Mag-
nified images of female Anopheles mosquitoes were captured
for post hoc speciation. These mosquito capture data facili-
tated the study of mosquito density trends before and after
the introduction of PBO LLINs, as well as changes in species
(Culex versus Anopheles) populations over time in relation to
LLIN use.

Measurements.

Exposure and outcome variable. The main exposure
was monthly reported bed net use in the month preceding
an RDT. The exposure variable was categorical with three
levels: slept under a conventional LLIN (reference level), did
not sleep under a LLIN, or slept under a PBO LLIN. More
specifically, participants were asked whether they had slept
under a bed net the night before their visit, and we assumed
that this response reflected each participant’s most likely
behavior in the month preceding the sick visit.

The primary outcome of interest was whether an individual
had a positive or negative malaria RDT result. Rapid diag-
nostic test results were observed through either passive
surveillance of sick visits conducted by the study team or
the active surveillance of self-reported RDT results during
monthly visits.

Model covariates. Demographic variables considered in
the model included sex, the participant’s age at the time of
the visit (<5, 5 to 15, or >15 years), village, and study year.

Age at the time of visit was estimated by comparing each
participant’s birth year with the year in which the monthly
survey or sick visit was conducted.

Net-specific characteristics, including net age in months
and the presence of holes in the net, were also included as
covariates. During annual surveys, participants reported the
date they acquired a net. The age of the net was calculated
as the difference in months between the date of their monthly
or sick visit and the reported date of acquisition. Moreover,
nets were visually inspected by the study team during annual
visits and appraised for the presence of holes. Although the
presence or absence of holes was recorded, the quantity and
size of the observed holes were not considered.

Lastly, temporally varying high- and low-transmission
months were controlled for in the analysis. High-transmission
months were either defined as 1) the historically high-
transmission months of May to July or 2) the mean number of
female Anopheles collected per village in a month, where a
monthly count >45 (85th percentile cutoff value) was consid-
ered a high-transmission month.

STATISTICAL ANALYSES

Multilevel logistic regression was used to assess differ-
ences in the risk of malaria infection between individuals
with different types of bed net use (those who did not sleep
under a LLIN, those who slept under a PBO LLIN, and those
who slept under a conventional LLIN). Two models were fit,
one with and one without a random slope for annual time
steps, where the outcome in both models was binarized
(positive or negative) RDT results in a given month.

Descriptive statistics of sociodemographic variables,
including frequencies and proportions, were summarized for
participants across the entire study period. Participant age
at the time of visit was visually described using a histogram
distribution. Moreover, descriptive statistics related to main
exposure events (did not sleep under a LLIN, slept under a
PBO LLIN, or slept under a conventional LLIN) were com-
pared across all covariates considered in the analyses.

Participants who either 1) requested a sick visit and had
an RDT conducted by the study team or 2) self-reported
results (during a monthly visit) of an RDT conducted at a
different facility, made up the subset of observations that
constituted the input data analyzed in the present study.
A comparison of observations from participants who
requested an RDT with those from participants who neither
requested nor reported having taken one is provided in
Supplemental Table 1. This comparison was conducted to
assess the representativeness of the study sample because
the attributes and behaviors of this subset may not reflect
the larger population. Moreover, the demographic character-
istics of participants in relation to bed net use are provided
in Supplemental Table 2. All analyses were conducted using
R version 4.3.1 (R Foundation, Vienna, Austria), with the
primary packages used including Ime4, performance,
mimhelpr, and ggplot2.33-3¢

Multilevel logistic regression.

Three models were fit with random intercepts for house-
holds and participants:

o Model 0: Null model, includes the study year as a fixed vari-
able (baseline model);
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e Model 1: Full model with individual and community-level fac-
tors (no random slope);

e Model 2: Full model with individual and community-level fac-
tors (random slope for study year).

The final model (Model 2), which included predictors from
all three levels (Supplemental Figure 1), was used to examine
the effects of individual- and community-level factors on the
risk of malaria infection as measured using positive RDT
results. By including the study year as a random effect
(rather than a fixed effect), individual-level infection risks
could vary from year to year. Adjusted odds ratios (ORs) and
their 95% Cls were calculated using the Wald test to
describe the strength of association between outcome and
predictors.

Multicollinearity and missing data.

The variance inflation factor (VIF) was used to test for mul-
ticollinearity among covariates; predictors with a VIF value
less than 4 indicated no inter-variable multicollinearity.

The method for handling missing data depended on the
context of missingness: if bed net use data were missing for
the month before an RDT report, bed net use data from the
month of the positive RDT were used instead. Records in
which bed net type (conventional LLIN versus PBO LLIN)
could not be determined were dropped because they were
noninformative (3.9% of all records). The bed net type could
not be determined if the date when the bed net was acquired
was also missing after June 2021 because all nets with
acquisition dates before the June 2021 distribution of PBO
nets were assumed to have been conventional LLINs.

Net-specific predictors (e.g., net age, the presence of
holes in the net, how often participants washed their bed
nets, etc.) were considered covariates during model building
because the characteristics of the hanged LLINs could still
confound estimates. However, missingness across these
variables had to be addressed. Net washing frequency could
not be considered a covariate because of its high rate of
missingness (39.1%). Although net age (12.4% missing) and
net integrity (net with or without holes) exhibited modest
levels of missingness (19.3%), these variables were retained,
and sensitivity analyses were conducted to evaluate the
influence of these predictors.

Sensitivity analyses.

