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Introduction: The resistance of malaria vectors to pyrethroids has compromised
the efficacy of pyrethroid insecticide-treated nets (ITNs). In response, ITNs with
pyrethroids and piperonyl butoxide (PBO) synergists were developed to
overcome metabolic pyrethroid resistance mechanisms. One such net is
Vector Guard®. To demonstrate its potential efficacy for public health use, a
comparative efficacy study was conducted to evaluate Vector Guard® relative to
Olyset® Plus (a pyrethroid—PBO ITN proven to reduce malaria transmission more
effectively than pyrethroid ITNs) and Royal® Sentry 2.0 (a pyrethroid-only ITN
included to demonstrate the added benefit of PBO) in experimental huts
in Tanzania.

Methods: An experimental hut trial using two blocks of a 7 X 7 Latin square design
was conducted over seven rounds (49 experimental nights). Treatments were
rotated at the end of each round, and volunteers were rotated nightly within one
block. Both unwashed and 20x washed nets of each type were evaluated,
alongside an untreated net used as a negative control. The primary endpoint
was the proportion of Anopheles arabiensis that died within 24 h, and the
secondary endpoint was the proportion of blood feeding. Data were analyzed
using binomial logistic regression with fixed effects using a 7% non-
inferiority margin.

Results: The pooled results showed that Vector Guard® was non-inferior and
was superior to Olyset® Plus, with higher mortality for Vector Guard® [28% vs.
18%; odds ratio (OR) = 1.93, 95%Cl = 1.81-2.06]. Both pyrethroid—PBO nets were
superior to Royal Sentry® 2.0 (p < 0.001) in terms of mosquito mortality. For the

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmala.2024.1507392/full
https://www.frontiersin.org/articles/10.3389/fmala.2024.1507392/full
https://www.frontiersin.org/articles/10.3389/fmala.2024.1507392/full
https://www.frontiersin.org/articles/10.3389/fmala.2024.1507392/full
https://www.frontiersin.org/articles/10.3389/fmala.2024.1507392/full
https://www.frontiersin.org/articles/10.3389/fmala.2024.1507392/full
https://www.frontiersin.org/articles/10.3389/fmala.2024.1507392/full
https://www.frontiersin.org/articles/10.3389/fmala.2024.1507392/full
https://www.frontiersin.org/journals/malaria
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmala.2024.1507392&domain=pdf&date_stamp=2024-12-24
mailto:jmachange@ihi.or.tz
mailto:embuba@ihi.or.tz
https://doi.org/10.3389/fmala.2024.1507392
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/malaria#editorial-board
https://www.frontiersin.org/journals/malaria#editorial-board
https://doi.org/10.3389/fmala.2024.1507392
https://www.frontiersin.org/journals/malaria

Machange et al.

10.3389/fmala.2024.1507392

secondary blood feeding endpoint, Vector Guard® was also found to be non-
inferior to Olyset® Plus (0.6% vs. 0.2%; OR = 2.37, 95%Cl| = 1.77-3.17). Vector
Guard® showed similar efficacy to Royal Sentry® 2.0 in reducing the proportion of
mosquito blood feeding (0.6% vs. 0.6%; OR = 0.85, 95%Cl = 0.68-1.07,
p = 0.161).

Conclusion: Vector Guard® demonstrated superior mosquito mortality
compared with both Olyset® Plus and Royal Sentry® 2.0, indicating that Vector
Guard® is another promising pyrethroid—PBO ITN for the control of resistant
malaria vectors. The addition of Vector Guard® to the class of pyrethroid—PBO
ITNs will enable malaria control programs to select cost-effective ITNs,
improving access to effective protection from malaria transmitted by

resistant vectors.

KEYWORDS

insecticide-treated net, Vector Guard®, pyrethroids, resistance, piperonyl butoxide,
experimental huts, Anopheles arabiensis, Tanzania

1 Introduction

Insecticide-treated nets (ITNs) with additional active
ingredients (Als), including piperonyl butoxide (PBO) synergists,
are recommended for the control of malaria in areas where
pyrethroid-resistant mosquitoes are predominant (WHO, 2023a).
These pyrethroid-PBO nets are more effective than standard
pyrethroid nets in the control of malaria in areas where
mosquitoes are resistant to pyrethroids (Gleave et al., 2021). PBO
acts as a synergist and increases the bioavailability of pyrethroids
through the inhibition of mixed-function oxidases (Casida, 1970),
the metabolic enzymes responsible for pyrethroid detoxification
(Menze et al., 2022).

In 2017, the first pyrethroid—-PBO net, Olyset® Plus, received a
World Health Organization (WHO) policy recommendation
(WHO, 2017) based on its demonstrated impact on malaria
reduction in cluster randomized trials conducted in Tanzania
(Protopopoff et al., 2018a) and Uganda (Staedke et al., 2020).
Therefore, pyrethroid-PBO nets are recommended for the control
of resistant mosquitoes, with Olyset® Plus nets recognized as the
first-in-class (FIC) nets.

Abbreviations: Al, Active ingredient; DCT, Disease control technologies; FIC,
First-in-class; GLP, Good Laboratory Practice; HDPE, High-density
polyethylene; THI, Ifakara Health Institute; IHI, Ifakara Health Institute; ITN,
Insecticide-treated net; LLIN, Long-lasting insecticide nets; PBO, Piperonyl
butoxide; QC, Quality check; RCT, Randomized controlled trial; SANAS, South
African National Accreditation System; VCPTU, Vector Control Product Testing
Unit; WHO, World Health Organization; WHOPES, World Health Organization

Pesticide Evaluation Scheme.

