
Frontiers in Malaria

OPEN ACCESS

EDITED BY

Sarah Reece,
University of Edinburgh, United Kingdom

REVIEWED BY

Rosemary Lees,
Liverpool School of Tropical Medicine,
United Kingdom
Ellie Sherrard-Smith,
Imperial College London, United Kingdom

*CORRESPONDENCE

Victoria A. Ingham

Victoria.ingham@uni-heidelberg.de

†These authors have contributed
equally to this work and share
first authorship

RECEIVED 13 November 2023
ACCEPTED 26 April 2024

PUBLISHED 28 May 2024

CITATION

Böhmert AL, Logan RAE, Portwood NM,
Hartke J and Ingham VA (2024) A descriptive
review of next-generation insecticide-treated
bed nets for malaria control.
Front. Malar. 2:1337572.
doi: 10.3389/fmala.2024.1337572

COPYRIGHT

© 2024 Böhmert, Logan, Portwood, Hartke
and Ingham. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Mini Review

PUBLISHED 28 May 2024

DOI 10.3389/fmala.2024.1337572
A descriptive review of next-
generation insecticide-treated
bed nets for malaria control
Antonia L. Böhmert †, Rhiannon A. E. Logan †,
Natalie M. Portwood †, Juliane Hartke and Victoria A. Ingham*

Medical Faculty, Centre for Infectious Diseases, Heidelberg University, University Hospital Heidelberg,
Heidelberg, Germany
To date, insecticide-treated bed nets are the most effective tool in

preventing malaria-related morbidity and mortality. All distributed bed nets

contain pyrethroid insecticides; however, widespread resistance to this class

in the malaria vectors, Anopheles spp., has led to the development of dual

active ingredient bed nets, termed ‘next-generation bed nets’. These nets

combine pyrethroids with a second chemistry, aimed at countering

pyrethroid resistance. The World Health Organization (WHO) recently

issued recommendations for three classes of next-generation bed nets. In

this review, we report on key indicators across Africa for each net type. The

results underscore a substantial variation in key indicators across Africa when

comparing next-generation bed nets to traditional pyrethroid-only nets.

Nevertheless, dual active ingredient bed nets generally outperform

pyrethroid-only nets in a various settings. The results show that new nets

are a formidable tool in malaria control, with superior performance

compared to traditional pyrethroid-only nets. The variability in outcomes

across Africa underscores the need for a region-specific approach, fostering

a targeted and adaptive strategy for the deployment of these next-

generation interventions.
KEYWORDS

insecticides, bed nets, chlorfenapyr, pyriproxyfen, piperonyl butoxide, pyrethroid,
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Introduction

Malaria remains a significant global health challenge with an estimated 247 million

cases and 619,000 deaths in 2021 alone (WHO, 2023). To date, long-lasting insecticidal nets

(ITNs) are the most effective intervention in malaria control and are the main contributing

factor to a reduction in morbidity and mortality (Bhatt et al., 2015; WHO, 2023). The most

used class of insecticides are pyrethroids (PY), utilised on all bed nets distributed

(Supplementary Table S1). Due to the intense selection pressure exerted on the

mosquito, pyrethroid resistance is widespread; therefore, dual active ingredient (AI) bed

nets have recently been recommended for use (Programme, 2021). These so-called ‘next-
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generation bed nets’ (ngITNs) combine pyrethroids with either a

second insecticide or a synergist that restores susceptibility to

pyrethroids by blocking metabolism of the insecticide

(Supplementary Table S1) (Metcalf, 1967; WHO, 2012).

InMarch 2023,WHO issued recommendations for the three newly

licensed next-generation ITNs, with a strong recommendation for the

use of pyrethroid + chlorfenapyr (CFP) nets over the use of pyrethroid-

only nets (pITNs) (WHO, 2023). CFP is a second insecticide that

targets the mitochondria of insects (Anon, 1995), and thus, has a

complementarymode of action to pyrethroids. The second class of dual

active ITNs combines piperonyl butoxide (PBO), which inhibits

cytochrome P450s (P450s) from detoxifying pyrethroids, and thus,

restores susceptibility. Following WHO’s recommendation for the use

of pyrethroid + PBO ITNs in settings with high pyrethroid resistance,

almost half of the currently distributed ITNs are pyrethroids + PBO

nets (WHO, 2023). Finally, WHO issued a conditional

recommendation for pyrethroid + pyriproxyfen (PPF) nets

(Organization, 2023). PPF, a juvenile hormone analogue, sterilises

adult mosquitoes after contact and reduces their lifespan (Itoh et al.,

1994; Dhadialla et al., 1998).