Sensitivity analyses were conducted to account for the
three potential sets of bias or misclassification. The first set
consisted of net-specific variables (i.e., the date the net was
acquired and the presence or absence of holes on the net),
which were characteristics obtained from the annual survey;
however, issues with missing or incomplete data were
encountered. Net washing frequency was dropped from
consideration because of its high rate of missingness
(89.1%). Data on the date the net was acquired, used to esti-
mate the net’s age in months, and whether the net was intact
or had holes were also missing, with missingness rates of
12.4% and 19.3%, respectively. To assess the impact of
including these net-specific variables in the model, sensitiv-
ity analyses were conducted by comparing a model that
included them with one that did not, and the direction of the
effects was reported.

Second, when defining the composite variable of high
transmission, high-transmission months (May, June, and
July) and the 85th percentile of mosquito abundance were

used to define months with a high risk of malaria transmis-
sion. Sensitivity analyses were conducted to evaluate the
effect of using two alternative approaches: 1) using only
fixed months of May, June, and July as high-transmission
months or 2) using different mosquito abundance thresholds
(80th and 90th percentiles) as alternative cutoffs.

To account for any potential bias that could arise in this
longitudinal analysis from including observations before
PBO nets were distributed, the model was tested in four sce-
narios: 1) the full time window (June 2017 through December
2023), with net-specific covariates included, 2) the full time
window without net-specific covariates, 3) a shortened time
window that only included observations starting from the
month when PBO nets were distributed (June 2021 through
December 2023), with net-specific covariates included, and
4) this shortened time window without net-specific covariates.

Finally, because of observed differences in the net type
used between individuals who requested an RDT (analytic
population) and those who did not, a weighted model was
considered, and its estimates were compared with those of
the final unweighted model. Individuals who had an RDT per-
formed reported having slept under a PBO net 12.8% of the
time, compared with 21% among those who slept under a
conventional LLIN. This underrepresentation of PBO net use
could bias results toward the null; consequently, a weight
model adjusting for sampling rates was explored.

Post hoc power analysis.

The power of the present study was evaluated by con-
ducting a post hoc power analysis for a multilevel process
model and investigating the causal process within-persons
as described by Bolger and Laurenceau®” using the simr
package in R.3® Using an alpha of 0.05, 1,000 simulations
were run on a full model to estimate the present study’s
power to detect 1) differences between PBO and conven-
tional nets (primary objective) and 2) differences between
not sleeping under a LLIN and sleeping under conventional
nets.

RESULTS

Demographic characteristics.

The initial cohort comprised 280 participants in June 2017;
however, after the expansion from three to five villages in
2020, the number increased to more than 750 by the end of
the study period in December 2023 (Figure 1). Every house-
hold in the study owned at least one LLIN.

A total of 768 participants from five villages and 85 house-
holds in Western Kenya were followed via active monthly
surveillance for up to 76 months. Between June 12, 2017
and December 12, 2023, a total of 23,477 monthly or sick
visits were recorded among these participants. Participant
ages ranged from 1 to 101 years at the time of visit
(Supplemental Figure 2), with 51.3% being 18 years of age
or younger at the end of the study in 2023. Of all 768 partici-
pants enrolled, 512 (66.7%) requested a sick visit during the
study period. As it relates to the study outcome (RDT
results), ~18% of observed outcomes were self-reported
(although confirmation was performed by checking the clini-
cal booklets used at the facilities to ensure the presence of a
true infection), whereas 78% were obtained through sick vis-
its performed by the study team via RDTs, with positivity
confirmed using microscopy. Demographic characteristics
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Ficure 1. Participants’ monthly and sick visits over time. Each participant is represented by a row within their village. Cohort activities stopped
for 2 months in April and May 2020. Villages L and N joined the cohort in 2020, and village L left the cohort in December 2023.

of this analytic population, including participants who either
had an RDT performed by the study team or reported RDT
results conducted by another facility, are presented in Table 1.

Of these 23,477 records, 3,431 (14.6%) involved visits
from participants who either requested a sick visit and had
an RDT conducted by the study team or attended a regular
monthly visit in which they reported having had an RDT

TABLE 1

Sociodemographic descriptive statistics of the analytic
population (N = 512)

Characteristic n (%)
Village
Village K 107 (20.9)
Village L 77 (15.0)
Village M 116 (22.7)
Village N 78 (15.2)
Village S 134 (26.2)
Sex
Female 284 (55.5)
Male 228 (44.5)
Age in 2023 (years)
<5 51 (10.0)
5to 15 170 (33.2)
>15 291 (56.8)
Education
No education 93 (18.2)
Primary —some 263 (51.4)
Primary —complete 51 (10.0)
Secondary—some 54 (10.5)
Secondary—complete 38 (7.4)
Tertiary/university 13 (2.5)
Employment
Not used 70 (13.7)
Used—formal 17 (3.2)
Self-used—business 34 (6.6)

Retired 1(0.2)
Other (i.e., student or unable to work) 390 (76.2)

performed during the previous month at a health facility
(Table 2). Of these 3,431 visits, 1,443 (42%) involved positive
results across 512 participants who took an RDT. The
monthly prevalence of symptomatic malaria presented sea-
sonal variations over time (Figure 2). Village M reported the
highest malaria prevalence (50.5%) among participants who
took an RDT.

General bed net use, independent of the type of net, was
not statistically significant (P = 0.20) between participants
who took an RDT and those who did not (Supplemental
Table 1). This finding suggests that the analytic population
was unlikely to be biased, as they did not practice signifi-
cantly different sleeping behaviors from participants who did
not take an RDT. A significant difference, however, was
observed between net types (PBO versus conventional), with
individuals who requested an RDT being more likely to have
slept under a conventional mosquito net. Approximately 84%
of participants reported sleeping under a bed net at least
once during this study. During visits when an RDT was
requested, PBO net use was lower (12.8% of visits) than the
higher compliance rate for conventional nets (57% of visits).

Despite the distribution of PBO bed nets in June 2021,
conventional LLIN use continued because not all partici-
pants adopted the newly distributed nets (Figure 3A). As
expected, seasonal variation was observed in both symp-
tomatic malaria episodes (Figure 3B) and female anopheles
mosquito abundance over time (Figure 3C).