Frontiers in Malaria

There is a need for more PBO nets on the market to increase
price competition, which would help lower the unit cost of ITN.
This, in turn, would allow for procuring more nets, improving ITN
coverage, which will ultimately result in more effective malaria
control (WHO, 2023b). Other manufacturers of ITNs have
produced pyrethroid-PBO nets that differ from Olyset® Plus in
terms of design and specifications, including the denier, type of
pyrethroids, dosage of PBO and pyrethroids, and the placement of
PBO on the roof or all over the ITN. Therefore, it is crucial to
understand whether products grouped within the PBO ITN class
perform similarly to the FIC product that has demonstrated public
health benefits.

Therefore, the WHO requires that new candidate products be
compared to the FIC product in experimental hut trials (EHTs) in
order to assess whether the new product is not unacceptably worse
(“non-inferior”) than the FIC based on the entomological outcome
measures as a correlate of protection (WHO, 2021). This
comparison is performed to provide reassurance of the likely
public health value of a candidate net in the same intervention
class as the FIC product (WHOPES, 2013; WHO, 2023¢; WHO,
2024). EHTs are a robust method for providing evidence of the
efficacy of a new PBO product compared to a product with proven
public health value (Sherrard-Smith et al., 2022). They use mosquito
mortality as an entomological surrogate endpoint, which reliably
predicts protection from malaria; in the same way, the immune
response is used as a surrogate endpoint in vaccine development
(Gilbert et al., 2008), allowing a rapid and low-cost evaluation of
new vector control tools in multiple ecologies. This is critical to
ensure that well-performing products that induce high mosquito
mortality are not delayed from entering the market.

Comparative efficacy EHTs demonstrate whether a new vector
control product is not unacceptably worse than the FIC based on a
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predefined margin of non-inferiority (WHO, 2024). Assessments of
the non-inferiority of ITNs are determined based on a 7% difference
in mosquito mortality. This margin of non-inferiority was clinically
justified by WHO (2024). Based on this margin, a new ITN is
recommended if it is not worse than the FIC on the primary
outcome of mosquito mortality. The superiority (based on the
significance level) of the new pyrethroid-PBO ITN over the
standard pyrethroid net on the primary outcome is also necessary
to demonstrate that the ITN has been tested against mosquitoes that
have their sensitivity to pyrethroids partially or fully restored by
PBO. Comparative efficacy EHT's are powered for precision and are
reported and interpreted in the same standardized method as
clinical trials (Piaggio et al., 2012; Rehal et al., 2016).

In this context, the study presents a comparative efficacy
assessment of a candidate pyrethroid-PBO ITN, i.e., Vector
Guard®, to the FIC pyrethroid-PBO ITN, i.e., Olyset® Plus, and its
superiority as compared with a pyrethroid-only ITN (Royal Sentry®
2.0), with an untreated net arm used to monitor the study quality.
This assessment was conducted against wild pyrethroid-resistant
malaria vectors in Tanzania responsive to PBO (Matowo et al., 2017).

2 Materials and methods

2.1 Study design

The comparative efficacy study used 14 experimental huts in
two simultaneous blocks, each following a 7 x 7 and another 7 x 7
Latin square design for seven rounds over 49 experimental nights,
giving 98 observations per arm. Each net brand was allocated to a
pair of two huts each night, with the unwashed net in one hut and
the 20 times washed net of the same brand as its pair. After an initial
random allocation, the nets were rotated sequentially at the end of
each round (7 days interval) to minimize allocation errors. Sleepers
were rotated nightly among the huts throughout the experiment.
Data were collected for seven consecutive nights, after which the
huts were aired for one night before the next ITN was introduced.
In accordance with the WHO guidelines for ITN testing (WHO,
2024), a quality check (QC) of the performance of ITNs was
performed before and after the EHT using bioassays.

2.2 Study locations

The experimental huts used in this study were new Ifakara huts
(Swai et al., 2023) (Figure 1), which are closer in size to other
experimental hut types (West African and East African huts)
(Massue et al., 2016). The suitability of the location and ecology of
the study area has been thoroughly documented in a previous work
(Swai et al., 2023). The experimental huts are located between the
village of Lupiro and irrigated rice fields (GPS-8.38412, 36.67289),
with an annual rainfall range of 1,200-1,800mm and temperature
between 20°C and 34°C. The predominant malaria vector species is
Anopheles arabiensis (Pinda et al., 2020), which is found all year
round and is responsive to PBO (Matowo et al., 2017).
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The QC and EHTs were performed in the facilities of the Vector
Control Product Testing Unit (VCPTU) of the Ifakara Health
Institute, accredited for Good Laboratory Practice (GLP) by the
South African National Accreditation System (SANAS).

2.3 Test nets

The study compared Vector Guard® ITN to the FIC Olyset®
Plus ITN for a non-inferiority assessment and to Royal Sentry® 2.0
ITN and Safi (untreated net) for superiority assessment (Table 1).
All nets were white and double sized and had their labels removed
before the study. The nets were coded with a four-digit code for the
blinding of those collecting and identifying mosquitoes to the
identity of the nets. The Vector Guard® ITNs were from three
production batches, while the controls (i.e., Olyset® Plus, Royal
Sentry®, and Safi net) were from one production batch.