To best implement these recommendations, understanding of

the underlying pyrethroid resistance mechanisms is needed

[recently reviewed in (Ingham et al., 2023)]. Pyrethroid resistance

can be due to a number of mechanisms, including well-described

changes to the target site of the insecticide (kdr) (Martinez-Torres

et al., 1998; Weill et al., 2004), upregulation of metabolic

detoxification genes (specifically P450s) (Challenger et al., 2023),

and thickening of the cuticle (Balabanidou et al., 2016).

In this review, we descriptively report on diverse key indicators

(Table 1) collected in Phase I–III trials in Africa on ngITNs

(Supplementary Table S1). These studies represent published data

from 40 trials from dual AI vs. PY-only nets [PBO (n = 33), PPF (n

= 4), CFP (n = 14)]. Included studies utilised ITNs in the field with

either field-caught or laboratory-reared resistant Anopheles spp., and

studies that tested ITNs in a laboratory environment using field-caught

resistant Anopheles spp. (Supplementary Table S1). Phase I trials (n =

7) identified ITN-induced mortality in association with resistance

mechanisms, Phase II (n = 23) studies examined ITN-specific EHT

outcome measures, and Phase III (n = 10) trials investigated ITN

impact on epidemiological markers. All data given as exact metrics

were extracted from West (Pwalia et al., 2019), Central (WHO, 2023),

and East (Challenger et al., 2023) Africa (Supplementary Table S1).

Relevant papers were retrieved from Google Scholar and Web of

Science using search terms described in Supplementary Table S1.

Accounting for confounding effects such as phase of trial, trial

design, methodology, or locality are beyond the scope of this review

but have been addressed in prior statistical studies (Sherrard-Smith

et al., 2022; Challenger et al., 2023).
Malaria epidemiology

Parasite and anaemia prevalence

Several trials were conducted across West Africa, an area with

relatively higher levels of insecticide resistance (Hancock et al.,
Frontiers in Malaria 02
2022). In Burkina Faso, a randomised controlled trial (RCT) with

An. gambiae s.l. and An. funestus reported a decline in prevalence

and incidence with the use of PermaNet 3.0 (PBO) and IG2 (CFP)

compared to pITNs, with PermaNet 3.0 showing the greatest

reduction in prevalence (Gansané et al., 2023). Similarly, in

Benin, IG2 significantly reduced case incidence, infection
TABLE 1 Indicator categories described in this review, alongside
indicator name and description.

Indicator
category

Indicator name Description

Epidemiology Parasite prevalence Presence of a Plasmodium
falciparum infection in
children aged 6 months to
14 years

Anaemia prevalence A haemoglobin
concentration <10 g/dL in
children aged 5 or under

Entomological Entomological inoculation
rate (EIR)

A measure of exposure to
infectious mosquitoes,
calculated by
incorporating the human
biting rate and
sporozoite rate

Sporozoite rate The percentage of
mosquitoes infected
with sporozoites

Blood-feeding (BF) Defined as:
1. The proportion of BF
mosquitoes found in huts/
houses
BF inhibition (BFI) is
calculated by comparing the
control hut/house to the
hut/house with treatment

Deterrence The reduction in the total
number of mosquitoes
collected inside huts/
houses as a percentage of
those in the control
hut/house

Exophily The exiting rates due to
the potential effects of
a treatment

Direct
ITN measures

ITN durability Defined by:
1. The loss of active
ingredient (AI)
2. The development of
holes in nets
3. The resultant
reduction in mortality
after washing ITNs or
throughout study periods
A total of 20 washes is
used as a proxy for net
aging as defined by WHO
(Gichuki et al., 2021).

Personal protection The reduction in the
number of BF mosquitoes
relative to the control hut,
given as a percentage to
represent the protection
provided by the ITN.
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prevalence, and entomological inoculation rate (EIR) over 24

months with An. gambiae and An. funestus. In contrast, the PPF

net (Royal Guard, RG) did not impact prevalence, although the EIR

was reduced (Accrombessi et al., 2023). As in Burkina Faso,

PermaNet 3.0 performed well in Nigeria (1-year RCT) with a

greater impact on EIR and significantly larger impact on

sporozoite rates with An. gambiae s.l (Awolola et al., 2014).