To address the main research question of whether PBO
bed nets offer additional protection against malaria infec-
tions compared with conventional bed nets, malaria infection
ORs were estimated in multilevel models, both with and
without a random slope for time (Table 3).

After controlling for all factors, PBO bed nets were found
to offer additional protection against malaria infections com-
pared with conventional LLINs, although this finding was not
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TABLE 2
Descriptive statistics of the main exposure (bed net use) across the analytic population

Mosquito Net Use Reports from
Monthly Surveys

Overall
431*

Conventional LLIN
n = 1,956

PBO Net
n = 439"

Did Not Sleep Under Net
036*

n=1,

Village
K
L
M
N
S
Sex
Female
Male
Age at monthly of visit (years)
<5
5to 15
>15
Net age (months)
Missing or N/A
Net holes
Net had at least 1 hole
Net intact
Missing or N/A
Malaria season
Low-transmission season
High-transmission season

1,019 (29.7%)
205 (6.0%)
972 (28.3%)
250 (7.3%)
985 (28.7%)

1,930 (56.3%)
1,501 (43.7%)

481 (14.0%)
1,481 (43.2%)
1,469 (42.8%)
21 (10, 32)
426

1,663 (60.2%)
1,100 (39.8%)
668

1,898 (55.3%)
1,533 (44.7%)

713 (36.5%)
108 (5.5%)
565 (28.9%)
72 (3.7%)
498 (25.5%)

1,161 (59.4%)
795 (40.6%)

325 (16.6%)

734 (37.5%)

897 (45.9%)

23 (12, 35)
104

1,127 (63.5%)
648 (36.5%)
181

1,123 (57.4%)
833 (42.6%)

114 (26.0%)
25 (5.7%)
144 (32.8%)
61 (13.9%)
95 (21.6%)

253 (57.6%)
186 (42.4%)

68 (15.5%)
168 (38.3%)
203 (46.2%)
13 (5, 23)
0

205 (47.8%)
224 (52.2%)
10

293 (66.7%)
146 (33.3%)

192 (18.5%)
72 (6.9%)
263 (25.4%)
117 (11.3%)
392 (37.8%)

516 (49.8%)
520 (50.2%)

88 (8.5%)
579 (55.9%)
369 (35.6%)
21 (11, 34)

322

331 (59.2%)
228 (40.8%)
477

482 (46.5%)
554 (53.5%)

LLIN = long-lasting insecticidal net.
* Person-months, n (%); median (interquartile range).

statistically significant (OR: 0.72; 95% CI: 0.50-1.05).
Because bed net use was studied over time, increasing net
age was associated with an increased individual risk of
malaria, suggesting a possible decline in LLIN effectiveness
over time (OR: 1.01; 95% CI: 1.001-1.016). Associations
between factors known to influence bed net use and, there-
fore, the distribution of malaria infections, such as age, were
also examined. There was a significant association between
age groups at the time of the visit, with school-aged children
(ages 5 to 15 years) estimating a higher odds of malaria
infection when compared with children 5 years of age and
under (OR: 2.12; 95% ClI: 1.47-3.06).

Before PBO LLIN distribution, the density of female
Anopheles mosquitoes over time exhibited seasonal peaks
that coincided with high malaria transmission months. After
the introduction of PBO nets in June 2021, a significant
drop in monthly female Anopheles captures was observed
(Supplemental Figures 4 and 5). Monthly female Culex mos-
quito densities, however, did not significantly differ after the
introduction of PBO LLINs, suggesting that the female
Anopheles population declined as a result of PBO LLIN use
in the area, rather than any unaccounted environmental phe-
nomena. To compare the differences in mosquito species
populations before and after PBO net distribution, Dunn’s
test for repeated measures was used to analyze transmis-
sion seasons in which the introduction of PBO LLINs caused
a significant decline in the female Anopheles population
(P <0.001) while the female Culex population exhibited a
stable trend (Supplemental Figure 5). Using a VIF cutoff
value of 4, no multicollinearity was detected in the final ver-
sion of Model 2 (Supplemental Table 3) because all variable
VIF values were 1.7 or lower.

Sensitivity analyses were conducted using 1) different
quantile definitions for a high-transmission season, 2) an
evaluation of the effect of including net-specific variables
with missing values, and 3) an exploration of the influence of
using a full time window (pre-PBO net distribution versus

only looking at post-PBO net distribution) across all scenar-
ios. Neither the direction of the effect nor the significance
of the observed effect changed (Supplemental Figure 3
and Supplemental Table 4). However, when exploring a
weighted model, after adjusting for differences in net type
to compensate for PBO LLIN underrepresentation, a
weighted model indicated that PBO nets provided signifi-
cantly greater protection against malaria (OR: 0.52; 95% CI:
0.36-0.76). In contrast, a log-likelihood ratio test indicated
that an unweighted model (the final model presented in the
results) provided a significantly better fit (P <0.001).

Finally, a post hoc power analysis of a full model revealed
a high power to detect a true difference between no net use
and conventional net use (98%; Cl: 92.96-99.76%) but low
power to detect a true difference between PBO net use and
conventional net use (49%; Cl: 38.86-59.20%). Given the
low power, the effect of adding more participants or obser-
vations (extending the study time period with the same num-
ber of participants) on the study power was examined. The
results suggest that either 1) a minimum analytic sample size
of 800 participants (approximately twice the current analytic
sample, n = 385 participants) within the current time window
or 2) three times more visit records with a sample size of 385
were necessary to achieve a minimum study power of 80%
(Supplemental Figure 7).