2.3.1 Net preparation for testing

There were four ITNs per product prepared for QC and 16 ITNs
(14 for the EHT and 2 spares) per product prepared for testing in
the experimental huts. Seven arms were tested: 1) an unwashed
Vector Guard®; 2) Vector Guard® washed 20 times (20%); 3) an
unwashed Olyset® Plus; 4) 20x washed Olyset® Plus; 5) an
unwashed Royal Sentry® 2.0; 6) 20x washed Royal Sentry® 2.0;
and 7) an untreated Safi net (negative control).

The nets were prepared before and after the hut trial for QC to
confirm the bioefficacy at critical phases of the experiment: 1) upon
receipt of the ITNs before washing (four nets per product); 2) after
washing (four nets per product); and 3) after the hut trial (two nets per
arm). Net samples (25 cm x 25 cm) were taken from positions as
suggested in the WHO Pesticide Evaluation Scheme (WHOPES) LLIN
testing guideline (2013) (WHOPES, 2013). For the Vector Guard®, a
“mosaic net,” four samples were taken from the side panels and three
from the roof, while five samples were removed from each of the
positive controls. For each net used in the QC, two adjacent samples
were cut from each position—one for bioassay and the other for
chemical analysis—which was conducted by an independent
laboratory: Walloon Agricultural Research Centre, CRA-W,
Gembloux, Belgium. The chemical analysis report was sent directly
to the sponsor and the results were not included in this manuscript.

2.3.2 Washing of ITNs for the experimental
hut study

Seven nets for testing in the EHT and four nets for QC were washed
in aluminum bowls containing 10 L of filtered well water with 20 g of
Jamaa palm oil soap flakes using manual agitation (20 rotations per
minute). The nets were dried horizontally in the shade, wrapped in
aluminum foil, and stored in a plastic bag in between washes in
temperature-controlled storage at 24.3°C-33.9°C temperature and
54.1%-91.9% relative humidity, where they were kept until testing.

The washing intervals were experimentally determined before
the start of the study: 2 days for Vector Guard® and Olyset® Plus
and 1 day for Royal Sentry® 2.0 ITNG.

For each product, the nets for testing in the experimental huts
(seven unwashed and seven 20x washed) were deliberately holed by
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FIGURE 1

Experimental huts at Lupiro village in Ulanga District, southeastern Tanzania. (A) Schematic diagram of the Ifakara huts showing a view from above.
(B) Side view of the Ifakara huts at the experimental site. (C) Technician collecting mosquitoes from the exit trap. (D) Landscape overview of the

Ifakara huts at Lupiro village.

cutting a total of six holes (4 cm x 4 cm) in each net: two holes on each
ofthe long sides of the net and one hole on each of the short sides 50 cm
from the top of the net. Washing and deliberate perforation of the nets
were carried out to simulate field-aged nets, as per the WHO guideline
(WHOPES, 2013), in order to assess their efficacy in reducing
mosquito blood feeding and mortality.

2.4 Mosquitoes
The pyrethroid-susceptible Anopheles gambiae sensu stricto

(Ifakara) and the pyrethroid-resistant An. arabiensis (Kingani)
laboratory colonies were used for QC. The larvae were fed with
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TetraMin® fish feed (Spectrum Brands Pet, LLC, Blacksburg, VA,
USA). Adults were kept in cages with access to 10% glucose solution ad
libitum and were provided with blood meal between 3 and 6 days after
emergence for egg production. The temperature in the insectary was
maintained at 27 + 2°C, and the relative humidity was between 40%
and 100%, following the MR4 guidelines (MR4. Methods in Anopheles
Research Manual, 2009), with an approximately 12:12 ambient light-
dark cycle. The WHO susceptibility test was conducted on the
pyrethroid class of insecticides alone and with PBO to observe their
efficacy against the test systems (An. gambiae and An. arabiensis). A
total of 25 mosquitoes were exposed in each of four replicates of the
WHO tube test using a discriminating dose of insecticide. Knockdown
was recorded after 1 h, and mosquito mortality was assessed after 24 h.
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TABLE 1 Description of test nets.

Product name Yarn

Al content (g/kg)

10.3389/fmala.2024.1507392

Batch number Manufacturer

Roof

120 denier high-density

Vect d®
ector Guar polyethylene (HDPE)

Alpha-cypermethrin: 5.8
PBO: 20.3
Sides

RS120W-APBO120R,
RS121W-APBOI2IR,
RS122W-APBOI122R

Disease Control Technologies
(DCT), USA

Alpha-cypermethrin: 5.8

Olyset® Plus 150 denier HDPE

Royal Sentry® 2.0 120 denier HDPE

Permethrin: 20
PBO:10

Alpha-cypermethrin: 5.8

Sumitomo Chemical Co.,
0819SD
Ltd., Japan
Disease Control

RS120W
Technologies, USA

Safi net Polyester

Al active ingredient.

