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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
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Summary

Background New classes of long-lasting insecticidal nets (LLINs) containing two active ingredients have been recently
recommended by WHO in areas where malaria vectors are resistant to pyrethroids. This policy was based on evidence
generated by the first 2 years of our recently published trial in Tanzania. In this Article, we report the final third-year
trial findings, which are necessary for assessing the long-term effectiveness of new classes of LLIN in the community
and the replacement intervals required.

Methods A third year of follow-up of a four-arm, single-blind, cluster-randomised controlled trial of dual active
ingredient LLINs was conducted between July 14, 2021, and Feb 10, 2022, in Misungwi, Tanzania. Restricted
randomisation was used to assign 84 clusters to the four LLIN groups (1:1:1:1) to receive either standard pyrethroid
(PY) LLINs (reference), chlorfenapyr—PY LLINS, pyriproxyfen-PY LLINS, or piperonyl butoxide (PBO)-PY LLINs. All
households received one LLIN for every two people. Data collection was done in consenting households in the
cluster core area with at least one child between 6 months and 15 years of age who permanently resided in the
selected household. Exclusion criteria were householders absent during the visit, living in the cluster buffer area, no
adult caregiver capable of giving informed consent, or eligible children who were severely ill. Field staff and study
participants were masked to allocation, and those analysing data were not. The primary 24-month endpoint was
reported previously; here, we present the secondary outcome, malaria infection prevalence in children at 36 months
post LLIN distribution, reported in the intention-to-treat analysis. The trial was registered with ClinicalTrials.gov
(NCT03554616) and is now complete.

Findings Overall usage of study nets was 1023 (22.- 3%) of 4587 people at 36 months post distribution. In the standard PY
LLIN group, malaria infection was prevalent in 407 (37-4%) of 1088 participants, compared with 261 (22-8%) of 1145 in
the chlorfenapyr—PY LLIN group (odds ratio 0-57, 95% CI 0-38-0-86; p=0-0069), 338 (32-2%) of 1048 in the PBO-PY
LLIN group (0-95, 0-64-1-42; p=0-80), and 302 (28-8%) of 1050 in the pyriproxyfen—PY LLIN group (0-82, 0-55-1-23;
p=0-34). None of the participants or caregivers reported side-effects.

Interpretation Despite low coverage, the protective efficacy against malaria offered by chlorfenapyr—PY LLINs was
superior to that provided by standard PY LLINSs over a 3-year LLIN lifespan. Appropriate LLIN replacement strategies
to maintain adequate usage of nets will be necessary to maximise the full potential of these nets.
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Introduction factor to the stagnation of decline in malaria cases and

Pyrethroid (PY) long-lasting insecticidal nets (LLINs) are
the primary method of malaria control in sub-Saharan
Africa.’ These nets have contributed considerably to the
decline in malaria morbidity and all-cause mortality
across the region. However, the rapid spread of PY
resistance in malaria vector populations’ is a contributing
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mortality in recent years.

To counter the challenge of PY resistance, several
new classes of LLINs have been developed that include
a mixture of a PY insecticide and the synergist
piperonyl butoxide (PBO) or a second insecticide with a
differing mode of action to PYs. The most recent
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Research in context

Evidence before this study

On Jan 20, 2023, we searched PubMed using the terms
“malaria”, “malaria control”, “efficacy/effectiveness/effect”,
“randomized controlled trial”, “net” “insecticide-treated net” or
"long-lasting insecticidal net” or “net” combined with
“chlorfenapyr”, “pyriproxyfen”, and “piperonyl butoxide”, for
published abstracts and articles in English since

March 26, 2022, when we published our main randomised
controlled trial 2-year findings. We identified two cluster-
randomised trials reporting the effectiveness of long-lasting
insecticidal nets (LLINs) with piperonyl butoxide-pyrethroid
(PBO-PY), pyriproxyfen-PY, and chlorfenapyr-PY on
epidemiological and entomological outcomes. The first trial,
carried out in Uganda, reported the final-year results of the
effect of PBO-PY LLINs compared with standard PY LLINs on
malaria outcomes. In the Uganda trial, at 25 months after
implementation of LLINs, PBO-PY LLINs were shown to
provide additional protection against malaria infection
prevalence in children aged 2-10 years compared with standard
LLINs in areas of high-level PY resistance. The malaria infection
prevalence was 20% lower in the PBO-PY LLIN group compared
with the standard LLIN group after 25 months of net use in the
field. The systematic review on the effectiveness of PBO-PY
LLNs concluded that in areas with moderate to high levels of
PY resistance, PBO-PY LLINs are superior to standard PY LLINs
in malaria outcomes at 21-25 months of community use.

