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Abstract 

Background: Long‑lasting insecticide nets (LLINs) are a core malaria intervention. LLINs should retain efficacy against 
mosquito vectors for a minimum of three years. Efficacy and durability of  Olyset® Plus, a permethrin and piperonyl 
butoxide (PBO) treated LLIN, was evaluated versus permethrin treated  Olyset® Net. In the absence of WHO guidelines 
of how to evaluate PBO nets, and considering the manufacturer’s product claim,  Olyset® Plus was evaluated as a 
pyrethroid LLIN.

Methods: This was a household randomized controlled trial in a malaria endemic rice cultivation zone of Kirinyaga 
County, Kenya between 2014 and 2017. Cone bioassays and tunnel tests were done against Anopheles gambiae 
Kisumu. The chemical content, fabric integrity and LLIN survivorship were monitored. Comparisons between nets 
were tested for significance using the Chi‑square test. Exact binomial distribution with 95% confidence intervals (95% 
CI) was used for percentages. The WHO efficacy criteria used were ≥ 95% knockdown and/or ≥ 80% mortality rate in 
cone bioassays and ≥ 80% mortality and/or ≥ 90% blood‑feeding inhibition in tunnel tests.

Results: At 36 months,  Olyset® Plus lost 52% permethrin and 87% PBO content;  Olyset® Net lost 24% permethrin. 
Over 80% of  Olyset® Plus and  Olyset® Net passed the WHO efficacy criteria for LLINs up to 18 and 12 months, respec‑
tively. At month 36, 91.2%  Olyset® Plus and 86.4%  Olyset® Net survived, while 72% and 63% developed at least one 
hole. The proportionate Hole Index (pHI) values representing nets in good, serviceable and torn condition were 49.6%, 
27.1% and 23.2%, respectively for  Olyset® Plus, and 44.9%, 32.8% and 22.2%, respectively for  Olyset® Net but were not 
significantly different.

Conclusions: Olyset® Plus retained efficacy above or close to the WHO efficacy criteria for about 2 years than  Olyset® 
Net (1–1.5 years). Both nets did not meet the 3‑year WHO efficacy criteria, and showed little attrition, comparable 
physical durability and survivorship, with 50% of  Olyset® Plus having good and serviceable condition after 3 years. 
Better community education on appropriate use and upkeep of LLINs is essential to ensure effectiveness of LLIN 
based malaria interventions.
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Background
Insecticide-treated nets reduce child mortality, num-
ber of Plasmodium falciparum cases and probably the 
number of P. vivax cases per person/year [1]. Factory-
produced long-lasting insecticide nets (LLINs) are a 
core malaria intervention for the global elimination of 
malaria led by the World Health Organization (WHO) 
[2]. According to the WHO definition, LLINs should 
retain efficacy against mosquito vectors for a minimum 
of 20 standard washes under laboratory conditions and 
a minimum of 3  years of use under field conditions 
[3]. When used by most of the people in a population, 
insecticide-treated nets can protect all people in the 
community, including those who do not sleep under 
nets [4]. Currently, the National Malaria Control Pro-
gramme (NMCP) in Kenya has been scaling up the use 
of LLINs in malaria endemic and high-risk areas to 
achieve universal coverage, which is defined by WHO 
as access to one LLIN for every 1.8 persons in each 
household [2, 5].

Pyrethroid LLINs were the first brands of treated nets 
recommended by WHO for malaria control. However, 
it was believed that insecticide resistance was worsen-
ing in Africa and would present a major threat to malaria 
control [6–8], and that pyrethroid-LLINs were becoming 
less effective at killing mosquitoes in household condi-
tions when pyrethroid resistance develops [9, 10]. Con-
sequently, piperonyl butoxide (PBO) was incorporated in 
nets with the intension to improve their efficacy against 
pyrethroid resistant mosquitoes by acting as a meta-
bolic enzyme inhibitor targeting the P450 cytochrome or 
mixed function oxidases that metabolise pyrethroids and 
enhance the efficacy of pyrethroid treated nets.  Olyset® 
Plus has been prequalified by WHO as the first in class 
PBO net.