2.5 Hut trial procedure

The EHT was conducted from 3 March to 27 April 2022, with a
2-week interval following the completion of the 20 washes to ensure
that the nets were fully regenerated. The experimental huts used in
this study were Ifakara huts (Swai et al., 2023), with a fully sealed
plywood dividing wall to create two new Ifakara experimental huts
with dimensions of 3.25 m x 3.5 m x 2 m (length x width x height)
(Swai et al., 2023) (Figure 1). The experiment had two simultaneous
seven arms: 1) an unwashed Olyset® Plus; 2) 20x washed Olyset®
Plus; 3) an unwashed Vector Guard®; 4) 20x washed Vector
Guard® 5) an unwashed Royal Sentry® 2.0; 6) 20x washed Royal
Sentry® 2.0; and 7) an untreated net (Safi) as a negative control. The
primary outcome was the proportion of 24-h mortality. Data were
collected for seven nights as one experimental round, with one night
spent airing between rounds to reduce residual effects before
introducing the next treatment. The nets were hung in the
experimental hut before 1900 hours and were removed after the
collection of the mosquitoes in the morning at 0600 hours. There
were 14 sleepers rotated sequentially among huts each night using a
pre-prepared roster. They entered the huts at 1900 hours and slept
under the ITN on a mattress until 0600 hours. Each morning of the
study period, wild mosquitoes were collected into paper cups using
aspiration, which were labeled by date, treatment, hut, and location
(i.e., inside the net, inside the hut, or in exit traps). The collection
began inside the net, followed by the floor of the hut, the walls, and
then the exit traps. The collected mosquitoes were transported to
the field laboratory, sorted according to the species level, and then
scored into four categories: dead-fed, dead-unfed, alive-fed, and
alive-unfed. They were then held with access to a 10% sugar
solution in a temperature-controlled mosquito holding room (27
+ 2°C and 40%-100% relative humidity) for 24 h post-collection to
assess delayed mortality.

2.5.1 Perceived adverse event
assessment procedure

A short questionnaire was given to all participants who slept in
the experimental huts in order to record users’ perception on any
perceived side effects based on the WHO guidelines.
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2.6 Cone bioassays and tunnel
test procedures

Cone bioassays were performed according to the WHO
procedures as described by Odufuwa et al (Odufuwa et al.,, 2024).
Each sample was examined with four replicates of cones (20
mosquitoes), and mosquitoes were exposed to each sample for 3
min. Knockdown was recorded at 60 min post-exposure, and
mortality was recorded 24 h after the end of the exposure period.

The WHO tunnel test was conducted on samples that did not
meet the specified thresholds (=80% mosquito mortality or 295%
mosquito knockdown) for the cone bioefficacy as described in the
WHO 2013 ITN testing guideline (WHOPES, 2013). Rabbit was
used as a host in the tunnel test, and each sample was assessed once,
alongside a negative control. Blood feeding and the mortality rates
were assessed and recorded.

2.7 Data management and
statistical analysis

All data were collected using paper-based data forms before
double entry into Microsoft Excel by two different data entry clerks.
Data were cleaned and analyzed using Stata version 17 (StataCorp
LLC, College Station, TX, USA) (StataCorp, 2019).

The proportion of dead and blood-fed mosquitoes was
calculated from the logistic regression with a random effect for
hut-night, including the specific net type only with their respective
95% confidence intervals (CIs). Inferential statistics were also
performed on the outcomes from the EHTs using a binomial
logistic regression for the proportions of mortality and blood
feeding. Inferential analysis was based on the revised guideline
(WHO, 2023d), which used fixed effects for ITN brand, hut, sleeper,
and collection day. For pooled analysis, the washing status (i.e.,
unwashed or 20x washed) was added as a fixed effect. The non-
inferiority of a candidate net was determined when the odds ratio
(OR) of the lower 95%CI of Vector Guard® compared to Olyset®
Plus was not lower than the delta (estimated as the OR of a 7%
difference from the recorded percent mortality or blood feeding of
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Olyset® Plus). The primary endpoint was 24-h mortality. The
results were presented for each net type and condition
(unwashed, 20x washed, and combination of unwashed and
20x washed).

2.7.1 Sample size and power calculation

The sample size for the experimental hut study was calculated
using a simulation-based power analysis (WHO, 2018) in R statistical
software (version 3.02) with the Ime4 package (R Core Team, 2021).
For this evaluation, 1,000 simulations for generalized linear mixed
models (GLMMs) were conducted using 25% mosquito mortality
estimates, with an overall study variation of logs of 0.61 and 20 An.
arabiensis mosquitoes per night per hut, which were from a previous
trial conducted in the same experiment for a Latin square design of 49
nights of data collection in 14 huts, with volunteers and huts
accounted for as fixed effects. The study achieved 98% power with
95%CI of simulated power (0.97-0.99) to determine that Vector
Guard® was non-inferior to Olyset® Plus (WHO, 2023c) on the
primary endpoint of 24-h mosquito mortality.

Post-hoc power analysis was again performed by simulation to
ensure that the study was adequately powered for non-inferiority
(WHO, 2023c), with treatment, volunteer, hut, and day adjusted as
fixed effects using R software (R Core Team, 2021). After the
experimental hut implementation and using the estimates from
this study, a median nightly mosquito of 54, a nightly variation of 1,
and 100% power (99.6-100) were achieved.