The second trial was conducted in Benin, assessing the efficacy
of two new classes of pyriproxyfen-PY LLINs and chlorfenapyr-
PY LLINs compared with standard PY LLINs on malaria case
incidence and entomological outcomes at 24 months after
deployment. In Benin, the authors reported a 46% reduction in
malaria case incidence in children who received chlorfenapyr-
PY LLINs compared with those in the standard PY group. There
was a 58% reduction in entomological inoculation rates in the

[
’

developments encompass two new classes of nets: one
with a combination of a PY and pyriproxyfen (an insect
growth regulator that sterilises adult female
mosquitoes), and the other with a mixture of a PY and
the pyrrole chlorfenapyr (an insecticide that disrupts
the ability of insects to produce and supply adequate
energy to the flight muscles). The results of several
randomised controlled trials evaluating these new
classes of nets have indicated that some of these new
LLINs were more effective than standard PY LLINs on
malaria outcomes.**

The first 2 years of results of the present study,
which were reported previously,' demonstrated that
chlorfenapyr-PY LLINs provided better protection over
24 months compared with standard PY LLINs on malaria
epidemiological and entomological outcomes. The
superior protection provided by PBO-PY LLINs
compared with standard PY LLINs lasted for 1 year,
whereas there was weak evidence of a reduction in

pyriproxyfen-PY LLIN group compared with standard PY LLINs,
and no additional effect of the pyriproxyfen-PY LLINs was
evident on epidemiological indices at 24 months post
distribution.

Added value of this study

To the best of our knowledge, this trial reports, for the first
time, the effectiveness of chlorfenapyrPY LLINs and
pyriproxyfen-PY LLINs during 3 years of community use,

the lifespan recommended by WHO. Chlorfenapyr-PY LLINs
were still more effective even at low usage than standard PY
LLINs against malaria outcomes in an area with PY-resistant
mosquitoes after 3 years of community use. However, in our
trial, as already reported in the 2-year findings, PBO-PY LLINs
lasted for only 12 months and there was no additional
protection given by PBO-PY LLINs in the third year of trial
follow-up. We did not observe any additional protection effect
of pyriproxyfen-PY LLINs on malaria prevalence and
entomological indices at 36 months after deployment.

Implications of all the available evidence

The trial findings are important for WHO when making policy
recommendations on the performance and lifespan of novel
classes of LLINs containing dual active ingredients with
different modes of action from PYs. Following the 2-year trial
findings in Tanzania and Benin, on March 14, 2023, WHO
recommended chlorfenapyr-based LLINs and pyriproxyfen-PY
LLINs to prevent malaria in adults and children in areas with
pyrethroid-resistant mosquitoes. The third-year results
demonstrated that with improved durability and community
usage, chlorfenapyr-PY LLINs could sustain malaria control in
areas with PY-resistant vectors over 3 years. To preserve the
efficacy of chlorfenapyr-based LLINs, appropriate resistance
management strategies must be in place.

malaria prevalence and vector density for pyriproxyfen—
PY LLINs during the first year* At 24 months post
distribution, malaria infection was prevalent in
549 (45-8%) of 1199 people in the reference group,
compared with 472 (37-5%) of 1258 for pyriproxyfen—PY
LLINSs (odds ratio [OR] 0-79, 95% CI 0-54-1-17; p=0-24),
512 (40-7%) of 1259 for PBO-PY LLINs (0-99, 0-67-1-45,
p=0-96), and 326 (25-6%) of 1272 for chlorfenapyr-PY
LLINs (0-45, 0-30-0-67, p=0-0001).* The same brands of
chlorfenapyr-PY LLIN and pyriproxyfen—PY LLIN have
been evaluated in Benin® in an area with different malaria
transmission dynamics, vector species composition, and
insecticide resistance intensity, with similar findings to
our study. On the basis of the 2-year results of these two
randomised controlled trials,** WHO has issued a
recommendation for the deployment of chlorfenapyr-PY
LLINs for malaria control in areas with PY resistance,
and has given pyriproxyfen-PY LLINs a conditional
recommendation.”
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However, additional evidence is necessary to support
the appropriate frequency of roll-out of each type of net.
According to WHO, LLINs are expected to demonstrate
insecticide biological efficacy for 20 washes in the
laboratory and 3 years of use in the community." National
malaria control strategies and funding cycles for net
replacement usually follow a 3-year cycle, but several
community studies have shown that this interval is not
appropriate for maintaining maximum effective coverage
of nets, as usage drops quickly due to accumulating wear
and tear in LLIN textiles."® A study conducted in
northwest Tanzania found that only 29% of PBO-PY
LLINs and 26% of PY LLINs remained in the study area
3 years post distribution.” There was some indication,
however, that despite an increase in malaria prevalence
over the 3 years in the PBO-PY LLIN group, malaria
prevalence was still lower for people using these nets
compared with those sleeping under a standard PY
LLIN.” Furthermore, although those new classes of nets
have met the WHO bioefficacy criteria in the laboratory,*
they still need to demonstrate long-lasting bioefficacy in
the community, and there is some evidence that the
second partner insecticide or synergist might not last for
3 years.*” It is, therefore, important to assess whether
the superior effectiveness of new classes of LLINs versus
standard PY LLINs is sustained over 3 years, as it will
have cost implications for the roll-out and replacement
strategies of these nets.