However, in Mali (2-year RCT) PermaNet 3.0 and Olyset Plus

did not perform well and provided no evidence for a difference in

sporozoite rate in An. gambiae s.l., despite pre-exposure to PBO

indicating partial involvement of P450s (Cisse et al., 2017). In

Tanzania, a significant reduction in case incidence and prevalence

was observed in IG2 compared to pITNs, whilst no reductions were

reported in Olyset Plus or RG after 2 years (Mosha et al., 2022). EIR

was significantly reduced in IG2 for 2 years, 1 year for Olyset Plus,

and no difference for RG (Mosha et al., 2022). By the third-year,

post intervention analysis revealed only IG2 had a significant

decline in EIR (Mosha et al., 2023). A trial in Uganda (18-month

RCT) reported that PermaNet 3.0 and Olyset Plus significantly

lowered per protocol parasite prevalence in An. gambiae s.l. and An.

Funestus (Staedke et al., 2020). Additionally, in Tanzania (with a 33-

month study) with An. gambiae s.l. and An. funestus, Olyset Plus

had a lower parasite prevalence; there was no significant difference

in EIR and sporozoite rates (Protopopoff et al., 2023).

No differences were reported in anaemia prevalence amongst

children across Africa when comparing ngITNs to pITNs over the

entire trial period (Accrombessi et al., 2023; Mosha et al., 2023;

Protopopoff et al., 2023).

Overall, PBO and CFP nets show a generalised reduction in

parasite indicators across both East and West Africa [e.g.,

sporozoite rate pITN:median = 2% (range=1.3%–5%), CFP:0.8%

(0.6%–1.2%), PBO:1.9% (0.9%–6.9%)], with only one trial in Mali

showing no impact of PBO nets compared to pITNs (Figure 1A).
Entomological markers

Mortality and sterility

In West Africa, PermaNet 3.0, Olyset Plus, and Veeralin nets

across Côte d’Ivoire, Burkina Faso, Ghana, Togo, Benin, Nigeria,

and Cameroon reported higher mortality levels compared to pITNs

in An. arabiensis, An. funestus, and An. gambiae s.s./s.l (Corbel

et al., 2010; Koudou et al., 2011; Pennetier et al., 2013; Awolola et al.,

2014; Ketoh et al., 2018; Oumbouke et al., 2019; Pwalia et al., 2019;

Tchakounte et al., 2019; Ibrahim et al., 2020; Menze et al., 2020;

Barreaux et al., 2022; Menze et al., 2022; Tchouakui et al., 2023). To

confirm that the success of PBO is through direct inhibition of

P450s, studies provided evidence of P450-mediated resistance

through several indicators: mortality in bioassays with a pre-

exposure to PBO; P450 activity assays; and higher frequencies of

P450 allelic markers (Awolola et al., 2014; Ketoh et al., 2018; Menze

et al., 2022). Contrastingly, a transversal study conducted

throughout Benin highlighted variability in mortality levels, with

no clear indication of the performance of PBO nets (Allossogbe

et al., 2017).
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CFP nets induced higher mortality than pITNs encompassing

pyrethroid resistant (PR) An. funestus and An. gambiae s.l. in Côte

d’Ivoire, Burkina Faso, Benin, and Cameroon (Bayili et al., 2017;

Camara et al., 2018; Syme et al., 2023b; Syme et al., 2023a;

Tchouakui et al., 2023). Differences were evident between net

manufacturers, with IG2 outperforming PBO and other CFP nets

(PermaNet 3.0, DuraNet Plus, and PermaNet Dual) in Cameroon

and Benin (Syme et al., 2023b; Syme et al., 2023a; Tchouakui et al.,

2023), whilst in Côte d’Ivoire and Benin, the use of PermaNet 3.0

and PermaNet Dual resulted in higher mortality than RG and

Olyset Plus (Ngufor et al., 2022; Tchouakui et al., 2023).

RG trialled in Cameroon with resistant field An. gambiae s.l.

and An. funestus showed no increased mortality compared to

pITNs (Tchouakui et al., 2023). The only other published RG

study recorded that mid-low mortality levels are induced with An.

gambiae s.l. from Benin; however, mosquitoes were completely

sterile after exposure (Zoungbedji et al., 2023).

In East Africa, PermaNet 3.0 was compared to pITNs in Uganda

and Ethiopia and results show higher mortality in An. gambiae s.s.

and An. arabiensis (Yewhalaw et al., 2012; Okia et al., 2013).