3 Results
3.1 Study quality assurance

3.1.1 Environmental conditions

The experiment was conducted in Lupiro during the study
period, with a median nighttime temperature and relative humidity
of 27.5°C [interquartile range (IQR) = 26.7-28.7°C] and 83.1%
(IQR = 60.8%-96.8%), respectively. Mosquitoes were kept in the
holding room for delayed mortality of the EHT and QC at
temperature and relative humidity of 27.5°C (IQR = 26.7-28.7°C)
and 79.8% (IQR = 75.9%-82.4%), respectively.

3.2 Mosquito density

Over 49 nights of data collection, a total of 46,835 wild An.
arabiensis were collected, with a median of 54 mosquitoes (IQR =
29-93) captured per hut. The median numbers of mosquitoes
captured in huts with different types of nets were as follows: 40
(IQR = 23-67) for the Vector Guard® net, 55 (IQR = 30-91) for
Olyset® Plus, 65 (IQR = 37-120) for Royal Sentry®2.0, and 64 (IQR
= 30-104) for the untreated Safi net. There were differences in the
number of mosquitoes captured in the unwashed and 20x washed
nets (Figure 2; Table 2).
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FIGURE 2

Violin plot showing the distribution of the numbers of female
Anopheles arabiensis mosquitoes collected per net type and
hut—night.

3.3 Non-inferiority of Vector Guard® to
Olyset® Plus on 24-h mortality

Against wild, free-flying An. arabiensis, Vector Guard® showed
higher 24-h mortality than Olyset® Plus. The mortality of wild,
free-flying An. arabiensis in the untreated (Safi) net was
0.7 (Figure 3).

Vector Guard® was non-inferior and was superior to Olyset®
Plus for the primary endpoint of 24-h mortality based on the
analysis conducted on the pooled data for the unwashed and the
20x washed nets, with estimates in the direction of higher mortality
for Vector Guard® (28% vs. 18%; OR =1.93, 95%CI = 1.81-2.06) as
its lower CI remained higher than the delta (0.56). The unwashed
Vector Guard® was non-inferior and was superior to the unwashed
Olyset® Plus in the direction of higher mortality for Vector Guard®
(40% vs. 22%; OR = 2.33, 95%CI = 2.10-2.58). The same result was
seen for the 20x washed Vector Guard® relative to the 20x washed
Olyset® Plus (20% vs. 15%; OR = 1.73, 95%CI = 1.58-1.89)
(Figure 4; Table 3).

3.4 Superiority of pyrethroid—PBO to
pyrethroid net on 24-h mortality

The superiority evaluation of pyrethroid—-PBO ITNs compared
with the pyrethroid-only net (Royal Sentry® 2.0) is presented in
Table 2. For the pooled analysis of the unwashed and 20x washed
arms using the 24-h mortality endpoint, Vector Guard® was found
superior to Royal Sentry® 2.0 (28% vs. 15%; OR = 2.33, 95%CI =
2.19-2.49, p < 0.001). Olyset® Plus was also superior to Royal
Sentry® 2.0 (18% vs. 15%; OR =1.21,95%CI = 1.13-1.29, p < 0.001).
It should be noted, however, that when the total number of
mosquitoes that died was considered, more mosquitoes in total
were killed in the Royal Sentry® 2.0 arm (n = 2,588) than in the
Olyset® Plus arm (n = 2,480).
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TABLE 2 Superiority evaluation of piperonyl butoxide (PBO) insecticide-treated nets (ITNs) in comparison to Royal Sentry® 2.0 (Pyrethroid only net)
against wild pyrethroid-resistant Anopheles arabiensis in Tanzania.

Outcome Product Condition No. of No. of dead  Percentage (0] p-value Test
mosquitoes = mosquitoes/ (95%Cl) (95%Cl) outcome
captured blood-fed
Proportion Royal Sentry® Pooled 16,438 2,588 15 (13-17) 1
mortality at 24 h
(primary Olyset® Plus 13,138 2,480 18 (16-20) 1.21 <0.0001 Superior
outcome) (1.13-1.29)
Vector Guard® 9,605 2,810 28 (25-32) 233 <0.0001 Superior
(2.19-2.49)
Royal Sentry® Unwashed 7,484 1,642 21 (19-25) 1
Olyset® Plus 5,343 1,276 22 (19-26) 0.97 0.474 Inconclusive
(0.89-1.06)
Vector Guard® 3,513 1,369 40 (34-45) 2.28 <0.0001 Superior
(2.08-2.51)
Royal Sentry® 20% washed 8,954 946 10 (8-12) 1
Olyset® Plus 7,795 1,204 15 (13-17) 1.56 <0.0001 Superior
(1.41-1.71)
Vector Guard® 6,092 1,441 20 (17-24) 2.48 <0.0001 Superior
(2.26-2.72)
Proportion Royal Sentry® Pooled 16,438 260 0.6 (0.4-0.9) 1
blood feeding
Olyset® Plus 13,138 81 0.2 (0.1-0.4) 0.36 <0.0001 Superior
(0.28-0.47)
Vector Guard® 9,605 123 0.6 (0.4-0.9) 0.85 0.161 Inconclusive
(0.68-1.07)
Royal Sentry® Unwashed 7,484 86 0.6 (0.4-1.0) 1
Olyset® Plus 5,343 20 0.1 (0.02-0.4) 0.31 <0.0001 Superior
(0.19-0.52)
Vector Guard® 3,513 46 0.7 (0.3-1.3) 1.44 0.058 Inconclusive
(0.99-2.09)
Royal Sentry® 20x washed 8,954 174 0.7 (0.4-1.3) 1
Olyset® Plus 7,795 61 0.4 (0.2-0.7) 0.37 <0.0001 Superior
(0.27-0.50)
Vector Guard® 6,092 77 0.5 (0.3-0.9) 0.65 0.004 Superior
(0.49-0.87)