However, at the time of beginning the trial due to 
the absence of guidelines published by WHO of how 
to evaluate PBO nets, and considering the manufac-
turer’s product claim,  Olyset® Plus was evaluated only 
as a pyrethroid LLIN against a pyrethroid susceptible 
mosquito strain rather than against a resistant strain. 
This paper presents results of a 3-year long-term (Phase 
III) field trial of the candidate product,  Olyset® Plus, 
along with a positive control product  Olyset® Net, in 
a malaria endemic rice cultivation area of Kirinyaga 
County, Kenya.

Methods
The field trial was conducted according to the WHO 
guidelines [3, 11]. The description of the test products 
and trial procedures are described below.

Test products
Bioefficacy and physical durability of the  Olyset® Plus 
and  Olyset® Net both manufactured by Sumitomo 
Chemical were evaluated. The former is a polyethylene 
mono-filament net incorporated with 2% permethrin 
corresponding to 20 g permethrin active ingredient (AI)/
kg or 800  mg permethrin AI/m2 and 1% PBO (corre-
sponding to 10 g PBO AI/kg or 400 mg PBO AI/m2). The 
latter is a polyethylene mono-filament net incorporated 
with 2% permethrin (w/w) (corresponding to 800 mg per-
methrin AI/m2).  Olyset® Net was recommended in 2009 
by the WHO Pesticide Evaluation Scheme (WHOPES) 
for use in malaria control [12], while  Olyset® Plus was 
given interim recommendation by WHO in 2012 with 
the requirement to evaluate the product in a 3-year long-
term trial to confirm its long-lasting efficacy in field [13].

Graphical Abstract
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Trial design and study area
We did a prospective, household randomized controlled, 
large-scale 3-year field trial in a rice irrigation area of 
Kirinyaga County, Kenya from 2014 to 2017. The area is 
located about 100 km northeast of Nairobi at the base of 
Mt Kenya at an altitude of about 1200 m above sea level 
[14]. It receives mean annual rainfall of 1200–1600 mm 
with long rains in March–June and short rains in Octo-
ber–December. Due to high densities of mosquitoes year-
round, many local people use mosquito nets. Several 
bed net trials have previously been conducted here for 
national product registration. Over 80% of the inhabit-
ants of the area have only primary level education. Most 
of the houses in the area are made of mud walls with 
roofs of corrugated iron sheets [14].

Four villages of Maendeleo, Huruma, Kiratina and 
Kasarani were selected by a simple randomization, of 
which the first two villages were randomly allocated 
 Olyset® Plus and the other two villages received  Olyset® 
Net (Table 1). In each of the selected village, households 
were randomly selected.

Community sensitization and net distribution
Community level meetings were organized with the local 
leadership (Chiefs, sub-Chiefs and the village heads) and 
health teams including community health workers, where 
the objectives of the study were clearly explained. Later, 
local public meetings (Barazas) were organized to sensi-
tize the community about the study. Informed consent to 
participate in the study was obtained from participating 
heads of households. A baseline survey and census were 
conducted in the selected households using a structured 
questionnaire. Information on size of the family, educa-
tional status, occupations, average family income, type 
of house, number of sleeping places, existing number of 
nets in each household, their usage pattern, and wash-
ing practices were collected. The old nets in use in the 
households were retrieved and new ones given. Each new 
net was given a unique identifier and a net master list 

prepared. Nets were then distributed to the households 
as per the available sleeping places i.e. one net per sleep-
ing place.

Net sampling scheme
The scheme of sampling nets at different time points for 
bioassays and chemical assays is given in Table  2. The 
netting pieces were cut from the sampled nets from posi-
tions 1–9 for bioassays, and positions HP1–HP5 (at time 
0) or positions HP2–HP5 (at time 12, 24 and 36 months) 
for chemical content assays (Fig.  1). All the nets which 
were sampled and retrieved at the given survey points 
were replaced with new ones.