Conversely in Tanzania and Kenya, there was no difference

between PermaNet 3.0 and PermaNet 2.0; however, in Kenya,

PermaNet 3.0 induced higher mortality levels than Olyset Net

(Kweka et al., 2017; Omondi et al., 2017). A single study in

Central Africa was conducted in the Democratic Republic of

Congo (DRC) in which the use of PermaNet 3.0 caused

significantly higher rates of mortality than pITNs (Thierry

Bobanga et al., 2013). Unlike West Africa, RG exposure did not

result in significant sterilisation of An. funestus or An. gambiae s.l.

from Tanzania (Mosha et al., 2022). Also in Tanzania, IG2

significantly reduced mortality when compared to pITNs (Tungu

et al., 2021a).

Overall, CFP nets showed consistently higher mortality than

pITNs in West Africa [pITN:22.4% (7.2%–76%), CFP:82.9% (60%–

92.5%)], whilst PBO nets generally showed higher mortality than

their pITN counterparts [pITN:26.2% (7.2%–88.8%), PBO:54.9%

(25.1%–99.1%)]; however, this is not consistent across all studies in

West and East Africa (Figure 1B).
Reduction in blood feeding

In West Africa, PBO nets consistently demonstrated a decrease

in blood-feeding ability compared to pITNs. Studies in Burkina

Faso, Cameroon, and Togo; two studies in Benin; and three studies

in Côte d’Ivoire showed significantly reduced ability to take a blood

meal due to exposure to a variety of PBO nets in An. gambiae s.s.,

An. gambiae s.l., and An. funestus (Corbel et al., 2010; Ketoh et al.,

2018; Oumbouke et al., 2019; Barreaux et al., 2022; Menze et al.,

2022; Ngufor et al., 2022; Syme et al., 2023a; Zahouli et al., 2023).

Only one study showed an increase in blood-feeding rate after PBO

net exposure in Cameroon (Corbel et al., 2010), whilst no difference

was seen between PBO and pITNs in Benin, Côte d’Ivoire, and

Cameroon (Koudou et al., 2011; Pennetier et al., 2013; Menze et al.,

2020). Interestingly, a study in Benin demonstrated that PBO nets

show significantly increased blood-feeding inhibition compared to
frontiersin.org
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CFP nets (Syme et al., 2023a). One study directly compared blood-

feeding inhibition with Olyset Plus and PermaNet 3.0 and saw no

difference between the nets (Ketoh et al., 2018). Similar observations

were made for CFP-containing PermaNet Dual, with a general

decrease in blood-feeding ability in Benin (Syme et al., 2023b). IG2

also reported a significantly reduced BF ability compared to PY-

only nets in An. gambiae s.l. from Burkina Faso, Benin, Cameroon,

and Côte d’Ivoire (Bayili et al., 2017; Camara et al., 2018; Syme et al.,

2023a; Tchouakui et al., 2023). One study on RG in Cameroon

shows a reduced BF rate (Tchouakui et al., 2023).
Frontiers in Malaria 04
In contrast, in East Africa, no difference in blood-feeding ability

was seen with IG2 in Tanzania (Tungu et al., 2021a) whilst two

studies in Tanzania with An. funestus and An. arabiensis showed

increased blood-feeding rates with PBO nets compared to pITNs

(Mahande et al., 2018; Tungu et al., 2021a; Tungu et al., 2021b;

Kibondo et al., 2022).

Generally, in West Africa, blood-feeding inhibition is increased

[pITN:52.5% (12.8%–90.1%), CFP:58.4% (2%–92%), PBO:72.6%

(46.1%–98.7%)], and blood-feeding rate is decreased [pITN:22.2%

(3.7%–55.8%), CFP:21.7% (2.38%), PBO:11.5% (0.4%–31.3%),
A B

C

FIGURE 1

Key indicators from selected studies on next-generation bed net efficacy. (A) Parasite prevalence (%) indicated on the y-axis from six trials (x-axis).
Trial duration is indicated next to the country, whether it was a randomised controlled trial (RCT) and the year of publication (not trial dates). *
indicates significance compared to the PY-only control net as reported in the studies; + indicates significance from baseline data. (B) The blood-
feeding rate (%) is given on the x-axis with study citation on the y-axis. * indicates significance compared to PY-only control nets as reported in the
studies;? indicates no statistics reported. (C) This shows the percentage of mortality (%) of field mosquitoes exposed to field nets for each relevant
study (y-axis). * indicates significance compared to PY-only control nets as reported in the studies;? indicates no statistics reported. Unless
otherwise indicated, studies were performed with An. gambiae s.l.; studies within the dashed box took place in East Africa; those without, took place
in West Africa. The types of nets are differentiated according to colour: PY-only (gray); Olyset Plus (dark blue); PermaNet 3.0 (red); Interceptor G2
(pink); DuraNet+ (green); PermaNet Dual (black), and Royal Guard (light blue). All the data are available in Supplementary Table S1.
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RG:24.5%] when mosquitoes are exposed to next-generation bed

