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Abstract 
Malaria control in highly endemic regions relies heavily on vector control tools, particularly 

LLINs. The effectiveness of LLINs varies by eco-epidemiological conditions and brands. 

A comprehensive review of WHO interim-approved LLIN brands is necessary to address 

this variability. This systematic review screened 145 articles, refining them to 27 eligible 

publications, to assess the efficacy of WHO-recommended LLINs, focusing on synthetic 

pyrethroids and synergists like Piperonyl Butoxide or Pyriproxyfen. The review demon-

strated that LLINs impregnated with synthetic pyrethroids, especially when used with 

synergists, are more effective than regular LLINs. However, adherence to WHO PQT/VCP 

(World Health Organization Prequalification Unit/Vector Control Product) checklists was 

inconsistent. Several LLIN pairs which includes candidate and comparator nets showed 

equal efficacy (100% in both arms), including Olyset Plus vs. Olyset Net, DuraNet vs. Per-

maNet 3.0, Interceptor G2 vs. Interceptor, MagNet vs. DuraNet, Dawa Plus 3.0 vs. Dawa 

Plus 2.0, and Veerralin vs. PermaNet 3.0 in terms of mosquito mortality. Significant effi-

cacy differences were noted between various bed net pairs: Interceptor vs CTN (RR: 1.5, 

95% CI: 1.28-1.66); Olyset Net Duo vs Olyset Net (RR: 1.1, 95% CI: 1.01-1.18); ICON Maxx 

vs CTN polyester (RR: 7.7, 95% CI: 3.6-16.31); Dawa Plus 3.0 vs Dawa Plus 2.0 (RR: 2.1, 

95% CI: 1.34-3.15); Interceptor G2 vs Interceptor G1 (RR: 0.9, 95% CI: 0.77-0.96). These 

findings inform the development of improved net designs and ensure alignment with WHO 

guidelines, enhancing vector control measures. The review supports improved malaria 

control strategies and sustained LLIN utilization, highlighting the need for LLIN manufac-

turers to align with WHO guidelines.

Introduction
Malaria, an age-old affliction with a long history of tormenting humanity, remains a for-
midable global health concern, especially in the tropical and subtropical regions. Histor-
ical accounts from ancient civilizations document their impact on human populations, 
emphasizing their enduring presence and harmful effects. The correlation between swampy 
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environments, ill health, and enlarged spleens, as recorded in Hindu and Greek literature 
from as early as the 6th century BC, highlights the long-standing acknowledgment of the 
impact of malaria [1]. In tropical and subtropical regions around the world, malaria is the 
most prominent vector-borne disease, rapidly spreading through populations [2].

Ronald Ross achieved a significant breakthrough in malaria research in 1897. He discov-
ered a malarial pigment in an Anopheles mosquito that had ingested blood from an infected 
individual, indicating that the mosquito functions as a carrier of malaria parasites. This critical 
period marked a significant advancement in our understanding of malaria transmission [3]. 
Approximately 537 recognized Anopheles species are present; nonetheless, only 30-40 of them 
can transmit malaria, that is, acting as vectors [4]. Vectors, which are frequently hematopha-
gous insects, transmit diseases by ingesting pathogens while feeding on the blood of an affected 
host and subsequently transmitting the parasite to other victims. Once infected, vectors can 
continue to transmit the disease with each subsequent bite throughout their lifespan [5].

The female mosquito of the Anopheles genus transmits the parasite; the protozoan parasite 
responsible for causing malaria belongs to the genus Plasmodium [6]. Four species commonly 
recognized as human parasites within the Plasmodium genus include Plasmodium malariae, 
P. ovale, P. vivax, P. falciparum, and P.knowlesi [7,8]. The disease transmission by An. vectors 
remains stable despite numerous established explanations of how parasites reproduce within 
Anopheles mosquitoes.

The World Malaria Report documented 263 million reported cases of malaria worldwide 
in, with an estimated 597,000 malaria-related deaths in 2023, slightly lower than the 252 mil-
lion cases reported in 2022 [9]. In 2022 India accounts for 66% of global burden and 46% of 
these cases were P.vivax [10].

In India, efforts to eradicate this vector-borne disease (VBD) began in the 1900s, primarily 
through anti-larval operations. Pyrethrum sprays were introduced in the 1930s, followed by 
the documented effectiveness of Dichloro-diphenyl-trichloroethane (DDT) in the 1940s. In 
1953, the government launched the National Malaria Control Programme (NMCP), which 
included prominent activities such as Indoor Residual Spraying (IRS), case monitoring and 
surveillance, and the provision of antimalarial treatment for patients. [11,12]. The elimination 
of malaria targets anopheline species using specific vector control tools include insecticide-
treated nets (ITNs), long-lasting insecticidal nets (LLINs), IRS [13].