Herein, we report the third-year results of a cluster-
randomised trial evaluating the effectiveness of
chlorfenapyr-PY LLINs, pyriproxyfen-PY LLINs, and
PBO-PY LLINs compared with PY LLINs against
community malaria infection and transmission in an
area of intense PY resistance in northwest Tanzania.

Methods

Study design and setting

We conducted a parallel four-arm, single-blind,
superiority cluster-randomised trial in 84 study
clusters in Misungwi district, northwest Tanzania, from
Aug 31, 2018, to Feb 15, 2022. The results of the 2-year
primary endpoints have been published previously.* The
study design and setting have been detailed elsewhere.”
In brief, at baseline in 2018, the study area had a
moderate malaria transmission, with prevalence of
44.2%, and an entomological inoculation rate of
4-4 infective bites per house per month, mainly
transmitted by Anopheles funestus.” Each cluster had an
inner core area and a minimum 600 m buffer between
clusters to reduce the risk of contamination. Clusters
were initially randomly allocated in a 1:1:1:1 ratio to
Royal Guard (mixture of pyriproxyfen—PY LLIN; Disease
Control Technologies, Greer, SC, USA), Interceptor G2
(mixture of chlorfenapyr—PY; BASF SE, Ludwigshafen,
Germany), Olyset Plus (mixture of PBO-PY LLIN;
Sumitomo Chemical, Tokyo, Japan), or the reference
group Interceptor (PY LLIN; BASF SE). All populations
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living in study clusters were eligible to receive the study
LLINs, but only those living in the core area of each
cluster were included in the follow-up.

Ethical approval was obtained from the institutional
review boards of the Tanzanian National Institute
for Medical Research (NIMR/HQ/R.8a/Vol.IX/2743),
Kilimanjaro Christian Medical University College
(2267), London School of Hygiene & Tropical Medicine
(14952), and the University of Ottawa (H-05-19-4411).
Written informed consent, in Kiswahili, was obtained
from village leaders and household heads for trial
participation and data collection before each activity.

Participants

Repeated cross-sectional surveys were conducted at
12 months, 18 months, and 24 months (primary
endpoint); these results have been published pre-
viously.* The 30-month survey was conducted between
July 14 and Aug 16, 2021, during the high malaria
transmission season, and the 36-month survey between
Jan 12 and Feb 10, 2022, in the low transmission season.
All households in the core area of each cluster with at
least one child between 6 months and 14 years of age
who permanently resided in the selected household,
and an adult caregiver who could provide written
consent, were eligible to be included in the surveys.
Exclusion criteria were dwellings not found or vacant,
no adult caregiver capable of giving informed consent,
or eligible children who were severely ill. At each
timepoint, 45 households were randomly selected (by
simple random sampling without replacement using a
random number generator) from each cluster, using
the census list compiled during baseline enumeration.
In each house, a maximum of two children of
appropriate age were selected for detection of malaria
parasitaemia. Mosquito monitoring was done every
3 months in eight households randomly selected from
the core area of each cluster.

Randomisation and masking

Each of the 84 clusters was allocated to one of the four
study groups by an independent statistician using the
method of covariate constrained randomisation,®
ensuring that clusters were balanced on the following
covariates: population size, malaria infection prevalence
in the baseline year, socioeconomic status, LLIN usage,
and cluster suitability for Anopheles gambiae sensu stricto
(ss), and for A funestus.”® Approximately 200000 random
allocations were generated using Stata 11 and tested
against the balancing criteria, and one acceptable
allocation was selected at random.

All nets were similar in appearance, except that each of
the four types of nets had a different colour-coded loop
and a unique identifying number. Study participants and
field staff were masked to the type of net that was
allocated to a cluster. The analysis reported in the present
paper was performed unmasked.
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Procedures

A mass distribution of the four types of LLIN was
conducted in January, 2019, delivered free of charge to all
populations living in the study area. Study nets were
monitored every year for chemical contents.” During the
study period, standard PY LLINs were provided by the
government to pregnant women and infants during
antenatal and vaccination services in health facilities.
Yearly school net distributions were suspended for the
first 30 months of the study but resumed in October, 2021,
when children in grades 1, 3, 5, and 7 attending primary
schools received one PBO-PY LLIN each.

During the cross-sectional household surveys,
information on household characteristics and LLIN
ownership and use (study LLIN and others) was collected
using electronic forms in tablets with Open Data Kit.
For every selected child, malaria infection was tested
using malaria rapid diagnostic tests (CareStart RDTs;
HRP2 [pf], DiaSys, Wokingham, UK), haemoglobin
was measured (HemoCue Hb 201+, Aktiebolaget Leo
Diagnostics, Helsingborg, Sweden), temperature was
taken, and history of fever during the preceding 48 h was
recorded.