nets regardless of the manufacturer or chemistry. The studies

present evidence that PBO-containing nets have the best blood-

feeding deterrence. Interestingly, this contrasts completely with East

Africa where studies show no increased efficacy in preventing blood

feeding (Figure 1C).
Deterrence

Multiple studies across West Africa reported differing

deterrence levels of next-generation nets compared to pITNs. In

the bordering countries Burkina Faso and Togo, there was evidence

that PBO nets (Olyset Plus and PermaNet 3.0) significantly deterred

An. gambiae s.l. when trialled in experimental huts compared to

pITNs (Corbel et al., 2010; Ketoh et al., 2018). PermaNet 3.0 also

performed better with An. funestus in Cameroon; however, this

study reported that a permethrin-PBO combination (Olyset Plus)

did not provide the same improved level of deterrence (Menze et al.,

2020). Similarly, An. gambiae s.l. in Cameroon and Benin were not

increasingly deterred by PermaNet 3.0 (Corbel et al., 2010);

however, the impact in Benin has been contradicted more

recently where both PermaNet 3.0 and Olyset Plus increased

deterrence compared to pITNs (Ngufor et al., 2022). To date, the

only published data from Côte d’Ivoire present no difference in

deterrence between PBO nets compared to pITNs (Koudou et al.,

2011; Oumbouke et al., 2019). Interestingly, PermaNet Dual also

had no improved effect on deterrence in Côte d’Ivoire compared to

pITNs (Camara et al., 2018; Zahouli et al., 2023). IG2 also had no

impact on deterrence in Benin and Burkina Faso (N’Guessan et al.,

2016; Bayili et al., 2017; Syme et al., 2023a).

Less data are available about Anopheline deterrence rates in

Eastern Africa. Data from Tanzania concluded that PermaNet 3.0

(Kweka et al., 2017; Tungu et al., 2021b) and Veeralin (Tungu et al.,

2021b) increased deterrence compared to pITNs. Contrastingly,

IG2 in Tanzania showed no increase in deterrence with An. gambiae

s.l (Tungu et al., 2021a).

Both West and East African studies reported mixed results on

deterrence with PBO-treated bed nets compared to pITNs, whilst

CFP nets did not seem to increase deterrence.
Exophily

The impact on An. gambiae s.l. was investigated inWest African

hut trials finding increased exophily in PBO nets: PermaNet 3.0

(Cote d’Ivoire), Olyset Plus (Togo), and DuraNet Plus (Benin)

compared to pITNs (Ketoh et al., 2018; Syme et al., 2023b; Syme

et al., 2023a; Zahouli et al., 2023). In contrast, in other areas,

PermaNet 3.0 (Benin, Burkina Faso, Cameroon, and Côte d’Ivoire),

Olyset Plus (Benin), and Veeralin (Côte d’Ivoire) induced no

impact on exophily in An. gambiae s.l (Corbel et al., 2010;

Koudou et al., 2011; Oumbouke et al., 2019). nor in An. funestus

in Cameroon (Menze et al., 2020; Tchouakui et al., 2023). Similarly

heterogenous findings were seen for exophily, following exposure to

IG2 across West Africa. An increase in exophily compared to pITNs
Frontiers in Malaria 05
was observed in An. gambiae s.l. populations from Benin and Cote

d’Ivoire (Camara et al., 2018; Syme et al., 2023a). In contrast, no

difference in exophily was reported in An. gambiae s.l. in Burkina

Faso and Benin (N’Guessan et al., 2016; Bayili et al., 2017). When

two CFP-containing nets were compared, there was no difference in

exophily (Syme et al., 2023a).

In East Africa, no difference in exophily was reported from PBO

ITNs, including PermaNet 3.0, in An. arabiensis and An. funestus

and Veeralin in An. funestus in Tanzania (Kweka et al., 2017; Tungu

et al., 2021b). Similarly, a single study reported no differences in

exophily in one trial and increased exophily in a second trial

following IG2 exposure at the same site with An. funestus (Tungu

et al., 2021a).

Several studies attempted to discern the impact of the

chlorfenapyr component of next-generation nets, through using a

chlorfenapyr-only net (CTN). Some studies showed CTN

significantly decreased exophily, suggesting that the alpha-

cypermethrin component of IG2 may be responsible for induced

exophily (N’Guessan et al., 2016; Bayili et al., 2017; Tungu et al.,

2021a); however, a study from Cote d’Ivoire contradicted these

findings, reporting that CTN had higher exophily than pITNs

(Camara et al., 2018).