Percentage (95%CI) is the percentage mean of mosquitoes from the model estimates, with a 95% confidence interval. Odds ratios were estimated using logistic regression adjusting for the effect of
volunteer, day, and hut as fixed effects. For the pooled analysis, wash condition was adjusted for the fixed effect. For superiority on mortality, the OR must be higher than 1.00 and the p-value
<0.05, while for blood feeding, the OR must be lower than 1.00 and the p-value <0.05. There were 49 study nights.

3.5 Non-inferiority of Vector Guard® to
Olyset® Plus on blood feeding

The proportions of mosquitoes that blood-fed were extremely
low in all arms (Figure 5; Table 2), with 553/7,654 (6.4%) An.
arabiensis blood-fed in the negative control arm and blood feeding
<1% in the treated net arms.

Higher proportions of mosquito blood feeding were recorded in
Vector Guard® than in Olyset® Plus. Although Vector Guard® had
higher blood feeding overall (both unwashed and washed)
compared with Olyset® Plus (0.6% vs. 0.2%; OR = 2.37, 95%CI =
1.77-3.17), it was found to be non-inferior to Olyset® Plus on the
proportion of blood-fed as its upper CI remained lower than the
delta (8.61) (Table 3). Higher proportions of mosquito blood
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feeding were recorded in the unwashed Vector Guard® vs. the
unwashed Olyset® Plus (0.7% vs. 0.1%; OR = 4.57, 95%CI = 2.67-
7.82) and in the washed 20x Vector Guard® nets vs. the 20x washed
Olyset® Plus (0.5% vs. 0.4%; OR = 1.78, 95%CI = 1.26-2.53), with
the upper CI of the estimated OR remaining lower than the delta
(8.61), indicating non-inferiority (Table 3).

3.6 Superiority of pyrethroid—PBO nets to
pyrethroid-only net on blood feeding
The superiority evaluation of PBO ITNs on blood feeding in

comparison to the pyrethroid-only net (Royal Sentry® 2.0) is
presented in Table 2. Vector Guard® was not significantly
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FIGURE 3
Percentage mean 24-h mortality of wild free-flying Anopheles
arabiensis in experimental huts.

different from Royal Sentry® 2.0 in the pooled analysis of the
unwashed and washed 20x nets (0.6% vs. 0.6%; OR = 0.85, 95%CI =
0.68-1.07, p = 0.161) on the blood feeding success endpoint. This
was also the same for the unwashed net, with Vector Guard®
similar to Royal Sentry® 2.0 (0.7% vs. 0.6%; OR = 1.44, 95%CI =
0.99-2.09, p = 0.058). On the other hand, for the 20x washed nets,
Vector Guard® had fewer blood-fed mosquitoes and was superior
to the Royal Sentry® 2.0 net (0.5% vs. 0.7%; OR = 0.65, 95%CI =
0.49-0.87, p = 0.004). Olyset® Plus was superior to Royal Sentry®
2.0 (0.2% vs. 0.6%; OR = 0.36, 95%CI = 0.28-0.47, p < 0.001) in the
pooled analysis of the unwashed and 20x washed condition nets.

3.7 Perceived adverse events

There were no adverse events reported.
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3.8 Quality check: susceptibility test, cone
and tunnel bioassays

3.8.1 Mosquito resistance profile

The results of the WHO susceptibility test showed that An.
gambiae s.s. was susceptible to permethrin, deltamethrin, and alpha-
cypermethrin. Both laboratory-reared (Kingani strain) and wild
(Lupiro strain) pyrethroid-resistant An. arabiensis mosquitoes had
less than 25% mortality after exposure to these insecticides, which
were restored with the addition of PBO (Supplementary Table S1).

3.8.2 Fully susceptible An. gambiae s.s. (Ifakara)

All unwashed ITNs (Vector Guard® and Royal Sentry® 2.0)
met the 2013 threshold for cone bioefficacy (WHOPES, 2013).
Before and after the hut trial, the unwashed I'TNs killed >80% of
fully susceptible An. gambiae s.s. (Ifakara). After washing 20 times,
all ITNs (Vector Guard® and Royal Sentry® 2.0) killed >95% of An.
gambiae s.s., with the exception of Olyset® Plus, which killed 32.0%
(95%CI = 25.0-39.0) before the experimental hut and 6.0% (95%CI
= 2.8-9.2) of susceptible An. gambiae s.s. after EHT. Olyset® Plus
induced >70% mortality and 95% feeding inhibition of the
susceptible An. gambiae s.s. in the WHO tunnel test
(Supplementary Table S2).