DISCUSSION

In this longitudinal cohort, villages in Western Kenya with a
historically high malaria infection burden were actively and
passively surveyed. With 76 months of follow-up, the odds
of malaria infection among individuals with different bed net
use practices (no bed net, conventional LLIN, and PBO
LLIN) were compared. More specifically, two multilevel logis-
tic regression models, with and without a random slope
for annual time-steps, were fitted. The outcome in both mod-
els was binary RDT results, either positive or negative, in a
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Symptomatic Malaria Over Time
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Ficure 2. Symptomatic malaria over time: proportion of positive rapid diagnostic test results from monthly and sick visits.

given month. Weekly mosquito captures and active monthly
surveillance across 85 households over a nearly 6-year study
period provided high-resolution data, which were used to
retrospectively investigate the effect of PBO bed net use and
compare it with conventional bed net use using historical
data.

In the present study, the NMCP distributed conventional
and PBO LLINs in the community where the cohort is
located as part of their malaria prevention strategies. More
specifically, the authors evaluated whether PBO LLINs pro-
vided additional protection compared with previously used
conventional LLINs. In 2017, members of the study cohort
received conventional LLINs; by 2021, they received PBO
LLINs. Data on LLIN use and malaria indicators were col-
lected from the same population over this entire period, from
June 2017 to December 2023.

After controlling for all factors, sleeping under a PBO LLIN
provided additional protection against malaria infections com-
pared with a conventional bed net, although the difference

was not statistically significant. However, sleeping under a
conventional LLIN provided significant protection against
malaria infections compared with not using a bed net at all,
suggesting that any type of bed net is safer and more effective
than none. When in good condition, bed nets serve as a pro-
tective barrier, preventing contact between humans and mos-
quitoes. Previous studies have revealed that even untreated
bed nets provide some protection against malaria infections
compared with not using a bed net at all because they reduce
the human-vector contact.3%4°

A nonsignificant protective effect was observed among
participants who reported sleeping under a PBO LLIN (ver-
sus a conventional LLIN) during the month preceding their
RDT. In controlled settings, PBO bed nets have exhibited
higher efficacy against malaria indicators than conventional
bed nets.?>23 The WHO recommends the use of PBO LLINs
in areas with moderate or severe insecticide resistance.
Given their high cost, however, PBO LLINs were only distrib-
uted to three lake-endemic counties in Kenya. Because this
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Ficure 3. Temporal trends for (A) net use (main exposure), (B) the prevalence of symptomatic malaria (rapid diagnostic test [RDT] results, out-
come of interest) over the complete study period, and (C) malaria high-transmission seasons as defined by monthly anopheles captures and histor-
ically high transmission months (see the methods for more details). (A) Total monthly reports of participants who either slept under a conventional
long-lasting insecticidal net (LLIN), slept under a piperonyl butoxide LLIN, or reported having not slept under a mosquito net. (B) Monthly preva-
lence of symptomatic malaria across all villages, as determined by reported RDT results. (C) Months classified as high-transmission versus low-
transmission using a composite definition where the 85th percentile of Anopheles captures (40+ mosquitoes) and historically high-transmission
months (May, June, and July) are collectively defined high-transmission months.

is a modified tool for malaria prevention that is currently
being implemented, evaluation is likely ongoing in various
settings; therefore, ongoing studies continue to reveal the
effectiveness of these bed nets in real-world settings. The
present study indicates that PBO bed nets provide addi-
tional protection beyond that of conventional bed nets,
although the difference is not statistically significant. Further-
more, the results indicate a significant decrease in malaria
vectors during the period when PBO LLINs were in use com-
pared with the earlier period when pyrethroid-only bed nets
were used. These findings align with those of previous field
studies, which have revealed that PBO LLINs provide an
additional protective benefit, reducing malaria indices (both
infections and mosquito populations) by ~25-50% or more
compared with conventional bed nets.26:41743

Net-specific attributes, such as the number of holes in a bed
net and the age of the net hanging over a sleeping space, were

recorded during annual surveys but were not assessed during
monthly visits. Consequently, an inherent assumption regarding
net characteristics is that the condition of an LLIN (e.g., the
presence or absence of holes) remained true for the time frame
between annual visits. In other words, an intact net at the
beginning of the year was assumed to be intact until otherwise
updated during the subsequent annual visit. Similarly, the net
type and its associated age (in months) were assumed to
remain unchanged until otherwise updated during any subse-
quent annual visit. By examining bed net use over time, it was
observed that as nets aged, individual risk of malaria increased
(OR: 1.01; 95% ClI: 1.001-1.016), suggesting a potential decline
in LLIN effectiveness over time. Bed net age, how LLINs are
handled, and care practices, such as the frequency of washing
and the detergents used, could contribute to the loss of effec-
tiveness. Previous studies have also revealed a similar decline
in bed net efficacy over time with use.**4%
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TaBLE 3
Multilevel model results for full study time window (June 2017-December 2023)

Multilevel Models, OR (95% CI)

Model 0

Model Covariate Baseline Model, Includes Time

Model 1 Model 2
Full Model, No Random Slope Longitudinal Model, Includes Random Slope

Study year
Conventional bed net
Did not sleep under bed net
PBO bed net
Village

K

L

M

N

S
Sex

Female

Male
Age (years)

<5

5to0 15

>15
Net age (months)
Net intact
Net had at least 1 hole
Low-transmission season
High-transmission season
SD (intercept, M_ID) 2.548
SD (study year, M_ID)
Cor (intercept ~ study year, M_ID)

0.91 (0.87-0.95)

SD (intercept, hh_id) 1.325
Number of observations 3,431
R2 Marg. 0.008
R2 Cond. 0.231
AIC 4,435.2
Deviance 4,427

0.90 (0.83-0.96)
Ref

1.73 (1.34-2.23)

0.72 (0.50-1.05)