As with deterrence, the data for exophily are mixed across East

and West Africa with little indication that PBO or CFP contribute

to changes in exophily.
Direct ITN measures

Durability

Across West Africa, PBO nets show a significant reduction in

active ingredient (AI) at the ‘end of life’ point as defined by WHO.

All studies on PermaNet 3.0 following 20 washes showed a

significant reduction in AI, or a reduced mortality in An. gambiae

s.s. and An. gambiae s.l (Corbel et al., 2010; Koudou et al., 2011;

Thierry Bobanga et al., 2013; Ngufor et al., 2022). Similarly, Olyset

Plus was reported to retain only around 75% PY and 25%–50% PBO

content, which translated to a reduced mortality (Pennetier et al.,

2013; Ketoh et al., 2018). However, the Veeralin PBO net appears

not to lose a significant amount of active ingredient after 20 washes,

though mortality was reduced in PR An. gambiae s.l (Oumbouke

et al., 2019).

Contrastingly, CFP nets exhibited good insecticide retention in

West Africa (Syme et al., 2023a), with PermaNet Dual retaining

more AI than IG2 post-washing (Syme et al., 2023b), and with

better PY content retention than PermaNet 2.0 and 3.0 (Zahouli

et al., 2023). CFP nets also resulted in high mortality, outperforming

pITNs after washing in Cameroon (N’Guessan et al., 2016; Barreaux

et al., 2022; Tchouakui et al., 2023) and Côte d’Ivoire (Zahouli et al.,

2023). In experimental hut trials, mortality with IG2 nets did not

decrease significantly throughout the studies (Bayili et al., 2017;

Camara et al., 2018).

In East Africa, similar observations have been made. Several

studies reported reduced AI in nets, often consistent with a

reduction in mortality. Both PBO nets PermaNet 3.0 and Olyset
frontiersin.org
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Plus showed significant reductions in AI content (Awolola et al.,

2014; Gichuki et al., 2021; Mechan et al., 2022; Mosha et al., 2022).

Interestingly, the pITN Olyset Net appeared to retain PY better than

Olyset Plus (Gichuki et al., 2021). Furthermore, trials that compared

net efficacy after 12–36 months found significant reductions in both

permethrin and PBO content in PermaNet 3.0 and Olyset Plus;

however, one study showed no impact on the mortality of a

susceptible An. gambiae lab strain (Staedke et al., 2020;

Protopopoff et al., 2023). Despite the low retention of AI on

Olyset Plus (7% PBO) and RG (28% PPF), the parasite indicators

were not significantly impacted (Mosha et al., 2023). The durability

of the Olyset Net and Olyset Plus nets in terms of development of

holes was also comparable, with both nets in good condition after a

36-month phase III trial (Gichuki et al., 2021).

Unlike in West Africa, IG2 was reported to experience an

insecticidal content reduction in both alpha-cypermethrin and

CFP after 20 washes, though mortality was not impacted (Tungu

et al., 2021a). The final year analysis of hut trials (36 months)

reported that IG2 had a chlorfenapyr retention of 8%, yet still

induced a significant impact on parasite prevalence and EIR

(Staedke et al., 2020; Protopopoff et al., 2023).

Overall, nets maintained good condition as defined by WHO

over a 12-month period, with a decline after 25 months, exhibiting

comparable levels between various net types (Staedke et al., 2020;

Mechan et al., 2022).

In both West and East Africa, PBO nets experienced a large

reduction in AI retention [pyr:73% (21%–96%), PBO:51% (4%–

105%)], which often but not always translated to a reduction in

mortality [e.g., wash mortality pITN:23.7% (10.3%–70.7%),

PBO:43.8% (14.2%–77.9%)]. In contrast, CFP-containing nets

appeared to maintain insecticidal content in West Africa

[pyr:90% (80%–100%), CFP:66% (63%–90%)] whilst exhibiting a

decrease in East Africa [pyr:31% (22%–59%), CFP:18% (6%–32%)];

nevertheless, the efficacy of the nets did not seem to decrease [e.g.,

wash mortality pITN:13% (11%–14.2%), CFP:65% (65%–74.9%)].
Personal protection

Across West Africa, amongst An. gambiae s.l. PBO ITNs,

DuraNet Plus (Benin), Veeralin (Cô te d’Ivoire), PermaNet 3.0

(Togo, Cameroon), and Olyset Plus (Togo), provided greater

personal protection (PP) than pITNs (Ketoh et al., 2018;

Oumbouke et al., 2019; Menze et al., 2020; Syme et al., 2023a).