3.8.3 Pyrethroid-resistant An. arabiensis (Kingani)

All unwashed (Vector Guard® and Royal Sentry® 2.0) ITNs
before and after the hut trial killed >80% of pyrethroid-resistant A#.
arabiensis (Kingani). After 20 washes, Vector Guard® killed <40%
of An. arabiensis before the experimental hut and >80% after
experimental hut. Vector Guard® Kkilled 71.3% (95%CI = 68.0-
74.6) and induced 100% blood feeding inhibition of An. arabiensis
in the WHO tunnel test. Olyset® Plus killed 32.0% (95%CI = 25.0-
39.0) before the experimental hut and 6.0% (95%CI = 2.8-9.2) of
An. arabiensis after EHT. In the WHO tunnel test, Olyset® Plus
induced approximately >70% mortality and >95% feeding
inhibition of An. arabiensis (Supplementary Table S2).

4 Discussion

The comparative efficacy study of Vector Guard® net vs. the FIC
Olyset® Plus nets in the experimental huts in Tanzania showed that
Vector Guard® was superior to Olyset® Plus, inducing higher
mortality against free-flying pyrethroid-resistant mosquitoes. This
finding is consistent with a study conducted in Benin, where Olyset®
Plus nets had a lower proportion of mosquito mortality compared
with other PBO ITNs, including PermaNet 3.0 (deltamethrin and
PBO) (Ngufor et al., 2022). This study is the first to demonstrate that
an alpha-cypermethrin-PBO ITN could also be effective in
controlling pyrethroid-resistant malaria vectors using a
comparative efficacy methodology (WHO, 2024). It also adds to the
large body of evidence that pyrethroid-PBO ITNs are more
efficacious than pyrethroid-only ITNs against mosquitoes with
resistance mediated by mixed-function oxidases (Gleave et al., 2021).
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TABLE 3 Non-inferiority efficacy of Vector Guard® insecticide-treated nets (ITNs) in comparison to Olyset® Plus against wild free-flying pyrethroid-
resistant Anopheles arabiensis.

Total No. of Percentage @ Delta for OR (95%Cl) Test
no. of mosquitoes (95%Cl) 7% outcome
mosquitoes dead/ difference
blood-fed
Proportion mortality at Pooled
24 h (primary outcome)
Olyset® Plus 13,138 2,480 18 (16-20) 0.56 1
Vector Guard® 9,605 2,810 28 (25-32) 1.93 (1.81-2.06) Superior
Unwashed
Olyset® Plus 5,343 1,276 22 (19-26) 0.63 1
Vector Guard® 3,513 1,369 40 (34-45) 2.33 (2.10-2.58) Superior
20x washed
Olyset® Plus 7,795 1,204 15 (13-17) 0.49 1
Vector Guard® 6,092 1,441 20 (17-24) 1.73 (1.58-1.89) Superior
Proportion Pooled
blood feeding
Olyset® Plus 13,138 81 0.2 (0.1-0.4) 8.61 1
Vector Guard® 9,605 123 0.6 (0.4-0.9) 2.37 (1.77-3.17) Non-inferior
Unwashed
Olyset® Plus 5,343 20 0.1 (0.02-0.4) 8.61 1
Vector Guard® 3,513 46 0.7 (0.3-1.3) 4.57 (2.67-7.82) Non-inferior
20x washed
Olyset® Plus 7,795 61 0.4 (0.2-0.7) 8.61 1
Vector Guard® 6,092 77 0.5 (0.3-0.9) 1.78 (1.26-2.53) Non-inferior

Percentage (95%ClI) is the percentage mean of mosquitoes from the logistic regression with a random effect for hut-night, including the specific net type only, with a 95% confidence interval.
Odds ratios were estimated using logistic regression adjusting for the effect of volunteer, day, and hut as fixed effects. For the pooled analysis, wash condition was adjusted for the fixed effect. For

mortality, the lower margin of the confidence interval must be higher than delta. For blood feeding, the upper margin of the confidence interval must be lower than delta.

The superior efficacy of PermaNet® 3.0 and Vector® Guard
could potentially be attributed to the active ingredient used. Vector
Guard® contains the fast-acting, contact toxicant insecticide alpha-
cypermethrin (Hougard et al, 2003), which might explain the

4 6 8
L ! !

% Blood-fed mosquitoes (95% Cl)
2

Olyset®Plus Vector Guard® Royal Sentry® 2.0 Control

I- Unwashed [ 20xWashed|

FIGURE 5
Percentage mean of wild, free-flying blood-fed Anopheles
arabiensis in experimental huts.
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higher observed mortality compared with Olyset® Plus that is
treated with permethrin, an irritant insecticide that is highly
effective at reducing bites, but that may reduce their contact time
with the treated net, resulting in lower mortality (Achee et al., 2009).
In addition, the difference between the pyrethroid-PBO ITNs could
also be attributed to the specification of the ITN themselves:
Olyset® Plus has permethrin and PBO on all five panels, while
Vector Guard® has alpha-cypermethrin on all five panels and has
PBO only on the roof. Some studies have confirmed that
mosquitoes contact the roof panels first due to the odor plume
produced by the host, and then move to the side panels (Parker
et al., 2015). Placing PBO on the roof panel only is advantageous as
it can reduce the cost of net production. The higher concentration
of PBO in Vector Guard® than in Olyset® Plus might have also
contributed to the higher mosquito mortality in the Vector Guard®
nets than in the Olyset® Plus nets.