Ref
0.49 (0.27-0.88)
1.38 (0.98-1.92)
1.13 (0.68-1.89)
0.72 (0.51-1.02)

Ref
1.15 (0.89-1.49)

Ref
1.73 (1.26-2.38)
0.68 (0.48-0.96)

0.89 (0.81-0.96)
Ref

1.70 (1.31-2.21)

0.70 (0.47-1.03)

Ref
0.50 (0.27-0.93)
1.37 (0.94-1.99)
1.14 (0.67-1.95)
0.67 (0.454-0.996)

Ref
1.21 (0.92-1.58)

Ref
2.12 (1.47-3.06)
0.75 (0.51-1.09)

1.01 (1.001-1.015) 1.01 (1.001-1.016)

Ref Ref
0.96 (0.76-1.21) 0.94 (0.73-1.22)
Ref Ref
2.17 (1.81-2.60) 2.26 (1.87-2.72)
2.060 3.445
1.326
0.429
1.085 1.220
2,691 2,691
0.148 0.159
0.266 0.324
3,248.1 3,236.4
3,216 3,200

AIC = Akaike information criterion; Cond. = conditional; hh_id = household ID; ICC = intraclass correlation coefficient; Marg. = marginal; M_ID = participant ID; OR = odds ratio;

PBO = piperonyl butoxide. Bolding indicates significant OR, with a significance level of P <0.05.

The study results also suggest that school-aged children
(aged 5 to 15 years at the time of visit) had significantly
higher odds (OR: 2.26; 95% CI: 1.87-2.72) of symptomatic
malaria infection compared with children under 5 years old.
This is a common finding in recent studies, which could
be because older children are less likely to sleep under
bed nets than their younger siblings, who may be given
priority.*¢47

The key strength of the current study is its longitudinal
design, with participants followed up monthly for more than
5 years at monthly intervals. These monthly visits enabled
the assessment of participants’ net use behaviors closer to
the date of infection. Moreover, although PBO nets were not
randomly assigned, considerable heterogeneity in net use
was observed, allowing comparison of the risk of malaria
pre- and post-PBO net distributions, as well as conventional
versus PBO LLIN effectiveness within each time period
(Supplemental Figure 6). This extended period enabled a
more comparable representation of both conventional LLINs
and PBO LLINs (in terms of net age), alongside consistent
biomarker collection throughout the study. A full time win-
dow was analyzed, both before and after PBO bed nets
were distributed for representativeness, as conventional
LLINs were distributed in 2017, followed by the distribution
of PBO LLINs in June 2021. However, sensitivity analyses
revealed no change in the direct effects or their significance,
regardless of the time period considered. The analyses were
not limited to only include observations from post-PBO bed

net distribution because of the inherent limitations identified.
A shorter observation time window, combined with an
encouraged shift toward the use of newly distributed PBO
nets, could have affected the feasibility of detecting a differ-
ence between PBO nets and conventional nets. Moreover,
with net age as a predictor, limiting analyses to the latter
time window would have confounded net age distributions
between PBO and conventional nets, in addition to reducing
the available records for analysis from 2,691 to 907, weaken-
ing the analytic power. Moreover, the high-resolution study
data, which also included female Culex mosquito densities
over the entire study period, facilitated the demonstration of
the effect of PBO nets on female Anopheles populations by
using female Culex densities as a reference or control.
Nevertheless, the present study still encountered limita-
tions. The main limitation is related to the study’s power to
answer the primary research question. A post hoc power
analysis indicated insufficient power to confidently detect a
meaningful difference between PBO and conventional net
use; therefore, the nonsignificant results of the present
study should not be interpreted as conclusive. In a power
curve analysis, the effects of two study design variables on
the estimated study power were examined. The effect of
1) increasing the number of participants without extending
the study period (average of ~7 visits per participant) or
2) keeping the same sample size (n = 385) but increasing the
number of monthly visits was assessed. The results suggest
that either tripling the number of visits (~21 visits per participant)
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or increasing the participant sample size from 385 to 800
participants would be the minimum modifications required
to achieve a study power of at least 80% (Supplemental
Figure 7). Continuing to observe participants for longer would
increase the study’s power to 86%; with the observed time
window remaining fixed, a doubled sample size would have
strengthened the study’s power. Another limitation of the cur-
rent study was the type of net hung in households between
annual visits. The type of net hung over a sleeping space was
captured during annual surveys, whereas monthly surveys
captured whether a participant slept under a net in the night
before the visit. In the present work, it is assumed that the net
type remained constant between annual surveys and did not
change between annual visits. Moreover, the main limitation
was the missing information for net-specific variables col-
lected during annual surveys, resulting in varying levels of
missingness that carried over into the monthly time step anal-
ysis. Complete information regarding net washing frequency
and more frequent inspection of nets to identify new holes or
deformations should be prioritized for collection in future
studies. Similarly, regarding the study outcome (RDT results),
~18% of observed outcomes were self-reported, compared
with 78% obtained during sick visits performed by the study
team. Self-reported RDT results were confirmed and recorded
in clinic booklets, mitigating the possible over-estimation of
infections.

CONCLUSION

Although the findings were not statistically significant, the
present study has revealed that PBO LLINs offer additional
protection against malaria infection compared with conven-
tional LLINs. However, these bed nets must be handled with
care to reduce wear and tear. Additionally, appropriate use
by all age groups is required for effective protection. In areas
with confirmed pyrethroid resistance, the use of PBO bed
nets is more likely to be effective in reducing malaria infec-
tions compared with pyrethroid-only bed nets. Moreover,
sleeping under a conventional net provided significant pro-
tection against malaria infection compared with no net use
at all. This may be because these LLINs are treated with a
pyrethroid, which can have non-lethal effects on mosquitoes
that come into contact with it.