However, no differences in PP were reported by Olyset Plus in An.

funestus from Cameroon (Menze et al., 2020) and An. gambiae s.l.

in Benin and Burkina Faso (Corbel et al., 2010). In contrast,

PermaNet 3.0 provided less PP than pITNs in An. gambiae s.l.

from Cameroon (Corbel et al., 2010). For CFP ITNs, greater PP was

provided with IG2 than pITNs in An. gambiae s.l. in Benin (Syme

et al., 2023a), Cote d’Ivoire, and Burkina Faso (Bayili et al., 2017;

Camara et al., 2018). In Benin and Burkina Faso, lower PP was

reported for CTN nets (N’Guessan et al., 2016; Bayili et al., 2017)

implying that the alpha-cypermethrin component may provide

some protection. When PY-PBO (DuraNet Plus) and IG2 were

compared in Benin, IG2 provided superior PP (Syme et al., 2023a).
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PermaNet Dual was non-inferior to IG2 in providing personal

protection (Syme et al., 2023b).

In Tanzania, PermaNet 3.0 (Tanzania) offered similar levels of

PP (100%) to PY-only with An. arabiensis populations (Kweka

et al., 2017). The only other study showed contradicting PP data

with IG2 and pITNs across two trials (Tungu et al., 2021a).

Overall, PP results are heterogenous for both CFP and PBO-

containing nets, with increased, no difference, and decreased levels

of PP compared to pITNs [pITN:70% (24%–100%), CFP:59%

(31%–88%), and PBO:85% (53%–100%)].
Discussion

This review outlines the substantial variability in indicators

across different African settings in the comparison of ngITNs

compared to pITNs, with no single metric reported across

independent studies (Supplementary Table S1). Deducing

statistically relevant outputs for ngITNs and pITNs is also

challenging as untreated nets are regularly used for reference.

Alternating experimental design adds further complexities to

performing broad-scale analyses of ngITNs compared to pITNs,

notably for testing net durability (Supplementary Table S1).

Furthermore, this review has highlighted the distinct lack of

studies investigating PPF nets, particularly with appropriate

assays for sterility. The variability in findings even in

neighbouring countries raises intriguing questions and

underscores the complexity of malaria control on the continent.

The diverse performance outcomes suggest that the efficacy of these

interventions is influenced by a multitude of factors, including local

vector species, ecological conditions, pre-existing levels of

pyrethroid resistance, and with housing style also important in

East vs. West Africa.

Despite the variation in outcomes, this review highlights that

ngITNs consistently outperformed pITNs; this not only underlines

the importance of the strategic shift toward dual active ingredient

formulations but also emphasises the urgent need for their widespread

adoption. The enhanced efficacy of these nets may be attributed to the

additive action of the second AI, countering the widespread pyrethroid

resistance observed in mosquito populations. A cautionary note on the

use of these chemistries is highlighted in (Menze et al., 2022) with a

negative association between mortality and the presence of the kdr-w

mutation with chlorfenapyr, potentially indicating reduced efficacy in

certain areas of increased pyrethroid resistance. This study highlights

the necessity to consistently monitor the efficacy of these tools in

different settings, with a specific emphasis on tracking resistance to new

chemistries. The availability of multiple tools in vector control and the

emergence of insecticide resistance underline the importance of

utilising integrated vector control as a form of resistance mitigation.
Author contributions

VI: Writing – review & editing, Writing – original draft,

Visualization, Validation, Supervision, Project administration,

Funding acquisition, Conceptualization. AB: Writing – review &
frontiersin.org

https://doi.org/10.3389/fmala.2024.1337572
https://www.frontiersin.org/journals/malaria
https://www.frontiersin.org


Böhmert et al. 10.3389/fmala.2024.1337572
editing, Writing – original draft, Methodology, Formal analysis,

Data curation. RL: Writing – review & editing, Writing – original

draft, Methodology, Investigation, Formal analysis, Data curation.