In 2016, the Government of India launched the National Framework for Malarial Elim-
ination (NFME) in collaboration with the National Center for Vector Borne Disease Con-
trol (NCVBDC). The vision of NFME is to “eliminate malaria nationally and contribute to 
improved health, quality of life, and poverty alleviation.” Also to achieve a sustained absence 
of indigenous malaria cases and deaths for three years, paving the way for WHO certification 
of malaria elimination [14].

To date, 42 countries have achieved WHO certification for being malaria free. Recent 
additions to the list include El Salvador, Algeria, Argentina, Paraguay, and Uzbekistan [15]. 
In 2023, Belize, followed by Azerbaijan and Tajikistan, achieved malaria-free status, In 2024, 
Cabo Verde and Egypt received this recognition [16].

According to the Center for Disease Control and Prevention (CDC), malaria interventions 
have saved millions of lives and reduced the mortality rate by 36% between 2010 and 2020, 
instilling hope for the elimination of malaria [17].

History of vector control tools
The use of mosquito net dates back to ancient times as a means of protection against various 
insects. During World War II, soldiers utilized treated bed nets with residual insecticides to 
combat VBDs like malaria and leishmaniasis [18].
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As part of the RBM (Roll Back Malaria) initiative, ITNs were implemented in the 1980s. 
These nets successfully lowered malaria incidence, morbidity and overall infant death 
rate due to malaria [19]. In the early 1990s, to definitively determine the role of bed nets 
in malaria prevention, Dr. Godal, affiliated with the Special Programme for Research and 
Training in Tropical Diseases (TDR), made a path breaking decision by allocating the 
entire TDR malaria research budget to large-scale trials. to comprehensively evaluate the 
efficacy of ITNs in reducing malaria mortality [20]. However, ITNs had several limitations. 
They were not effective against exophagic malaria vectors, and their coverage remained 
low, specifically among children and pregnant women who were at high risk. Additionally, 
they required frequent re-treatment with insecticides, a costly and challenging task, par-
ticularly in rural areas [21,22]. With the invention of LLINs, a solution to these challenges 
emerged. Even after 20 washes, these nets maintain their insecticidal action for up to three 
years [23].

Methods of insecticide loading
Two main approaches are implemented for loading insecticides in nets:

a)	 Incorporation technology: This method involves integrating a pyrethroid insecticide 
into a polyethylene netting material, where it migrates to the fiber surface through specific 
reagents. If the surface insecticide washes off, this migration process allows the insecticide 
to regenerate from a reservoir.

b)	 Coating technology: This method utilizes a polyester multifilament netting material with 
a polymer coating containing the insecticide, acting as a reservoir to replenish the surface 
insecticide [23].

The United Nations International Children’s Emergency Fund (UNICEF) has declared 
LLINs as one of the most effective tools for malaria prevention, functioning as both physical 
and chemical barriers against malaria vectors. Sub-Saharan Africa is responsible for more than 
90% of the world’s malaria cases, however, as a result of LLINs, the incidence has declined 
by 50% in that region. Sumika Life-Tech Co., Osaka, Japan, developed Olyset Net®, the first 
LLIN using incorporation technology, which is pre-treated with permethrin and known to 
remain effective for at least three years [24,25]. Table 1 represents WHO approved LLINs with 
concentrations and their manufacturers.

Assessment of LLIN’s efficacy in experimental hut trials (EHT).  To assess the 
performance of LLIN’s under controlled conditions against pyrethroid-susceptible malaria 
vectors, small-scale studies are necessary, such as the EHT recommended by the WHO is 
one of the criteria used to assess LLIN’s efficacy The following are the outcome measures of 
the EHT.

(i)	 Deterrence (D): This refers to the percentage decrease in the entry of malaria vectors 
into the hut compared to control huts (untreated nets).

(ii)	 Exophily (E): This measures the percentage of malaria vectors caught in the exit and 
veranda traps.

(iii)	 Blood-feeding Inhibition (BFI): This indicates the percentage reduction in blood-
feeding compared to control nets.

(iv)	 Mortality (Mo) (immediate or delayed): The percentage of malaria vectors that per-
ished upon entering the hut, either by morning or after being caught alive and held for 
24 h with a sugar solution.
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D and BFI act as personal protection measures. BFI and M of the candidate net should be 
equal to or greater than those of reference LLINs. The type and content of insecticides have 
an impact on insecticidal activity. The insecticidal content was measured either in g/kg or mg/
m2, according to WHO criteria. This information helps interpret the bioefficacy data [38,39]. 
Mosquito Mortality (MM) is another criterion used to assess LLINs efficacy through cone 
bioassays, if needed, in tunnel tests.

Table 1.  WHO approved LLINs with concentrations and their manufacturers.