Bioassays
The insecticidal effect of the nets was evaluated using 
cone bioassays and where required tunnel tests, as per 
the WHO guidelines [3]. The bioassays were done at 
time zero (baseline) and then at every 6  months up to 
36 months. On each of the netting pieces cut for bioas-
says, standard WHO plastic cones were held in place 
using a plastic manifold and a total of 50 laboratory bred, 
susceptible Kisumu strain Anopheles gambiae (non-
blood fed, 2–5 day old) were exposed for 3 min (5 pieces 
per net × 5 mosquitoes per test × 2 replicates). After the 
exposure, the mosquitoes were removed gently from 

Table 1 Summary of nets distributed in study villages

a Some homesteads had more than one household. The households had more than one sleeping area thus multiple nets were distributed in a single household

Village Population No. of homesteads Olyset® Plus Olyset® Net

No. of households No. of nets given No. of households No. of 
nets 
given

Kiratina 3190 531 – – 470 940

Kasarani 1900 380 – – 300 600

Maendeleo 2810 378 401a 802 – –

Huruma 2425 495 380 760 – –

Total 10 325 1784 781 1562 770 1540

Table 2 Number of  Olyset® Plus and  Olyset® Net sampled for 
assays at different time points during the study

Month Bioassays and chemical assays Bioassays 
alone

0 30 –

6 – 30

12 30 –

18 – 30

24 30 –

30 – 30

36 50 –
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the cones and kept separately in plastic cups provided 
with cotton-wool moistened with 10% glucose solution. 
Knockdown (KD) was recorded at 60 min and mortality 
at 24 h after exposure. Mosquitoes exposed to untreated 
polyester net pieces were used as untreated controls. The 
bioassays were carried out at 27 ± 2  °C temperature and 
80% ± 10% relative humidity. When the mosquito knock-
down rate was < 95% and mortality < 80%, the mortal-
ity and blood-feeding inhibition effect of such nets was 
assessed in a tunnel test according to the WHO guide-
lines [3].

For each net, only one netting piece with which mos-
quito mortality was found closest to the average mor-
tality in the cone test was tested in the tunnel test 
[3]. One hundred, non-blood fed female An. gambiae 
Kisumu mosquitoes, aged 5–8  days were released at 
the longer end of a tunnel equipment made of glass. 
At each end of the tunnel, a 25 cm square cage covered 
with a polyester netting was fitted. At the shorter end 
of the tunnel, a rabbit which could not move but was 
available for mosquito biting was placed. The mosqui-
toes were released at 18:00 and mosquitoes recovered 
at 09:00 on the following morning. During the test, the 
tunnel was kept in a place maintained at 27 ± 2 °C and 
80% ± 10% relative humidity in full darkness. Another 
tunnel with untreated netting was used as control. The 
mean mortality rate and percentage blood-feeding inhi-
bition were recorded, as follows:

i. Mortality = this was measured by pooling the mor-
tality rates of mosquitoes from the two sections of 
the tunnel. If mortalities in the control recorded 
more than 10%, the test was considered invalid.

where, Bfc is the proportion of blood-fed mosquitoes in 
the control tunnel and Bft is the proportion of blood-
fed mosquitoes in the tunnel with the treated net. The 
treated net was considered to have met the WHO effi-
cacy criteria when mortality in mosquitoes was ≥ 80% 
and/or blood-feeding inhibition was ≥ 90%.

Chemical content analysis
The chemical contents in the nets were determined at 
the beginning and at years 1, 2 and 3 by samplings nets 
according to the scheme described earlier. The netting 
pieces cut for determination of active ingredient content 
were individually rolled up and placed in new, clean and 
labeled aluminum foils and sent to the Phyto-pharmacy 
Department of the Walloon Agricultural Research Cen-
tre, Gembloux, Belgium, a WHO Collaborating Centre, 
for chemical analysis.

Assessment of durability of cohort nets
To monitor durability of nets (i.e. survivorship and 
changes in physical integrity) during their routine use, 
250 each of  Olyset® Plus and  Olyset® Net were distrib-
uted in separate households (2 nets per household) in 
the same villages by simple randomization. From these 
cohorts of nets, all nets available at the households at the 
time of surveys at 6, 12, 24 and 36 months were inspected 
for their presence and physical integrity. For this, the 
nets were retracted from the sleeping places, individually 
hung up on a rectangular frame held outside the house 
and inspected for presence of any holes on the side and 
roof panels. The holes were counted for each net, their 
diameter was measured, and they were classified in the 
following categories according to the WHO criteria for 
hole sizes [3, 11]:

Size A1: 0.5–2 cm diameter, Size A2: 2–10 cm diameter, 
Size A3: 10–25 cm diameter, Size A4: > 25 cm diameter.