NP: Writing – review & editing, Writing – original draft,

Methodology, Investigation, Formal analysis, Data curation. JH:

Writing – review & editing, Writing – original draft, Investigation.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This review

was funded by the Deutsches Zentrum für Infektionsforschung

(DZIF, TTU03.705), the Deutsche Forschungsgemeinschaft (DFG,

German Research Foundation) with project number 240245660-

SFB 1129, the ERC Starting Grant (101075634, ReMVeC), and the

Bill & Melinda Gates Foundation (INV-050587). For the

publication fee, we acknowledge financial support by the

Deutsche Forschungsgemeinschaft within the funding programme

“Open Access Publikationskosten” and by Heidelberg University.
Frontiers in Malaria 07
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fmala.2024.1337572/

full#supplementary-material
References
Accrombessi, M., Cook, J., Dangbenon, E., Yovogan, B., Akpovi, H., Sovi, A., et al.
(2023). Efficacy of pyriproxyfen-pyrethroid long-lasting insecticidal nets (LLINs) and
chlorfenapyr-pyrethroid LLINs compared with pyrethroid-only LLINs for malaria
control in Benin: a cluster-randomised, superiority trial. Lancet. 401, 435–446.
doi: 10.1016/S0140-6736(22)02319-4

Allossogbe, M., Gnanguenon, V., Yovogan, B., Akinro, B., Anagonou, R., Agossa, F.,
et al. (2017). WHO cone bio-assays of classical and new-generation long-lasting
insecticidal nets call for innovative insecticides targeting the knock-down resistance
mechanism in Benin. Malar J. 16, 77. doi: 10.1186/s12936-017-1727-x

Anon (1995). AC 303,630 insecticide–miticide (American Cyanamid Company), 1–
20. Available at: https://archive.epa.gov/pesticides/chemicalsearch/chemical/foia/web/
pdf/129093/129093-006.pdf.

Awolola, S. T., Adeogun, A. O., Olojede, J. B., Oduola, A. O., Oyewole, I. O., and
Amajoh, C. N. (2014). Impact of PermaNet 3.0 on entomological indices in an area of
pyrethroid resistant Anopheles Gambiae in south-western Nigeria. Parasites Vectors 7,
236. doi: 10.1186/1756-3305-7-236

Balabanidou, V., Kampouraki, A., MacLean, M., Blomquist, G. J., Tittiger, C., Juárez,
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experimental huts in Côte d’Ivoire. Malaria J. 10, 172. doi: 10.1186/1475-2875-10-172
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fmala.2024.1337572/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmala.2024.1337572/full#supplementary-material
https://doi.org/10.1016/S0140-6736(22)02319-4
https://doi.org/10.1186/s12936-017-1727-x
https://archive.epa.gov/pesticides/chemicalsearch/chemical/foia/web/pdf/129093/129093-006.pdf
https://archive.epa.gov/pesticides/chemicalsearch/chemical/foia/web/pdf/129093/129093-006.pdf
https://doi.org/10.1186/1756-3305-7-236
https://doi.org/10.1073/pnas.1608295113
https://doi.org/10.1186/s13071-022-05220-y
https://doi.org/10.1186/s12936-017-1846-4
https://doi.org/10.1186/s12936-017-1846-4
https://doi.org/10.1038/nature15535
https://doi.org/10.1051/parasite/2018042
https://doi.org/10.1016/j.crpvbd.2023.100115
https://doi.org/10.1186/s12936-017-2124-1
https://doi.org/10.1186/1475-2875-9-113
https://doi.org/10.1146/annurev.ento.43.1.545
https://doi.org/10.21203/rs.3.rs-3256536/v1
https://doi.org/10.1186/s40249-021-00916-2
https://doi.org/10.1186/s12915-022-01242-1
https://doi.org/10.3390/genes11040454
https://doi.org/10.1127/entomologia/2023/1880
https://doi.org/10.1371/journal.pone.0192492
https://doi.org/10.1186/s13071-022-05207-9
https://doi.org/10.1186/1475-2875-10-172
https://doi.org/10.3389/fmala.2024.1337572
https://www.frontiersin.org/journals/malaria
https://www.frontiersin.org


Böhmert et al. 10.3389/fmala.2024.1337572
Kweka, E. J., Lyaruu, L. J., and Mahande, A. M. (2017). Efficacy of PermaNet(R) 3.0
and PermaNet(R) 2.0 nets against laboratory-reared and wild Anopheles Gambiae
sensu lato populations in northern Tanzania. Infect. Dis. Poverty 6, 11. doi: 10.1186/
s40249-016-0220-z

Mahande, A. M., Msangi, S., Lyaruu, L. J., and Kweka, E. J. (2018). Bio-efficacy of
DuraNet(R) long-lasting insecticidal nets against wild populations of Anopheles
arabiensis in experimental huts. Trop. Med. Health 46, 36. doi: 10.1186/s41182-018-
0118-5

Martinez-Torres, D., Chandre, F., Williamson, M. S., Darriet, F., Bergé, J. B.,
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