S. No Year Name of the Brand Concentrations Manufacturers Country
1. 2001 OlysetTM Net permethrin with 2% w/w Sumitomo Chemical Co., Ltd. Japan [26]
2. 2004 PermaNet® deltamethrin with 55 mg a.i./m2 Vestergaard-Frandsen Denmark [27]

3. 2006 Interceptor® alpha-cypermethrin with 200 mg a.i./m2. BASF Germany [28]

4. 2007 Netprotect® deltamethrin with 63 mg a.i./m2 Intelligent Insect Control France [29]

5. 2007 DuraNet© alpha-cypermethrin with 221 mg/m2 or target 
dose of 5.8 g/kg AI.

Clarke Mosquito Control USA [29]

6. 2007 DawaPlus® deltamethrin with 40 mg a.i./m2 Tana Netting in collaboration with 
Bayer Environmental Science

Thailand [29]

7. 2008 Permanet® 2.0 (poly-
filament polyester fiber)

deltamethrin with 55 mg a.i./m2 Vestergaard-Frandsen Switzerland [30]

8. 2008 Permanet® 3.0 deltamethrin with 4.0 g a.i./kg; Side panels 2.8 g 
a.i./kg and PBO with 25 g a.i./kg

Vestergaard-Frandsen Switzerland [30]

9. 2008 Permanet® 2.5 deltamethrin with 115 mg a.i./m2 for boarders 
and 85 mg a.i./m2 for side panels and roof.

Vestergaard-Frandsen Switzerland [30]

10. 2008 ICON® MAXX lambda-cyhalothrin with 50mg a.i./m2 Syngenta Switzerland [30]

11. 2009 Olyset® 2.0
(high-density monofilament 
polyethylene)

permethrin with 2% w/w Sumitomo Chemical Co., Ltd. Japan [31]

12. 2009 DawaPlus®2.0 deltamethrin with 80 mg a.i./m2 Tana Netting Thailand [31]

13. 2009 Yorkool® deltamethrin with 56 mg a.i./m2 Tianjin Yorkool International Trad-
ing Co., Ltd

China [31]

14. 2011 LifeNet® deltamethrin with 340 mg a.i./m2 Bayer Crop Science France [32]

15. 2011 MAGNet TM LN alpha-cypermethrin with ±  25% of 5.8 g AI/kg V.K.A Polymers India [32]
16. 2011 Royal Sentry® LN alpha-cypermethrin with 5.8 g AI/kg ±  25% Disease Control Technologies USA [32]

17. 2011 Yahe® LN deltamethrin with ±  25% 1.35 g AI/kg-2.25 g  
AI/kg

Fujian Yamei Industry China [32]

18. 2012 OlysetPlus permethrin with 2% w/w and PBO with 1% w/w Sumitomo Chemical Co., Ltd. Japan [33]
19. 2013 Netprotect deltamethrin with 68.4 mg/m2 Bestnet A/S Denmark [34]
20. 2013 DuraNet alpha-cypermethrin with 221 mg/m2 Shobikaa Impex India [34]
21. 2015 MiraNet alpha-cypermethrin with 180 mg/m2 A to Z Textile Mills Ltd. United Republic 

of Tanzania [35]
22. 2015 PandaNet 2.0 deltamethrin with 76 a.i./m2 Life Ideas Textiles Company Ltd. China [35]
23. 2015 Yahe LN deltamethrin with 55.5mg a.i./m2 Fujian Yamei Industry China [35]
24. 2015 SafeNet LN alpha-cypermethrin with 6.7 g AI/kg or 5.0 g AI/kg Mainpol GmbH Germany [35]
25. 2016 Veeralin alpha-cypermethrin with a.i./m2 and PBO with 

79.2 mg/m2
Vector Control Innovations Pvt Ltd India.[36]

26. 2017 Interceptor G2 LN alpha-cypermethrin with 100 mg/m2 and chlor-
fenapyr 200 mg/m2

BASF Germany [37]

27. 2017 DawaPlus 3.0 LN deltamethrin with 3 g a.i./kg and PBO with 11 g/
kg; side panels with 2.5 g a.i./kg

Tana Netting United Arab 
Emirates [37]

28. 2017 DawaPlus 4.0 LN deltamethrin with 3 g a.i./kg and PBO with  
11 g/kg;

Tana Netting The United Arab 
Emirates [37]

https://doi.org/10.1371/journal.pone.0318673.t001

https://doi.org/10.1371/journal.pone.0318673.t001
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While numerous brands of LLINs have been assessed via Phase II EHT, no systematic 
reviews have attempted to evaluate their efficacy at this stage. According to the WHO PQT/
VCP II guidelines, this manuscript comprehensively examines the effectiveness of LLINs in 
experimental hut evaluations. While numerous LLIN brands have been tested via Phase II 
EHTs, systematic reviews evaluating their efficacy are lacking. The aim of this review was to 
assess the efficacy of LLINs impregnated with synthetic pyrethroids and synergists, such as 
PBO or PPF, in controlling malaria across various eco-epidemiological regions in terms of 
outcome measures of EHT and mosquito mortality.