The parameters for assessing the integrity of nets 
included the proportions of  Olyset® Plus and  Olyset® 
Net with any size holes or tears, and the proportionate 
Hole Index (pHI) for each net, which was calculated as 
follows [11]:

pHI = (1.23 × No. of size A1 holes) + (28.28 × No. of 
size A2 holes) + (240.56 × No. ofsize A3 holes) + (706.95 
× No. of size A4 holes)

Using the pHI values,  Olyset® Plus and  Olyset® Net 
were categorized as those in ‘good condition’ (pHI: 
0–64), nets in ‘acceptable’ condition (pHI: 65–642), and 
torn nets that were likely to provide no protective effi-
cacy (pHI > 642) [15]. The number of nets in ‘good’ and 

Blood − feeding inhibition(%) = [100× (Bfc− Bft)] /Bfc

Fig. 1 A rectangular net and its individual panels showing positions 
for cutting netting pieces (positions 1–9 for bioassays; HP1–HP5 for 
chemical assays)
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‘acceptable condition’ together were taken to estimate the 
survival of nets over time.

The sampled nets were also inspected for any repairs of 
holes or tears done by the households. After inspection, 
the nets were returned to the same sleeping place in the 
same household.

Household net washing practices
The net washing practices by households were evaluated 
using a questionnaire at 6, 12, 24 and 36 months after net 
distribution.

Recording of adverse events
One month after net distribution, a survey was carried 
out to record adverse events reported by net users, and 
overall experiences of net usage. A pre-tested question-
naire adapted from the WHO guidelines [11] was admin-
istered to the heads or an adult person of the households 
after obtaining informed consent.

Statistical analysis
The data collected were entered in excel spreadsheets and 
cross-checked for accuracy. Data were analyzed using 
STATA version 14.0 (Stata Corporation, College Station, 
TX, USA). Comparisons between the two types of nets 
were tested for significance using the Chi-square (χ2) 
test. Exact binomial distribution with 95% confidence 
intervals (95% CI) was used for percentages. For con-
tinuous variables, the arithmetic mean was used depend-
ing on the distribution of values compared to a normal 
distribution.

The nets were considered to have passed the WHO effi-
cacy criteria if the mosquito knockdown rate was found 
to be ≥ 95% and/or mortality rate ≥ 80% in cone bioas-
says. For the tunnel tests, nets were considered to have 
passed the WHO efficacy criteria when mortality in 
mosquitoes was ≥ 80% and/or blood-feeding inhibition 
was ≥ 90% [3]. The procedure for calculation of propor-
tionate Hole Index (pHI) for nets is already described 
above.

Ethical clearances
Prior to implementing the study, ethical approvals were 
obtained from the Ethical Research Committee of Keny-
atta National Hospital, University of Nairobi (protocol ID 
P524/8/2013) and the WHO Ethics Review Committee 
(ID: V2-084). Informed consent of head or an adult per-
son in participating households was obtained in local lan-
guage. Those who could not read or write were assisted 
by an independent witness to ensure the study was clearly 
explained to them and guided them to give a thumb print 
on the consent form.

Results
Demographic characteristics
Among the 1784 participating homesteads with a popula-
tion of 10 325, a total of 1551 households participated in 
the study (Table 1). Most of the heads of the households 
(age: 17–96  years) had received formal education and 
practiced farming (96.6%).

Out of 100 heads of households with  Olyset® Plus 
interviewed for adverse events, 44% reported itching, 
4% eye irritation, and 7% unpleasant smell. Among the 
 Olyset® Net users, 7% each reported nasal discharge and 
eye irritation. These were reported to be mild symptoms 
lasting for one or two days. To reduce these effects, 43% 
users of  Olyset® Plus ventilated nets for a day in the open 
under the sun and 33% under the shade. Among  Olyset® 
Net users, similar actions were taken by 44% and 39%, 
respectively.