Vector population density was monitored on a quarterly
basis between Jan 7 and Dec 6, 2021, across all study
clusters using US Centers for Disease Control and
Prevention (CDC) light traps. 13 houses were randomly
selected from the core area of each cluster and up to
eight houses were used for indoor mosquito collections.
CDC light traps were installed in bedrooms at the foot of
the bed, and occupants’ nets were replaced by the
standard PY LLIN during the night of collection. CDC
light traps were set between 1800 h and 0630 h.

All sampled mosquitoes were separated by sex, and
females were identified morphologically separating
Culicine and Anopheline genera. Anopheles were further
separated between the A gambige and A funestus
complexes, and other anophelines species. A subset of
ten Anopheles per household per species were analysed
for the presence of Plasmodium falciparum circum-
sporozoite protein using enzyme-linked immunosorbent
assays. Real-time PCR TagMan assays were performed to
differentiate sibling species of A gambiae sensu lato (sl)
and A funestus sl.

Outcomes

The main third-year endpoint was malaria infection
prevalence in children aged 6 months to 14 years at
36 months post LLIN distribution. Other outcomes were
malaria infection prevalence at 30 months, severe
anaemia in children under 5 years old (haemoglobin
<8 g/dL) at 30 and 36 months, and entomological
inoculation rate (EIR) and vector density during the third
year. Other entomological outcomes (changes in
mosquito resting behaviour indoors and outdoors,
species composition, host feeding, and mosquito ovary
development and fecundity) were published elsewhere.”

The frequency and intensity of phenotypic and genotypic
resistance to various insecticides during the third year
has also been reported elsewhere.”

Statistical analysis

The sample size was calculated for the 24-month
endpoint. A total of 21 clusters per group and
45 households per cluster at each cross-sectional survey
were determined to achieve 80% power to detect a 28%
relative reduction in prevalence of malaria between each
dual active ingredient LLIN group and the PY LLIN
group, assuming a malaria prevalence of 40% in the
reference group (PY LLIN) and a coefficient of variation
of 21% as per our previous publication.” For the
entomological endpoint, a mean EIR in the reference
group of 1-76 infective mosquitoes per month per
household was assumed with a between-cluster
coefficient of variation of 0-4.> With eight households
sampled in each cluster every quarter, or 32 collection
house-nights per cluster per year, the study had 80%
power to detect a relative reduction of 36% or more in
monthly EIR between the intervention and reference
groups. All sample size calculations allowed for a
Bonferroni-corrected significance level of 1-67% (two-
sided) to account for multiple comparisons.

Statistical analyses were done using Stata 15. The
primary analyses of malaria infection prevalence and
anaemia were based on intention to treat, defined as the
entire population sampled. Secondary per-protocol
analyses were conducted only for the main outcome,
malaria infection prevalence, and only included children
using the allocated study nets. For both intention-to-treat
and per-protocol analyses, the repeated malaria infection
prevalence measured at 30 and 36 months was analysed
using mixed-effects logistic regression. The model
included fixed effects for time (survey timepoint), study
group, and the time by study group interaction. The
cluster-level variables used in restricted randomisation
(including the baseline measure of the primary outcome)
were included as covariates; a random intercept was
specified for clusters to account for intracluster
correlation and robust standard errors were added to
account for possible mis-specification of the variance
structure of the errors.” Results from the analyses of the
30 and 36 months timepoints were also plotted alongside
results from the primary trial endpoint at 24 months to
visualise trends. The treatment effects for both intention-
to-treat and per-protocol analyses were estimated using
adjusted least-squares mean differences with 95% Cls
obtained from the respective models. Adjusted risk ratios
for malaria prevalence in the intention-to-treat population
were also estimated.

Vector density and EIR in the third year were analysed
by intention to treat and compared between study groups
using a mixed-effects negative binomial regression
model. A mixed-effects logistic regression model was
used to analyse the sporozoite rates. Both models
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Figure 1: Trial profile
PY=pyrethroid. LLIN=long-
lasting insecticidal net.
PBO=piperonyl butoxide.
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PY LLINs (reference) Pyriproxyfen-PY LLINs Chlorfenapyr-PY LLINs PBO-PY LLINs
Study cluster characteristics
Population (whole study area) 61183 57567 60115 57631
Population (core area) 43877 43266 41748 45020
Household and children characteristics baseline cross-sectional survey (September, 2018)
SES (poorest households) 114/394 (28-9%) 141/390 (36-1%) 131/426 (30:7%) 122/333 (36-6%)
LLIN use in all age groups 2957/4962 (59-6%) 2813/4520 (62-2%) 2849/4803 (59-3%) 2695/4369 (61.7%)
LLIN use in selected children 831/1295 (63-2%) 839/1290 (64-9%) 781/1249 (62-5%) 751/1185 (63-4%)
Malaria infection prevalence 2957/4962 (59-6%) 516/1118 (46-2%) 469/1099 (42-7%) 444/1056 (42-0%)
Anaemia prevalence in children aged under 5 years (<8 g/dL) 28/453 (6:1%) 28/500 (5-2%) 28/507 (5-5%) 20/472 (4-2%)