Significance of this review
This information is vital for policymakers to implement effective vector control management, 
especially concerning the synthetic pyrethroid net’s efficacy against malaria vectors after 20 
washes. This research endeavor seeks to bridge existing knowledge gaps regarding LLINs 
efficacy and its usage.

Materials and methods
In this review, we concentrated on the scientific literature, encompassing all articles pertaining 
to Phase II experimental hut evaluations. The PRISMA 2020 Checklist is shown in S3 File. 
This Systematic Review was not registered however, we adhered to the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses (PRISMA) criteria to ensure a transparent 
review procedure. Fig 1 depicts the study selection process using a PRISMA flow chart.

Search methods for identification of studies
The literature search for this review was conducted between September 2022 and March 2024 
across various databases, including PubMed, Google Scholar, and Web of Science, using a 
Boolean search strategy (AND, OR, NOT) with the following search terms.

1.	 ((Phase II experimental Hut trial*) AND (LLINs OR “Long-lasting insecticidal nets”)).

2.	 (“Long-lasting Insecticide net*”) OR (“Long lasting Insecticidal Net*”)

3.	 (Phase II experimental Hut trial*)

The search yielded 145 articles from all databases (Shee1 in S1 File). These studies evaluated 
the protective efficacy of various types of LLINs containing specific insecticides against human 
volunteers, making them suitable for Phase 2 trials. The narrowing process involved careful 
consideration, resulting in the selection of 27 articles that met the inclusion criteria for further 
data extraction and analysis. We synthesized the results to provide a comprehensive overview 
of the evidence regarding the protective efficacy of LLINs in selected experimental hut studies.

Inclusion criteria
Criteria for including articles were as follows:

1.	 Articles focused solely on Phase II trials explicitly conducted through WHO PQT/VCP II

2.	 Articles discussing the efficacy of various types of LLINs, their fabric types, and their 
compositions.

3.	 Information is provided about the insecticides utilized for LLIN application and their 
concentrations.

4.	 Studies that were published in English.
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Exclusion criteria
Excluded articles fell under the following categories:

1.	 Large- scale studies evaluating LLINs but not specifically Phase-II trials.

2.	 Guidelines and protocols, such as those from the WHO, and NCVBDC.

Fig 1.  PRISMA Flowchart.

https://doi.org/10.1371/journal.pone.0318673.g001

https://doi.org/10.1371/journal.pone.0318673.g001
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3.	 Articles discussing interventions other than LLINs, such as ITNs, IRS, Insecticide-Treated 
Wall Linings (ITWL), Long-Lasting Insecticidal Blankets (LLIB).

4.	 Studies involving combinations or comparisons between interventions, such as LLINs with 
IRS, or Long-Lasting Wall Linings (LLWL) or organophosphates.

These criteria ensured the selection of only articles that focused on Phase II trials of LLINs.
WHO PQT/VCP checklist.  We screened each selected study for adherence to the WHO 

PQT/VCP guidelines using a brief checklist that included the following key criteria:

•	 Inclusion of study arms with candidate net, a reference net known as a positive control net, 
and an untreated net known as a negative control.

•	 Use of experimental huts that meet the structural specifications outlined by the WHO PQT/VCP.

•	 Involvement of adult human volunteers during the experimentation.

•	 Employment of either the cone test or the tunnel test to assess net efficacy.

•	 Reporting on the wash resistance of the candidate net.

•	 Detailed explanation of the primary outcome measures used in EHTs, such as deterrence, 
exophily, blood-feeding inhibition, and mortality.

Statistical analysis
The primary objective of this review was to analyse the efficacy of LLINs by assessing the 
percentage MM and outcome measures in Phase II experimental hut trials. For each selected 
study, we reported the Relative Risk (RR) along with its 95% confidence interval (CI), repre-
senting the ratio of MM risk in the candidate net compared to the control net. Furthermore, 
we included a forest plot to visually depict the comparison of various bed nets with the com-
parator nets.

Additionally, we assessed the risk of bias (ROB) to evaluate the reliability of individual 
studies included in the analysis, as well as for visual presentation of studies adhering to the 
WHO PQT/VCP checklist using robivs The studies were classified as’ low risk,’ some con-
cerns,’ or ‘high risk’ of bias based on the aforementioned checklist. This allowed us to thor-
oughly evaluate the quality of evidence presented in the review process.

Data extraction
The data were extracted by two independent reviewers. The articles were screened for full-text 
review to determine their eligibility for inclusion in the analysis. We developed a standard-
ized data extraction form to facilitate a comprehensive understanding of the long-lasting 
insecticidal net (LLINs) research landscape. This form captured key study details, including 
the authors’, names, year of publication, candidate and comparator nets, testing methods, 
mosquito species examined, mortality rates observed in the experiments, and EHT outcome 
measures. To ensure the effectiveness of LLINs, the fabric must be durable, comfortable, 
and resistant to use, while the insecticide should be applied at an optimal concentration for 
sustained control of malaria vectors. The findings for the respective LLINs are presented in 
S1 and S2 Tables.