LLINs wash rate
The findings of the study reported low net wash rates. 
The reported wash rate was zero at 6  months, 7% each 
of  Olyset® Plus and  Olyset® Net washed at least once 
at 12  months, 12%  Olyset® Plus and 11%  Olyset® Net 
washed at least once at 24  months, while 17%  Olyset® 
Plus and 21%  Olyset® Net washed at least once at 
36  months. In all households where nets had been 
washed, on 99% occasions, cold water and a local bar 
soap were used while 1% used washing powder. Of those 
who washed nets, 86% reported to have dried them under 
direct sunlight contrary to the advice given to them at 
the time of distribution to dry them under shade. The 
results of frequency of washing nets by the users show 
that about 7–44% nets were washed at least once, and the 
washing frequency increased in year 2 and 3 (Table 3).

Bioassay tests
At the baseline, 100% of  Olyset® Plus passed the WHO 
efficacy cut off for LLINs in the cone bioassays i.e., nets 
causing ≥ 80% mortality and/or ≥ 95% knockdown (KD) 
in mosquitoes (Table 4). At month 6, 83.3% of  Olyset® 
Plus passed the efficacy cut off by the KD criteria alone. 
Considering mortality and the blood-feeding inhibition 
of mosquitoes in tunnel tests for nets failing in cone 
bioassays, in all 96.7% nets met the WHO efficacy cri-
teria at month 6. Overall, 93.3% and 86.7% (i.e., ≥ 80%) 
of the sampled  Olyset® Plus passed the WHO efficacy 
criteria at months 12 and 18. Thereafter, the efficacy 
pass rate declined to 76.7% at month 24 to 42.0% at the 
end of 36  months of the trial. Thus,  Olyset® Plus did 
not pass the WHO efficacy cut off criteria both at 24 
and 36  months of household usage.  Olyset® Net per-
formed only up to 12 months; thereafter the pass rates 
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declined below 80%, so the net did not perform as 
expected at 24 and 36 months. Although each net was 
classified to have passed  or failed the efficacy accord-
ing to the WHO criteria, no significant difference in the 
proportions passing efficacy was seen between  Olyset® 
Plus and  Olyset® Net [at 6 months (χ2 = 0.35; P = 0.54), 
12  months (χ2 = 1.42; P = 0.23), 24  months (χ2 = 0.72; 
P = 0.39) and 36 months (χ2 = 0.22; P = 0.63)]. The over-
lapping 95% CI values of the pass percentages for each 
survey point also show no differences in efficacy of the 
two nets (Table 4). The data indicate that the entomo-
logical efficacy of  Olyset® Plus and  Olyset® Net in sur-
veys at 24–36 months and 18–36 months, respectively 
was found to be apparently attributable to their per-
sonal protective efficacy, i.e., cumulative effects of KD 
and mosquito blood-feeding inhibition effects.

Chemical contents
At time 0 (baseline), the contents of permethrin and 
PBO in  Olyset® Plus were within the target tolerance 
limits of 20 ± 5  g/kg and 10 ± 2.5  g/kg, respectively; 
while the permethrin content in  Olyset® Net was also 
within the target tolerance limit of 20 ± 3 g/kg (Table 5). 
The within net variation (relative standard deviation, 
RSD) in permethrin and PBO contents for  Olyset® Plus 
at baseline were 2.2% and 3.7%, respectively, and were 
within the acceptable tolerance limits. The within net 
variation in the permethrin content in  Olyset® Net at 
the baseline was 1.2% and was also within the accept-
able tolerance limit. At the end of years 1, 2 and 3 of 
net usage, the permethrin content in  Olyset® Plus 
decreased by 36%, 40% and 52%, and the PBO con-
tent showed a marked reduction of 66%, 81% and 87%, 
respectively. The loss of the permethrin in  Olyset® Net 

Table 3 Frequency of washing nets by the users at different time points

The reported wash rate was zero at 6 months

Period 
(months)

Olyset® Plus Olyset® Net

No. of nets 
sampled

No. of nets 
washed once 
(%)

No. of nets 
washed twice 
(%)

No. of nets 
washed > 2 
times (%)