Median (IQR) age of selected children, years 6 (3-10), n=1295
Entomological characteristics (September-December, 2018)

Mean (95% Cl) indoor vector per house per night 59 (0-7-11-1), n=335

Sporozoite rate 30/680 (4-4%) 19/570 (3:3%) 7/318 (2:2%) 11/367 (3-0%)
EIR (95% Cl) per household per night 0-35 (0-02-0-68), =331 0-11(0.01-0-21), n=328 0-04 (0-00-0-08), n=332 0-07 (0-01-0-13), n=326
Proportion of A funestus 1869/1982 (94-3%) 1331/1401 (95-0%) 904/948 (95-4%) 596/642 (92-8%)

Data are n or n/N (%), unless otherwise specified. PY=pyrethroid. LLIN=long-lasting insecticidal net. PBO=piperonyl butoxide. SES=socioeconomic status. EIR=entomological inoculation rate.

6 (3-10), n=1290

42(0-8-7-6),n=334

6 (3-9), n=1249 6 (3-10), n=1185

2.8 (0-0-6:0), n=334 1.9 (0-4-3-4), n=337

Table 1: Baseline characteristics

included fixed effects for study group and cluster-level
variables used in restricted randomisation with collection
round and cluster as random effects. Secondary analysis
across the 3 years of collection was performed to assess
trends in vector density at each survey period between
the intervention groups. In this analysis, the model
included fixed effects for year, study group, and the
interaction year by study group, and adjusted for the
cluster-level variables used in restricted randomisation,
with collection round and cluster as random effects.
Robust standard errors were added to account for
possible mis-specification of the variance structure of the
errors.

This trial is registered with ClinicalTrials.gov
(NCT03554616) and is now completed.

See Online for appendix

Role of the funding source

The funders of the trial had no role in study design, data
collection, data interpretation, or writing of the report, or
in the decision to submit for publication.

Results

The study area included 39307 households
(132-2390 households per cluster) and 236496 people,
evenly distributed between the four groups (figure 1). Of
these, 23911 households (60-8%) were eligible for cross-
sectional surveys of malaria prevalence. For each of the
two survey rounds in the third year, 7560 households were
randomly selected. Across these surveys, 4722 (62-5%)
households consented, 978 (12-9%) had no children under
15 years of age, 868 (11-5%) were absent, 199 (2-6%)
refused, and 318 (4-2%) were not located (figure 1). In the
households that consented, 8898 children were selected,
8332 came to be tested, and 8329 were included in the
intention-to-treat analysis (figure 1).
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During the baseline survey, which was conducted in
2018, all children, household, and cluster characteristics
were similar between the four trial groups (table 1)* and
at 30 and 36 months post intervention (appendix p 3).
Overall usage of LLINs (study nets and other nets) was
2987 (69-3%) of 4310 at 30 months, and increased slightly
after the school net distribution to 3311 (72 -2%) of 4587 at
36 months. Usage was similar between groups (appendix
p 4), with the study LLIN usage being 1325 (30-7%) of
4310 at 30 months and 1023 (22- 3%) of 4587 at 36 months.
Generally, study net usage was low, with PBO-PY LLIN
usage the lowest followed by that of pyriproxyfen-PY
LLINs. At 30 months, 2816 (46-0%) of the 6124 nets
owned in the study area were study nets, 2438 (39-8%)
were various brands of standard PY LLIN, and
723 (11-8%) were PBO-PY LLINs distributed by
government programmes. At 36 months, the proportion
of study nets owned declined to 2222 (31-2%) of 7129; the
remaining were PBO-PY LLINs (2568 [36-0%] of
7129 from the school net distribution in October, 2021)
and standard PY LLINs (2162 [30-3%] of 7125 distributed
from antenatal clinics; appendix pp 5-8). Chemical
analysis showed that at 36 months, partner active
ingredient retention was 1-5 g/kg (28%) of an initial
5-4 g/kg for pyriproxyfen, 0-4 (8%) of 5-0 for
chlorfenapyr, and 0-7 (7%) of 9-6 for PBO, with PY
retention lowest in standard PY LLINs (0-8 [17%)] of 4-7)
and highest in pyriproxyfen—PY LLINs (3-3 [62%] of 5- 3;
appendix p 9).