Results of systematic review
After applying the search strategy, out of 145 studies, 18 were excluded during Rapid/Title 
Screening. Subsequently, upon screening titles and abstracts, 127 articles were found relevant 
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to the objective. Following these, 65 studies were excluded due to their focus on large-scale 
evaluations of LLINs rather than Phase II trials, using IRS as intervention and protocols. Of 
the remaining 62 studies, 21 were further excluded for involving combinations of interven-
tions such as LLINs with IRS, ITNs, ITWL, or with other interventions like LLIB, Insecticide 
Treated Blanket (ITB), Conventionally Treated Net (CTN), Impregnated Bed Nets (IBN), 
Insecticide Treated Wall Hangings (ITWH) and other interventions rather than LLINs. From 
the remaining 41 studies, 14 were eliminated for the following guidelines, other than the 
WHO PQT/VCP. Thus, studies meeting predefined eligibility criteria were used for the final 
review of a practice to enhance the reliability and validity of the review (Sheet 1 in S1 File, and 
S2 File).

Fig 1 illustrates the search strategies employed in selecting the studies. The Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines ensure the 
transparency and consistency in reporting systematic review of LLINs thereby enhancing its 
overall quality and reliability. PRISMA chart describes the process undertook in this review. 
This approach ensures a systematic and transparent process in selecting, evaluating, and 
reporting the findings of a systematic review

Description of included studies
Among the entire spectrum of 27 articles chosen, their collective scope encompassed the 
performance analysis of 24 distinct LLINs across the global landscape. Noteworthy LLINs 
featured in this corpus include experimented on LLINs. The most prominently studied LLIN 
brands and their respective number of studies: PermaNet 2.0 (k = 6), PermaNet 3.0 (k =  6), 
PermaNet Dual (k = 1), Olyset Net (k = 6), Olyset Plus (k = 4), Olyset Duo (k = 2), ICON Max 
(k = 1), Netprotect (k = 1), DuraNet (k = 7), Interceptor (k =  4) and Interceptor G2 (k =  2), 
Yorkool (k = 1), LifeNet (k = 2), Dawa Plus 2.0 (k = 2), Dawa Plus 3.0 (k = 2), Dawa Plus 4.0 
(k = 2), MAGNet (k = 4), MiraNet (k = 1), Veeralin (k = 1), SafeNet (k = 1), SafeNet NF (k = 1), 
Yahe (k = 1), PandaNet 2.0 (k = 1), and Royal Guard (k = 1). Killing effects (min, max): Per-
maNet 3.0 (10.4, 90), PermaNet Dual (104,104), Olyset Net (8.7, 96.3), Olyset Plus (36.9, 97.2), 
Interceptor (11, 75.9), and Interceptor G2 (41, 82), LifeNet (70, 91.3).

Findings
PermaNet 3.0, showed enhanced efficacy against resistant mosquito vector populations, 
attributed to a higher concentration of deltamethrin compared to PermaNet 2.0, as observed 
in Tanzania, and with Olyset Plus and Yorkool in Kolokope Togo [40,41]. In addition, Per-
maNet ® Dual was 88% more effective than PermaNet 3.0 and 2.0, which is why it was made 
of polyester and treated with pyrrole chlorfenapyr and pyrethroid deltamethrin [42].

Following bioassay and experimental hut assessments, Malima et al. (2013) established 
that the interceptor aligns with WHO approval criteria and is recommended for use against 
malaria vectors [43]. Upon comparative analysis with four other LLINs, Interceptor demon-
strated a higher efficacy rate [44]. Notably, Interceptor G2, which has two active ingredients, 
killed more pyrethroid-resistant malaria vectors than the other mosquito nets. This was a big 
step forward in field evidence gathering in Cote d Ivoire and Tanzania [45,46].

Combining Olyset Net Duo and PPF results in significantly improved performance and 
quality in malaria transmission control [47,48]. Combining it with PBO also resulted in a 
similar enhancement, which led to Olyset Plus delivering improved results during Phase II 
evaluations [49,50,41,51]. Ketoh et al. (2018) and Toe et al. (2018) found that Olyset Plus was 
effective in killing pyrethroid-resistant malaria vectors [41,51]. Pennetier et al. (2013) corrob-
orated Olyset Plus’s efficacy, while acknowledging the need for further evaluation [49].
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Deltamethrin-treated Netprotect and PermaNet 2.0 were less effective than alpha-
cypermethrin-treated DuraNet and Interceptor. [44]. Mahande et al. (2018) demonstrated 
DuraNet’s efficacy in controlling wild mosquito populations [52]. However, an Ethiopian 
study presented a contrary perspective, revealing DuraNet’s lower-to-moderate efficacy 
against pyrethroid-resistant populations [53]. Ketoh et al. (2018) revealed that yorkool has a 
notably lower efficacy rate [41].