Received April 3, 2025. Accepted for publication August 16, 2025.
Published online November 18, 2025.
Note: Supplemental materials appear at www.ajtmh.org.

Acknowledgments: The authors appreciate the study implementation
skills of the project manager and field technicians in Webuye and
Eldoret, including J. Kipkoech Kirui, |. Khaoya, L. Marango, E. Mukeli,
E. Nalianya, J. Namae, L. Nukewa, E. Wamalwa, and A. Wekesa. We
are also indebted to the participants in our study.

Financial support: This work was supported by National Institute of
Allergy and Infectious Diseases (R21AI1126024 to W. Prudhomme
O’Meara and RO1AI146849 to W. Prudhomme O’Meara and S. M.
Taylor).

Disclosures: This study was reviewed and approved by the Duke
University Institutional Review Board (Pro00082000) and Moi Univer-
sity and Moi Teaching and Referral Hospital Institutional Research
Ethics Committee (IREC/2017/36). Heads of households provided
consent for participation in monthly data and mosquito collections.
Participants individually gave consent for the collection of dried
blood spots and rapid diagnostic testing. For participants under

18 years of age, a parent or legal guardian provided consent,
whereas those over 10 years of age provided their assent alongside
the signed consent of a parent before participating.

Authors’ contributions: Conceptualization: J. N. Mangeni and
W. Prudhomme O’Meara; formal analysis: K. Rascon-Garcia and
Z. Lapp; funding acquisition: W. Prudhomme O’Meara and S. M.
Taylor; project administration: W. Prudhomme O’Meara, S. M. Taylor,
L. Abel, and A. Obala; supervision: J. N. Mangeni, W. Prudhomme
O’Meara, and S. M. Taylor; visualizations: K. Rascon-Garcia; data
curation: E. Kimachas; writing—original draft: K. Rascén-Garcia and
J. N. Mangeni; writing—review and editing: K. Rascén-Garcia, J. N.
Mangeni, Z. Lapp, W. Prudhomme O’Meara, S. M. Taylor, A. Obala,
and C. F. Markwalter.

Current contact information: Karla Rascon-Garcia, Zena Lapp, and
Christine F. Markwalter, Duke Global Health Institute, Duke Univer-
sity, Durham, NC, E-mails: knohemi21@gmail.com, zenalapp@lanl.
gov, and christine.markwalter@duke.edu. Emmah Kimachas and
Lucy Abel, Academic Model Providing Access to Health Care,
Eldoret, Kenya, E-mails: kimachasnr@gmail.com and lucycayth@
gmail.com. Andrew Obala, School of Medicine, College of Health
Sciences, Moi University, Eldoret, Kenya, E-mail: andrew.obala@
gmail.com. Steve M. Taylor, Duke Global Health Institute and
Division of Infectious Diseases, Duke University, Durham, Durham,
NC, E-mail: steve.taylor@duke.edu. Wendy Prudhomme O’Meara,
Duke Global Health Institute and Division of Infectious Diseases,
Duke University, Durham, Durham, NC, and School of Medicine,
College of Health Sciences, Moi University, Eldoret, Kenya, E-mail:
wendy.omeara@duke.edu. Judith Nekesa Mangeni, School of Public
Health, College of Health Sciences, Moi University, Eldoret, Kenya,
E-mail: nakholi2001@yahoo.com.

This is an open-access article distributed under the terms of the
Creative Commons Attribution (CC-BY) License, which permits
unrestricted use, distribution, and reproduction in any medium, pro-
vided the original author and source are credited.

REFERENCES

1. Bhatt S, et al., 2015. The effect of malaria control on Plasmo-
dium falciparum in Africa between 2000 and 2015. Nature
526: 207-211.

2. World Health Organization, 2020. World Malaria Report 2020: 20
Years Of Global Progress And Challenges. Available at: https://
www.who.int/docs/default-source/malaria/world-malaria-reports/
9789240015791-eng.pdf. Accessed November 3, 2025.

3. World Health Organization, 2017. World Malaria Report 2017.
Available at: https://www.who.int/publications/i/item/9789241
565523. Accessed November 3, 2025.

4. Dahmana H, Mediannikov O, 2020. Mosquito-borne diseases
emergence/resurgence and how to effectively control it bio-
logically. Pathogens 9: 310.

5. Coulibaly D, et al., 2014. Stable malaria incidence despite scal-
ing up control strategies in a malaria vaccine-testing site in
Mali. Malar J 13: 374.

6. Wotodjo AN, Doucoure S, Diagne N, Sarr FD, Parola P, Gaudart
J, Sokhna C, 2018. Another challenge in malaria elimination
efforts: The increase of malaria among adults after the imple-
mentation of long-lasting insecticide-treated nets (LLINs) in
Dielmo, Senegal. Malar J 17: 384.

7. World Health Organization, 2019. World Malaria Report 2019.
Available at: https://www.who.int/publications/i/item/9789241
565721. Accessed November 3, 2025.

8. World Health Organization, 2018. World Malaria Report 2018.
Available at: https://www.who.int/publications/i/item/9789241
565653. Accessed November 3, 2025.

9. Churcher TS, Lissenden N, Griffin JT, Worrall E, Ranson H, 2016.
The impact of pyrethroid resistance on the efficacy and effec-
tiveness of bednets for malaria control in Africa. Elife 5: €16090.

10. Charlwood J, Graves P, 1987. The effect of permethrin-
impregnated bednets on a population of Anopheles farauti in
coastal Papua New Guinea. Med Vet Entomol 1: 319-327.