In the intention-to-treat analysis, at 36 months, malaria
infection prevalence in children was 407 (37-4%) of 1088
in the standard PY LLIN group versus 261 (22-8%) of
1145 in the chlorfenapyr—PY LLIN group (OR 0-57,
95% CI 0-38-0-86; p=0-0069), 338 (32-3%) of 1048 in
the PBO-PY LLIN group (0-95, 0-64-1-42; p=0-80), and
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Intention to treat Per protocol
n/N % OR 95% Cl p value n/N % OR 95% Cl p value
30 months
PY LLINs 507/956  53:0%  1(ref) 195/388 50-3% 1 (ref)
Chlorfenapyr-PY LLINs 436/1045  41.7% 0-69 0-46-1.03 0-069 123/360 342% 052 033-0-82  0-0052
PBO-PY LLINs 488/992 49-2% 0-99 0-66-1-48 0-97 94/186 50-5%  1-05 0-64-170 0-87
Pyriproxyfen-PY LLINs 426/1004  42-4% 073 0-49-1-09 0-12 110/306 359% 0-54 0-33-0-85  0-0086
36 months
PY LLINs 407/1088  37-4% 1 (ref) 110/335 328% 1 (ref)
Chlorfenapyr-PY LLINs 261/1145 22.8% 057 0-38-0-86 0-0069 60/318 189% 050 0-30-0-83  0-0068
PBO-PY LLINs 338/1049  32:2% 0-95 0-64-1-42 0-80 33/140 23:6% 070 0-40-1-25 023
Pyriproxyfen-PY LLINs 302/1050 28-8%  0-82 0-55-1-23 0-34 53/192 27:6% 078 0-45-132 035
Each intervention arm is compared with the PY LLIN arm for the same timepoint. Rate ratios are adjusted for baseline cluster-level variables used in restricted randomisation.
A p value <0-017 was considered statistically significant after Bonferroni correction. OR=odds ratio. PY=pyrethroid. LLIN=long-lasting insecticidal net. PBO=piperonyl
butoxide.
Table 2: Malaria infection prevalence in children aged 6 months to 14 years at 30 and 36 months post intervention in intention-to-treat and per-
protocol analyses

302 (28-8%) of 1050 in the pyriproxyfen-PY LLIN group
(0-82, 0-55-1-23; p=0-34; table 2). At 30 months, when
compared with the standard PY LLIN group there was
weak evidence of a difference in malaria infection
prevalence in the three intervention groups (table 2).
Risk ratios for the intention-to-treat analysis are reported
in the appendix (p 10). The per-protocol analysis showed
a similar effect to the intention-to-treat analysis except
for at 30 months, where children sleeping under a
pyriproxyfen-PY LLIN (0-54, 0-33-0-85; p=0-0086)
or under a chlorfenapyr-PY LLIN (0-52, 0-33-0-82;
p=0-0052) were more protected than those sleeping
under a standard PY LLIN. None of the participants
reported side-effects at 30 or 36 months.

Comparing the parasite prevalence ORs in all five
surveys post intervention, households provided with
chlorfenapyr-PY LLINs had the lowest parasite
prevalence compared with households who received
standard PY LLINs, and this effect was sustained in all
three years (figure 2A). For PBO-PY LLINs the effect was
observed up to 18 months, compared with only 12 months
for pyriproxyfen—-PY LLINs (figure 2A). Relative to the
standard PY LLIN group, there was no significant
difference observed in the prevalence of anaemia in any
of the intervention groups at any of the timepoints
(appendix p 11).

A total of 44007 mosquitoes were collected during the
third year of follow-up across the study groups, of which
8260 (18-8%) were female anophelines, mainly A funestus
ss and Anopheles arabiensis. During the third year, vector
density was 2-72 in the standard PY LLIN group
compared with 201 in the chlorfenapyr—PY LLIN group
(density ratio 0-46, 95% CI 0-28-0-74; p=0-0017), 3-01in
the pyriproxyfen—-PY LLIN group (0-86, 0-53-1-39;
p=0-53), and 2-10 in the PBO-PY LLIN group (0-64,
0-40-1-03; p=0-047; table 3). EIR was generally lower for
all the intervention groups versus the standard PY LLIN
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group, with only the chlorfenapyr—PY LLIN group
showing evidence of a difference. Comparing the vector
population density each post-intervention year, Anopheles
densities were significantly lower in the chlorfenapyr-PY
LLIN group over the 3 years compared with the standard
PY LLIN group (figure 2B). The effect of PBO-PY LLINs
was strongest during the first year of follow-up and only
borderline reductions were observed in the following
2 years (figure 2B).