In Phase II evaluations, the LifeNet polypropylene net with deltamethrin alignment met 
the WHO efficacy criteria for effectiveness. It was shown to be effective against Anopheles 
fluviatilis susceptible populations in India and against An. gambiae resistant population in 
Benin [54,55]. Although Dawa Plus 2.0, exhibited reduced efficacy [51], Bayili et al. (2019) ‘s 
experiment incorporating PBO transformed it into Dawa Plus 3.0, and Dawa Plus 4. 0, which 
met the WHO Health Organization criteria. Notably, Dawa Plus 4.0 exhibited significantly 
enhanced protection against vector populations in the studied area [56]. In contrast, phase II 
evaluations conducted in India showed that neither Dawa plus 3.0 nor Dawa plus 4.0 met the 
WHO criteria [57]. Tungu et al. (2015) performed phase II evaluations on the ICON Max Net 
and confirmed that this net provides significant protection in terms of mortality [58].

Phase II evaluations spanning India, Tanzania, and Cote d Ivoire underscored MAGNet’s 
exceptional performance and WHO compliance [59,60,61]. Even when confronted with 
high resistance levels, MiraNet showed commendable protection against mosquito vectors 
[61]. Phase II evaluations conducted in India and Tanzania have reported Veeralin LLINs’ 
exceptional performance of both Yahe® LN and Panda® Net 2.0 LLINs worked well against 
pyrethroid-resistant malaria vectors, which meets the WHO requirements for moving on to 
phase III trials in communities [62,63,64]. The Royal Guard met the WHO criteria for exhibit-
ing efficacy against Anopheles gambiae.[65] According to Azizi et al. (2021), SafeNet NF® and 
SafeNet® LLINs offer protection on par with the interceptor [66] (Sheet 2 in S1 File).

Fig 2 represents the Relative Risk (RR) of mosquito mortality for each candidate net in 
comparison to its counterpart net, aiming to gauge the efficacy of the candidate bed nets. In 
this context, the Relative Risk is computed as the ratio of the risk of mosquito mortality in 
the candidate net to that of the comparator net. An RR of 1 signifies no disparity in Mosquito 
Mortality (MM) risk between the two brands. An RR > 1 implies that the candidate net is 
linked to a heightened risk of mosquito death compared with its counterpart. Fig 2 does not 
entirely represent the studies included in this review. We specifically excluded studies that met 
two conditions: (i) they showed no difference in the risk of MM between the candidate and 
comparator nets, and (ii) they reported no MM (untreated nets) [41,61].

Fig 2.  Relative risk forest plot.

https://doi.org/10.1371/journal.pone.0318673.g002

https://doi.org/10.1371/journal.pone.0318673.g002
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Based on the observed RR values, several pairs of bed nets were found to be equally effec-
tive (RR = 1, indicating 100% efficacy in both arms): Olyset Plus vs. Olyset Net [50], DuraNet 
vs.PermaNet 3.0 [52], Interceptor G2 vs. Interceptor [45], MagNet vs. DuraNet [59], and 
Dawa Plus 3.0 vs. Dawa Plus 2.0, Dawa Plus 4.0 vs. Dawa Plus 2.0 [56] (Sheet 3 in S1 File).

Additionally, significant differences in efficacy were observed between the following pairs 
of bed nets: Interceptor vs CTN, RR: 1.5 (95% CI: 1.28, 1.66) [43]; Olyset Net Duo vs Olyset 
Net, RR: 1.1 (95% CI: 1.01, 1.18),RR: 5.6 (95% CI:2.76,11.25) [47,48]; ICON Maxx vs CTN 
polyester, RR: 7.7 (95% CI: 3.6,16.31) [58]; Dawa Plus 3.0 vs Dawa Plus 2.0, RR: 2.1 (95% CI: 
1.34, 3.15) [57]; and Interceptor G2 vs Interceptor G1, RR: 0.9 (95% CI: 0.77, 0.96) [46].

Furthermore, it is noteworthy that although the same brand of bed nets was compared 
in two different locations, Benin and Côte d’Ivoire [47,48], the efficacy varied significantly 
between the two places, with RR values of 1.01 (95% CI: 1.01, 1.19) and 5.6 (95% CI: 2.76, 
11.2), respectively. However, to establish this heterogeneity with respect to location, additional 
studies comparing the same brands of bed nets are required.

Fig 2 shows that different brands of LLINs are highly heterogeneous in terms of efficacy. 
One of the reasons could be that reference nets were different in each study. This shows how 
important it is to carefully choose LLINs for controlling malaria vectors.