Pooled Vector Guard® and Olyset® Plus nets induced higher
mortality compared with Royal Sentry® 2.0, a pyrethroid-only net,
against pyrethroid-resistant mosquitoes. These results are
consistent with those of other EHTs in Benin (Pennetier et al.,
2013; Ngufor et al, 2022) and Tanzania (Kweka et al, 2017)
demonstrating the superior effect of pyrethroid-PBO nets over
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pyrethroid-only nets on the mortality endpoint. These findings add
to the existing knowledge of the additional benefit of the PBO
incorporated into the nets (Gleave et al., 2021) compared with
pyrethroid-only nets in areas with metabolically resistant
mosquitoes, such as those in the study settings. Furthermore, the
superior efficacy of pyrethroid-PBO over pyrethroid-only nets has
been confirmed in large community randomized control trials
(cRCTs) in Tanzania and Uganda, where the prevalence of malaria
infection was lower in the PBO arms compared with the standard
pyrethroid-only nets after 2 years since distribution (Protopopoff et al.,
2018b; Maiteki-Sebuguzi et al., 2023). Therefore, it is cost effective to
deploy pyrethroid-PBO nets specifically in areas where mosquito
resistance to pyrethroids is predominant, ensuring that the
investment in these enhanced nets translates to a meaningful
improvement in malaria control. However, monitoring the
durability of ITNs remains a critical concern to ensure that long-
lasting, value-for-money products are selected (Lorenz et al., 2020),
especially after a recent trial showing that Olyset® Plus ITNs were not
more effective than Interceptor (alpha-cypermethrin-only) ITNs after
1 year of use (Mosha et al, 2022) and that much of the loss of
community effect was attributed to rapid damage to Olyset ® Plus,
leading users to discard them after 1 year (Martin et al., 2024).

The data showed different modes of action for the three net
types, highlighting that ITNs are not homogeneous (Skovmand
et al., 2021). The different mode of action of pyrethroids was
observed as Olyset® Plus (permethrin) was superior at inhibiting
mosquito blood feeding compared with the Vector Guard® and
Royal Sentry® 2.0 nets, both incorporated with alpha-
cypermethrin. Vector Guard® and Royal Sentry® 2.0 prevented
a similar amount of mosquito blood feeding. Importantly, the
performance of Royal Sentry® 2.0 in killing a greater number of
mosquitoes overall compared with Olyset® Plus suggests that
pyrethroid-only nets are still effective and can provide
continued strong personal protection and some community
protection even in areas with predominantly pyrethroid-
resistant mosquitoes. Hence, the use of pyrethroid nets in
resource-limited countries is still a useful malaria control tool
(Briét et al.,, 2013) that should always be used in preference to
untreated nets in order to maximize protection for humans (Pryce
et al,, 2018). Thus, mosquito mortality is the most important
mode of action for ITNs to enhance a community-wide effect
(Hawley et al., 2003), protecting even those who do not use ITNs
by significantly reducing the mosquito populations, given that
ITN access is only roughly around 50% (WHO, 2023b).

The susceptibility test confirmed the high resistance level in the
vector population against pyrethroids in Tanzania. These findings
indicate widespread resistance in the An. arabiensis population,
consistent with other studies conducted in southeastern Tanzania
(Matowo et al., 2017). The presence of insecticide resistance may be
partly attributed to long-term exposure and the similarities of the
chemicals used in agricultural pest control (Matowo et al., 2020;
Urio et al., 2022). However, the susceptibility to standard
insecticides was restored post-exposure to PBO, similar to
findings from other studies in Tanzania (Tungu et al, 2023),
suggesting that the synergist restores susceptibility to pyrethroids
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through inhibiting the metabolic insecticide detoxification of
resistant mosquitoes (Allossogbe et al., 2017).

The mortality observed in the bioassay after washing differed
before and after the EHT. It is plausible that the nets continued to
regenerate during the trial, while the mortality rate for Olyset® Plus
decreased post-trial, possibly due to the loss of Als over time
through evaporative loss. This study did not measure whether the
Als (alpha-cypermethrin and PBO) were washed off more quickly
after washing or whether they regenerated during the hut trial.
Further research is recommended to assessthe chemical content of
ITNs before and after hut trials and under user conditions to better
understand this process.

This study highlights that ITN products perform differently.
Despite the previous threshold and performance of the Olyset® Plus
net on documented public health value (Skovmand et al., 2021),
Vector Guard® is a net that demonstrated higher comparative
efficacy over the FIC Olyset® Plus and the standard pyrethroid-
only net, Royal Sentry® 2.0. This study evaluated nets that were
washed 20 times; however, it may not be comparable to real-life
settings. Thus, further studies are recommended to monitor the
operational performance of the ITNs after 1, 2, or 3 years of field
use. Moreover, this study was conducted in Tanzania, and the
results may vary in different ecological settings; therefore, additional
studies are required to improve the generalizability of the findings.

5 Conclusion

Vector Guard® may be considered a suitable tool for protection
against pyrethroid-resistant malaria vectors, with the potential to
reduce malaria transmission based on its non-inferiority to the FIC
ITN, Olyset® Plus. Olyset® Plus has demonstrated epidemiological
impact and superior efficacy compared with Royal Sentry® 2.0, a
pyrethroid-only net, on the 24-h mosquito mortality endpoint.
Therefore, Vector Guard® should be added to the pool of PBO
ITNs, providing more options for malaria programs and donors
when making decisions to purchase optimal products based on
demonstrated efficacy. However, further studies are recommended
to evaluate the field durability of Vector Guard® under real-
life conditions.
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