Discussion

This study generated additional evidence on the
performances of three classes of dual active ingredient
LLINs over their full 3-year lifespan compared with
standard PY LLINs. We found that chlorfenapyr—PY
LLINs provided significantly better protection against
malaria infection prevalence during the third year of
follow-up compared with standard PY LLINs. Children
under 15 years of age in the chlorfenapyr—PY LLIN group
had 43% reduced odds of malaria prevalence relative to
those from the clusters deployed with standard PY LLINs
at 36 months post intervention. Similar effects were
observed against entomological indices, whereby there
was a significant 54% decline in vector density and 68%
reduction in EIR in the chlorfenapyr—PY LLIN group
compared with the standard PY LLIN group. As reported
in our previous Article on the first 2 years of the trial,*
and confirmed by the third-year results presented in this
paper, there was limited additional protection afforded by
PBO-PY LLINs or pyriproxyfen-PY LLINs compared
with standard PY LLINs against malaria infection
prevalence, transmission (measured by EIR), or vector
density in the third year post LLIN distribution.

We observed continued superior protection in the
chlorfenapyr-PY LLIN group against malaria infection
prevalence, transmission, and vector density compared
with the standard PY LLIN group after 36 months of
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Figure 2: Trends in (A) parasite prevalence and (B) vector density of dual active ingredient LLINs versus
standard PY LLINs

Observed at 12, 18, 24, 30, and 36 months post LLIN distribution. Parasite prevalence is presented as odds ratios as
per the intention-to-treat analysis. Error bars show 95% Cls. Dashed lines show the reference value. LLIN=long-
lasting insecticidal net. PBO=piperonyl butoxide. PY=pyrethroid.

follow-up, when usage of the chlorfenapyr—-PY LLINs
was below 31% and only 8% of chlorfenapyr content
remained. Our findings are supported by the recent
Benin randomised controlled trial,® which found that
over 2 years of follow-up there was strong evidence of a
reduction in malaria case incidence by 46% in the
chlorfenapyr-PY LLIN group relative to the standard PY
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LLIN group. The significant reduction in EIR over the
3 years suggests a sustained level of community
protection, which is further supported by the fact that the
reduction in malaria prevalence was only slightly
stronger among children who actually reported using a
chlorfenapyr-PY LLIN (per protocol). We reported
previously that, after 2 years, chlorfenapyr—PY LLINs
were already the most cost-effective LLIN from a societal
and household perspective, relative to standard PY
LLINs, PBO-PY LLINS, and pyriproxyfen—PY LLINs. The
sustained effectiveness of chlorfenapyr—PY LLINs over
the 3 years is thus likely to increase estimates of cost
saving from the donor and public provider perspectives.*
However, our study is likely to have underestimated the
true impact of chlorfenapyr—PY LLINs due to low usage;
therefore, strategies to keep net usage high need to be
devised to maximise the benefit of these new LLIN tools
for malaria control. The third-year results of the Benin
randomised controlled trial, expected in late 2023, will
also be important in determining whether the effect is
sustained over 3 years in a different trial setting where
vector composition is different and vector density and
malaria transmission are much higher than in Tanzania,
especially in light of reports of reduced susceptibility to
chlorfenapyr-PY in A gambiae ss in this setting.”

In this paper, we report that the effectiveness of PBO-
PY LLINs lasted for 18 months, and little or no additional
protective efficacy against malaria prevalence or
entomological outcomes was observed in the third year
compared with standard PY LLINs. In previous
randomised controlled trials, conducted in Uganda* and
in a different region in Tanzania (Muleba), PBO-PY
LLINs showed protective efficacy for up to 21-25 months
of use in Uganda® and after 3 years in Tanzania.®
Notable differences between our present study and the
other two are the species composition and variations in
insecticide resistance in mosquitoes vectors, as well as
differences in PBO-PY LLIN usage and potential
differences in human behaviour. In our current trial,
A funestus is the main vector in the study area,” as
opposed to A gambiae ss in the trials in Uganda* and
Muleba, Tanzania.® Another possible explanation for the
differential effects of PBO-PY LLINs between trials
could be differences in chemical specificity and textile
durability of the nets in the present study, with textile
durability likely to be the main driver of the fast decline
in usage of this type of net in the community. In the
Uganda trial, the PY content of PBO-PY LLINs was
relatively stable at 12 and 25 months of evaluation, but
the PBO content declined by 55%,* with a similar brand
used in our current trial. After 24 months of follow-up,
29% of PBO remained, and after 36 months, only 7%
was left in the study nets from the present randomised
controlled trial. In the present trial, usage of PBO-PY
LLINs dropped much more quickly during the first year,
from 74% at 3 months post intervention to 59% at
12 months, 30% at 24 months, and 11% at 36 months; in
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proportion of mosquitoes sampled to be tested for sporozoites.