Risk of bias.  Our systematic review revealed that adherence to the WHO PQT/VCP 
checklists was not always consistent. We conducted potential bias assessment by two 
independent reviewers and in case of any disagreements, which were dissolved by discussion. 
Out of the 27 studies included in the assessment of risk of bias, we assessed 9 studies were 
unclear in terms of non-adherence to few a parameter, and 18 studies were low risk of bias 
(Sheet 4 in S1 File). Here, we discuss key areas of concern:

Study arms.  While the inclusion of negative and positive controls is commendable 
for comparison, inadequate definition of the positive control’s specifications (insecticide, 
treatment technique, netting material, denier, mesh size) can introduce bias and skew 
comparisons.

Experimental huts.  Utilizing experimental huts is a strength, mimicking real-life 
conditions for LLIN evaluation. However, inconsistencies in hut structural features across 
studies can bias mosquito collection.

Human volunteers.  The use of human volunteers enhances realism, but potential bias 
arises from non-representative volunteer selection or uncontrolled factors like individual 
attractiveness to mosquitoes.

Testing methods.  Standardized WHO cone bioassays and tunnel tests provide a consistent 
approach. Variations in testing conditions or execution, however, can introduce bias.

Wash resistance criteria.  Defined criteria for assessing net efficacy after 20 washes are a 
positive step, but a lack of data on actual performance leaves the risk of bias unclear (S3 Table).

Implementing a color-coded system (yellow: unclear, green: low, red: high) to highlight 
areas of concern in the conduct of trial can effectively communicate potential bias levels.

This comprehensive review ensures the consideration of potential bias in the studies, 
resulting in more precise conclusions about the effectiveness of LLINs in controlling malaria 
vectors. A traffic light plot for visualizing the risk of bias across these key elements was gener-
ated using Robvis, an R Shiny Dashboard [67].

This standardized approach ensured a consistent evaluation of LLIN efficacy across diverse 
studies. Consequently, we could perform meaningful comparisons and draw robust conclu-
sions regarding their effectiveness in malaria vector control. Furthermore, tailoring the bias 
assessment to each study design’s specific characteristics and potential biases enhanced the 
overall analysis’s validity and robustness. Fig 3 shows traffic light plot for adherence to WHO 
PQT/VCP.
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Fig 3.  Traffic light plot.

https://doi.org/10.1371/journal.pone.0318673.g003

https://doi.org/10.1371/journal.pone.0318673.g003
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Discussion
This systematic review examines how well LLINs work in small-scale Phase II trials. It uses 
existing research to lay the groundwork for creating new mosquito control strategies that 
people want to use for a long time.

This review investigates the efficacy of various types of LLINs, focusing on those treated 
with synthetic pyrethroids. It explored their efficacy in killing malaria vectors, repelling 
them (deterrence), preventing them from feeding on people (blood-feeding inhibition), and 
mosquito behaviour of staying outdoors (induced exophily). This review considered studies 
conducted in diverse ecological settings across West Africa, Tanzania, India, and Ethiopia with 
a focus on LLINs recommended by the WHO.

PermaNet 2.0 and PermaNet 3.0, are mosquito nets with different concentrations of insec-
ticide [40,41]. Both nets killed more malaria vectors that were not resistant to pyrethroids 
(pyrethroid-susceptible). PermaNet 3.0 exhibits higher mosquito mortality rates after 20 
washes against An. gambiae owing to its elevated insecticide concentration and the inclusion 
of an additional ingredient, namely PBO [40,41], a synergist that enhances the efficacy of 
insecticides, such as deltamethrin, and suppresses the enzyme defense mechanisms of vector 
mosquitoes [68]. However, in resistant insects with elevated enzyme levels, PBO’s impact of 
PBO may be less pronounced initially, but can still increase sensitivity to insecticides over 
time by inhibiting these enhanced metabolic systems. [69]

Studies comparing different mosquito nets revealed that the Olyset performed compara-
bly well with other nets (Netprotect, PermaNet 2.0, DuraNet, and Interceptor). While all of 
these nets effectively deterred malaria vectors and inhibited feeding, they differed in terms 
of inducing vector mosquitoes to remain outdoors (exophily) and mortality rates, indi-
cating they were not effective against exophagic malaria vectors. Olyset nets, treated with 
permethrin, induced higher levels of exophily, causing malaria vectors to remain outside 
more frequently compared to other nets. In contrast, nets treated with alpha-cypermethrin 
demonstrated higher mosquito mortality rates. Alphacypermethrin-treated LNs are more 
effective in killing malaria vectors, thereby reducing disease transmission risks and the 
breeding population. Unlike permethrin-treated LNs, which induced exophily, alpha-
cypermethrin strikes a balance by effectively killing of malaria vectors while minimizing 
dispersion. This dual action ensures a more substantial and sustained impact on vector 
control. [44].

The regeneration capacity of Olyset Plus was better than that of the regular Olyset nets 
after washing. Studies in Benin revealed higher overall mortality rates with Olyset Plus, high-
lighting the need for larger studies to determine its duration and user acceptability [49].