11. Lindsay SW, Snow RW, Broomfield GL, Janneh MS, Wirtz RA,
Greenwood BM, 1989. Impact of permethrin-treated bednets


/view/journals/tpmd/114/1/article-p123.xml?tab_body=supplementary-materials
/view/journals/tpmd/114/1/article-p123.xml?tab_body=supplementary-materials
http://www.ajtmh.org
mailto:knohemi21@gmail.com
mailto:zenalapp@lanl.gov
mailto:zenalapp@lanl.gov
mailto:christine.markwalter@duke.edu
mailto:kimachasnr@gmail.com
mailto:lucycayth@gmail.com
mailto:lucycayth@gmail.com
mailto:andrew.obala@gmail.com
mailto:andrew.obala@gmail.com
mailto:steve.taylor@duke.edu
mailto:wendy.omeara@duke.edu
mailto:nakholi2001@yahoo.com
https://creativecommons.org/licenses/by/4.0/
https://www.who.int/docs/default-source/malaria/world-malaria-reports/9789240015791-eng.pdf
https://www.who.int/docs/default-source/malaria/world-malaria-reports/9789240015791-eng.pdf
https://www.who.int/docs/default-source/malaria/world-malaria-reports/9789240015791-eng.pdf
https://www.who.int/publications/i/item/9789241565523
https://www.who.int/publications/i/item/9789241565523
https://www.who.int/publications/i/item/9789241565721
https://www.who.int/publications/i/item/9789241565721
https://www.who.int/publications/i/item/9789241565653
https://www.who.int/publications/i/item/9789241565653

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

PBO NETS COMPARED TO CONVENTIONAL NETS

on malaria transmission by the Anopheles gambiae complex
in The Gambia. Med Vet Entomol 3: 263-271.

Musiba RM, et al., 2022. Outdoor biting and pyrethroid resis-
tance as potential drivers of persistent malaria transmission in
Zanzibar. Malar J 21: 172.

Haji KA, Khatib BO, Smith S, Ali AS, Devine GJ, Coetzee M,
Majambere S, 2013. Challenges for malaria elimination in Zan-
zibar: Pyrethroid resistance in malaria vectors and poor perfor-
mance of long-lasting insecticide nets. Parasit Vectors 6: 82.

Mugenzi LMJ, et al., 2022. Escalating pyrethroid resistance in
two major malaria vectors Anopheles funestus and Anophe-
les gambiae (s.l.) in Atatam, Southern Ghana. BMC Infect Dis
22: 799.

Menze BD, Tchouakui M, Mugenzi LMJ, Tchapga W, Tchoupo
M, Wondji MJ, Chiumia M, Mzilahowa T, Wondji CS, 2022.
Marked aggravation of pyrethroid resistance in major malaria
vectors in Malawi between 2014 and 2021 is partly linked with
increased expression of P450 alleles. BMC Infect Dis 22: 660.

Susanna D, Pratiwi D, 2021. Current status of insecticide resis-
tance in malaria vectors in the Asian countries: A systematic
review. F1000Res 10: 200.

Gleave K, Lissenden N, Richardson M, Choi L, Ranson H, 2018.
Piperonyl butoxide (PBO) combined with pyrethroids in
insecticide-treated nets to prevent malaria in Africa. Cochrane
Database Syst Rev 11: CD012776.

Hien AS, et al., 2021. Evidence supporting deployment of next
generation insecticide treated nets in Burkina Faso: Bioassays
with either chlorfenapyr or piperonyl butoxide increase mortality
of pyrethroid-resistant Anopheles gambiae. Malar J 20: 406.

Barker TH, Stone JC, Hasanoff S, Price C, Kabaghe A, Munn Z,
2023. Effectiveness of dual active ingredient insecticide-
treated nets in preventing malaria: A systematic review and
meta-analysis. PLoS One 18: e0289469.

Mosha JF, et al.,, 2022. Effectiveness and cost-effectiveness
against malaria of three types of dual-active-ingredient long-
lasting insecticidal nets (LLINs) compared with pyrethroid-only
LLINs in Tanzania: A four-arm, cluster-randomised trial. Lancet
399: 1227-1241.

Matowo J, et al., 2022. Expression of pyrethroid metabolizing
P450 enzymes characterizes highly resistant Anopheles vector
species targeted by successful deployment of PBO-treated
bednets in Tanzania. PLoS One 17: €0249440.

Toe KH, Miiller P, Badolo A, Traore A, Sagnon N, Dabiré RK,
Ranson H, 2018. Do bednets including piperonyl butoxide
offer additional protection against populations of Anopheles
gambiae sl. that are highly resistant to pyrethroids? An experi-
mental hut evaluation in Burkina Fasov. Med Vet Entomol 32:
407-416.

Gleave K, Lissenden N, Chaplin M, Choi L, Ranson H, 2021.
Piperonyl butoxide (PBO) combined with pyrethroids in
insecticide-treated nets to prevent malaria in Africa. Cochrane
Database Syst Rev 5: CD012776.

Staedke SG, et al., 2020. Effect of long-lasting insecticidal nets
with and without piperonyl butoxide on malaria indicators in
Uganda (LLINEUP): A pragmatic, cluster-randomised trial
embedded in a national LLIN distribution campaign. Lancet
395: 1292-1303.

Mosha JF, et al., 2024. Effectiveness of long-lasting insecticidal
nets with pyriproxyfen-pyrethroid, chlorfenapyr-pyrethroid, or
piperonyl butoxide-pyrethroid versus pyrethroid only against
malaria in Tanzania: Final-year results of a four-arm, single-
blind, cluster-randomised trial. Lancet Infect Dis 24: 87-97.

Maiteki-Sebuguzi C, et al., 2023. Effect of long-lasting insecti-
cidal nets with and without piperonyl butoxide on malaria
indicators in Uganda (LLINEUP): final results of a cluster-
randomised trial embedded in a national distribution cam-
paign. Lancet Infect Dis 23: 247-258.