Households  Vector density SR EIR
analysed
Mean density DR 95% Cl pvalue  Anopheles SR % OR 95% Cl pvalue  EIR per DR* 95% Cl p value
per household tested household
per night per night
PY LLINs 840 2:72 1 (ref) 1717 1.86%  1(ref) 0-04 1 (ref)
Chlorfenapyr-PY LLINs 840 2:01 046  0-28-0-74 0-0017 1233 097% 061 0-27-1-40 0-24 0-02 0-32 0-15-0-71  0-0046
PBO-PY LLINs 840 210 0-64  0-40-1.03 0-047 1304 1.69% 092 0-46-1-85 0-82 0-03 0-64 026-1.61 0-34
Pyriproxyfen-PY LLINs 840 3-01 0-86 0-53-1.39 053 1732 0-81% 046 0-21-1-00  0-051 0-02 0-47 0-19-121 012

DR for vector density and EIR and OR for SRs are adjusted for baseline cluster-level variables used in restricted randomisation. A p value <0-017 was considered statistically significant after Bonferroni correction.
SR=sporozoite rate. EIR=entomological inoculation rate. DR=density ratio. OR=odds ratio. PY=pyrethroid. LLIN=long-lasting insecticidal net. PBO=piperonyl butoxide. *EIR DRs are weighted to account for the

Table 3: Entomological outcomes during the third year post distribution in intention-to-treat analysis

the other Tanzania study, usage was 76% at 4 months
and 46% at 24 months, and in the Uganda study, overall
net usage was 80% at 12 months and 60% at 25 months.
In our study, the community had access to other types of
new nets; therefore, torn nets were easily replaced. This
is in contrast to the previous Tanzania trial,’ in which
communities lacked access to other nets and as a result
households retained their PBO-PY LLINSs for longer.”
Although we observed little to no reduction for any of
the outcomes in the pyriproxyfen—PY LLIN group during
the second year of the trial, or for entomological
outcomes in the third year, there was some evidence of a
reduction in malaria infection prevalence among
children using pyriproxyfen—PY LLINs compared with
standard PY LLINs during the 30-month follow-up. A
higher concentration of alpha-cypermethrin remaining
in the pyriproxyfen—PY LLINs (3-3 g/kg) compared with
standard PY LLINs (0-8 g/kg) in the third year could
explain these results; however, this should be confirmed
using standard WHO bioefficacy testing. Other trials
have reported limited protection of pyriproxyfen-PY
LLINs relative to standard PY LLINs on malaria
outcomes. For example, in a randomised controlled trial
in Burkina Faso, over 18 months of follow-up there was a
low (12%) reduction in malaria case incidence among
children using pyriproxyfen—PY LLINs compared with
those using standard PY LLINs.’ In the Benin trial, the
pyriproxyfen-PY LLINs did not provide additional
protection towards malaria infection prevalence;’
however, these LLINs were effective in reducing indoor
vector density by 22% and EIR by 51% compared with
standard PY LLINs.’ The variations in the epidemiological
and entomological impact of these nets across the three
trials could be partly explained by different net usage,
time of follow-up, and also resistance intensity to
pyriproxyfen or the partner PY used on the LLIN.>¢*%
This study has limitations, including the low study net
usage during the third year of follow-up, which might
explain the lack of impact offered by each of the three
intervention nets at this timepoint. The study was subject
to some methodological limitations, including potential
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measurement bias in intention-to-treat estimates and
selection bias in per-protocol estimates. The distribution
of PBO-PY LLINs was in October, 2021, before the end of
the third year of trial follow-up; although based on
secondary analysis, the findings showed that ownership
and usage of non-study nets was balanced across the
groups, and thus less likely to introduce bias on the study
outcomes. However, the addition of PBO-PY LLINs
might have differential impact in the four groups: first,
because PBO is known to synergise the efficacy of
pyriproxyfen, whereas it could have a negative antagonistic
impact when combined with a pro-insecticide such as
chlorfenapyr; and second, because of the differences in
malaria transmission (EIR) between the four groups.”*

Based on the present study and the study in Benin,*
the WHO Vector Control Advisory Group concluded
that chlorfenapyr-PY LLINs were more effective than
standard PY LLINs in areas with highly PY-resistant
malaria vectors,” and WHO has released a policy
recommendation of these nets for public implementation
against malaria in areas with PY resistance.’

This study demonstrates the sustained effectiveness of
chlorfenapyr-PY LLINs in an area of intense insecticide
resistance, despite relatively low levels of coverage,
which adds to the evidence base in support of these new
nets as a highly promising malaria control tool.
Appropriate net replacement strategies and social
behaviour communication are needed to keep LLIN
usage high and maximise impact. Moreover, insecticide
resistance plans should incorporate strategies to
preserve chlorfenapyr efficacy to prevent or delay
resistance development in malaria vectors. Importantly,
additional combinations of vector control products
should still be considered an integral part of tailored
vector control strategies, especially as evidence of
chlorfenapyr resistance has been reported in wild
populations. This study highlights the urgent need for
improved durability of dual active ingredient LLINs,
alongside strategies to improve community awareness
and usage of these nets, to optimise the effectiveness of
these new nets for sustainable malaria control.
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