Trials conducted in India suggest that Olyset Plus works against pyrethroid-resistant 
malaria vectors, but the benefit of the PBO is unclear and needs further investigation in larger 
studies [50]. However, research from Togo and Burkina Faso found that Olyset Plus per-
formed better than other nets in controlled experiments in which people slept in huts with 
mosquitoes. Yorkool, a pyrethroid-only net, provides less protection against wild-resistant An.
gambiae [41,51].

Similar to Olyset Plus, Olyset Duo, a combination of Olyset Net and pyriproxyfen, pro-
duces better results on the Benin and Ivory Coast than Olyset Net alone [47,48]. Pyriproxyfen 
is an insect growth regulator (IGR) that interferes with development and reproduction of 
malaria vectors, including those resistant to pyrethroids [70,71]. It is particularly effective in 
preventing malaria vectors from laying their eggs.

Trials conducted in Tanzania demonstrated the promising performance of interceptor nets 
in both personal protection and blood-feeding inhibition of malaria vectors [43]. Interceptor 
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G2 combines alpha-cypermethrin, a synthetic pyrethroid, with chlorfenapyr, a different 
insecticide [45,46]. Chlorfenapyr is an insecticide that has a slow-acting mechanism of action. 
This disrupts the ability of the mosquito to produce energy within its cells. The effectiveness 
of Interceptor G2 warrants further studies to confirm its long-term benefits [71].

Both Olyset Duo and Interceptor G2 demonstrated the value of combining different 
insecticides in mosquito nets . The new PermaNet Dual long-lasting insecticidal net (LLIN), 
which contains both chlorfenapyr and deltamethrin insecticides, worked very well against 
Anopheles gambiae vectors. Notably, it outperformed PermaNet 3.0 in all outcome measures 
evaluated. [42]

Studies on Dawa Plus 3.0 and 4.0 nets showed improved effectiveness due to the addition of 
PBO [56,57]. Similarly, Veeralin, MAGNet and Miranets performed well against malaria vectors, 
with veeralin causing higher death rates [59,60,61,62,64]. These findings support the use of 
new-generation LLINs in areas of high malaria endemicity. Compared with untreated polyester 
nets, lambda-cyhalothrin-treated ICON® Maxx nets showed significantly improved outcomes.

However, the effectiveness of LLINs can vary, depending on their location. For example, 
DuraNet worked well in Tanzania but not in Ethiopia [52,53]. Other studies have explored 
the effectiveness of nets such as LifeNet, Royal Guard, PandaNet 2.0, and Yahe [54,55,65,63]. 
Some studies have confirmed the good performance of SafeNet NF and SafeNet LLINs by 
using interceptor nets as a comparator, although more research is needed. [66]

Overall, this review demonstrates the potential of various LLINs in different situations. 
This highlights the importance of ongoing research, development of new combinations of 
insecticides, and conducting large-scale trials to create the best strategies for mosquito control 
[40-66].

Our research showed that OlysetNet, Netprotect, PermaNet2.0, Duranet, and Intercep-
tor performed better than the untreated net (negative control). However, this approach may 
inflate the apparent efficacy of the candidate nets. We strongly recommend employing a posi-
tive control net alongside an untreated negative control to mitigate this bias and obtain more 
reliable results while also conducting additional Phase II trials focused on diverse ecological 
settings and various vectors

This work will aid researchers in framing new formulations of concentrations that enhance 
protection against resistant malaria vectors in specific regions.

Conclusion
The WHO has set strict standards for testing the effectiveness of LLIN in Phase II trials. After 20 
washes, these experiments evaluated the efficacy of the nets in eliminating malaria vectors and 
inhibiting their feeding behavior. Nets that perform well are then considered for further testing 
in larger studies to determine if people accept them and if they work well in real-world settings.

This review scrutinized LLIN testing from various locations to ensure compliance with 
WHO guidelines, including the washing of the nets and the design of the testing huts. The 
review found that some nets work well on their own, but adding ingredients, such as PBO and 
PPF, can significantly improve their effectiveness against malaria vectors that carry diseases. 
Importantly, these additives are safe, affordable, and easy to use.

This study also highlights that malaria vectors in different areas may respond differently 
to insecticides. In such situations, the addition of PBO and PPF can significantly boost the 
effectiveness of LLINs. This information is important for developing robust strategies for 
controlling mosquito populations.

In summary, this review highlights that incorporating PBO and PPF into LLINs can serve 
as an effective strategy for combating mosquito-borne diseases, particularly in light of the 



PLOS ONE | https://doi.org/10.1371/journal.pone.0318673  March 12, 2025 14 / 18

PLOS ONE LLINs in Phase II Hut Trials: Efficacy and WHO compliance review

diverse resistance patterns exhibited by malaria vectors across different regions. These find-
ings can inform the refinement of LLIN testing protocols in Phase II trials, ultimately contrib-
uting to more effective mosquito control strategies.
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