World Health Organization, 2022. WHO Guidelines for Malaria.
Available at: https://www.acin.org/images/guias/WHO_
Guidelines_for_malaria_ingles_2022.pdf. Accessed November
3, 2025.

Shepard DS, Odumah JU, Awolola ST, 2020. Cost-effectiveness
of PBO versus conventional long-lasting insecticidal bed nets
in preventing symptomatic malaria in Nigeria: Results of a

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

133

pragmatic randomized trial. Am J Trop Med Hyg 104:
979-986.

National Malaria Control Programme (NMCP) MoH, 2025.
Bednet Coverage and History in Kenya. Available at: https://
nmcp.or.ke/downloads/. Accessed January 2025.

Palladium, 2021. Malaria is Still a Public Health Crisis in Kenya —
Here’s How Data Can Help. Available at: https://thepalladium
groupusa.com/news. Accessed February 2021.

Machani MG, Ochomo E, Amimo F, Kosgei J, Munga S, Zhou
G, Githeko AK, Yan G, Afrane YA, 2020. Resting behaviour of
malaria vectors in highland and lowland sites of western
Kenya: Implication on malaria vector control measures. PLoS
One 15: e0224718.

O’Meara WP, Simmons R, Bullins P, Freedman B, Abel L, Man-
geni J, Taylor SM, Obala AA, 2020. Mosquito exposure and
malaria morbidity: A microlevel analysis of household mos-
quito populations and malaria in a population-based longitudi-
nal cohort in Western Kenya. J Infectious Dis 221: 1176-1184.

Bates D, Machler M, Bolker B, Walker S, 2015. Fitting linear
mixed-effects models using Ime4. J Stat Soft 67: 1-48.

Lidecke D, Ben-Shachar MS, Patil I, Waggoner P, Makowski D,
2021. performance: An R package for assessment, compari-
son and testing of statistical models. JOSS 6: 3139.

Louis Rocconi AS, 2018. Mimhelpr: Multilevel/Mixed Model
Helper Functions. Available at: https://github.com/Irocconi/
mimhelpr. Accessed March 25, 2025.

Wickham H, 2016. Toolbox. Wickham H, Navarro D, Pedersen
TL, eds. ggplot2: Elegant Graphics for Data Analysis. New
York, NY: Springer, 33-74.

Bolger N, Laurenceau JP, 2013. Intensive Longitudinal Methods:
An Introduction to Diary and Experience Sampling Research.
New York, NY: Guilford Publications.

Green P, MaclLeod CJ, 2015. SIMR: An R package for power
analysis of generalized linear mixed models by simulation.
Methods Ecol Evol 7: 493-498.

Clarke SE, Bagh C, Brown RC, Pinder M, Walraven GE, Lindsay
SW, 2001. Do untreated bednets protect against malaria?
Trans R Soc Trop Med Hyg 95: 457-462.

Burkot TR, Garner P, Paru R, Dagoro H, Barnes A, McDougall
S, Wirtz RA, Campbell G, Spark R, 1990. Effects of untreated
bed nets on the transmission of Plasmodium falciparum, P.
vivax and Wuchereria bancrofti in Papua New Guinea. Trans R
Soc Trop Med Hyg 84: 773-779.

Martin JL, Mosha FW, Lukole E, Rowland M, Todd J, Charlwood
JD, Mosha JF, Protopopoff N, 2021. Personal protection with
PBO-pyrethroid synergist-treated nets after 2 years of house-
hold use against pyrethroid-resistant Anopheles in Tanzania.
Parasit Vectors 14: 150.

Awolola ST, Adeogun AO, Olojede JB, Oduola AO, Oyewole 10,
Amajoh CN, 2014. Impact of PermaNet 3.0 on entomological
indices in an area of pyrethroid resistant Anopheles gambiae
in south-western Nigeria. Parasit Vectors 7: 236.

Hien AS, et al.,, 2024. The entomological efficacy of piperonyl
butoxide (PBO) combined with a pyrethroid in insecticide-
treated nets for malaria prevention: A village-based cohort
study prior to large-scale deployment of new generation mos-
quito nets in Burkina Faso. Adv Entomol 12: 224-248.

Lukole E, et al.,, 2022. Protective efficacy of holed and aging
PBO-pyrethroid synergist-treated nets on malaria infection
prevalence in north-western Tanzania. PLOS Glob Public
Health 2: eé0000453.

Protopopoff N, et al., 2022. Effectiveness of Three-Year Old
Piperonyl Butoxide and Pyrethroid-Treated Long-Lasting
Insecticidal Nets (LLINs) versus Pyrethroid-Only Llins Against
Malaria Infection: Results of a Cluster Randomised Trial in Tan-
zania. Available at: https://www.medrxiv.org/content/10.1101/
2022.07.06.22277292v1 .article-info. Accessed November 3,
2025.

Nankabirwa J, Brooker SJ, Clarke SE, Fernando D, Gitonga
CW, Schellenberg D, Greenwood B, 2014. Malaria in school-
age children in Africa: An increasingly important challenge.
Trop Med Int Health 19: 1294-1309.

Walldorf JA, et al., 2015. School-age children are a reservoir of
malaria infection in Malawi. PLoS One 10: e0134061.


https://www.acin.org/images/guias/WHO_Guidelines_for_malaria_ingles_2022.pdf
https://www.acin.org/images/guias/WHO_Guidelines_for_malaria_ingles_2022.pdf
https://nmcp.or.ke/downloads/
https://nmcp.or.ke/downloads/
https://thepalladiumgroupusa.com/news
https://thepalladiumgroupusa.com/news
https://github.com/lrocconi/mlmhelpr
https://github.com/lrocconi/mlmhelpr
https://www.medrxiv.org/content/10.1101/2022.07.06.22277292v1.article-info
https://www.medrxiv.org/content/10.1101/2022.07.06.22277292v1.article-info