No. of nets 
sampled

No. of nets 
washed at once 
(%)

No. of nets 
washed twice 
(%)

No. of nets 
washed > 2 
times (%)

6 30 – – – 30 – – –

12 30 2 (7) 1 (3) 0 30 2 (7) 0 0

24 30 4 (12) 2 (7) 1 (3) 30 3 (11) 2 (7) 0

36 50 9 (17) 5 (10) 3 (6) 50 11 (21) 8 (6) 3 (6)

Table 4 Bioefficacy of  Olyset® Plus and  Olyset® Net against Anopheles. gambiae Kisumu in cone and tunnel tests

a KD, knockdown ≥ 95%; bmortality ≥ 80%; ctaking into account the KD and mortality rates in cone bioassays, and blood-feeding inhibition and mortality rates in 
tunnel tests

Survey month No. of 
nets 
tested

Mean 1 h 
KD (%)

Mean 24 h 
mortality 
(%)

% of nets passed by 
KD criteria  alonea

% of nets passed by 
mortality criteria 
 aloneb

No. of nets 
requiring tunnel 
test

Overall pass rate in 
percentage (95% CI)c

Olyset® Plus

 0 30 99.5 100 100 100 0 100 (80–100)

 6 30 97.0 88.2 83.3 73.3 4 96.7 (82–99)

 12 30 94.2 74.3 76.7 43.3 6 93.3 (78–99)

 18 30 82.9 65.9 36.7 36.7 16 86.7 (69–96)

 24 30 77.4 75.3 0.0 46.7 15 76.7 (57–90)

 30 30 60.4 56.9 0.0 10.0 27 70.0 (50–85)

 36 50 66.4 51.5 2.0 8.0 24 42.0 (28–56)

Olyset® Net

 0 30 99.1 100 100 100 0 100 (88–100)

 6 30 96.9 79.8 80.0 60.0 4 93.3 (77–99)

 12 30 68.5 54.7 20.0 3.3 24 83.3 (65–94)

 18 30 72.1 50.2 30.0 20.0 18 73.3 (54–87)

 24 30 79.8 68.9 3.3 46.7 18 66.7 (47–83)

 30 30 50.9 50.9 0.0 3.3 29 60.0 (40–77)

 36 50 66.3 51.9 0.0 8.0 26 36.0 (23–50)
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was 16% at year 1 and did not change much at year 2 
and 3 (19 and 24%, respectively).

Net survivorship and fabric integrity
At the end of year 1,  Olyset® Plus reported survivor-
ship rates of 97.2% (n = 243), with  Olyset® Net record-
ing 99.6% (n = 249). At year 2, there were 92.4% (n = 231) 
 Olyset® Plus and 90.4% (n = 226) of  Olyset® Nets still 
surviving. At the end of the 3 years of study, the survivor-
ship rates for  Olyset® Plus and  Olyset® Net were at 91.2% 
(n = 228) and 86.4% (n = 216), respectively.

The pHI values of the nets showed that 87.6% of 
 Olyset® Plus were in good condition at 6  months, 7.6% 
were in acceptable/serviceable condition, and 4.8% were 
too torn (Table 6). These proportions increased gradually 
during the study and at 36 months, 49.6% were in good 
condition, 27.1% in acceptable/serviceable condition, and 

23.2% were too torn. A similar trend of attrition was seen 
for  Olyset® Net, with 44.9%, 32.8% and 22.2% nets being 
in good condition, acceptable condition or too torn at 
36 months, respectively.

Data on the comparison of estimates of the mean 
pHI values and the mean hole area for  Olyset® Plus and 
 Olyset® Net are given in Table 7.

The proportion of  Olyset® Plus nets having been 
repaired by households increased from 6% (95% CI: 3.4–
9.7) at month 6 to 17.9% (95% CI: 13.2–23.6) at months 
36, while that of  Olyset® Net increased from 5% (95% CI: 
2.8–8.7) to 12% (95% CI: 8.0–17.1) in the same period.

Discussion
The study evaluated the efficacy of  Olyset® Plus incor-
porated with permethrin and in a 36-month long field 
trial against An. gambiae Kisumu, a susceptible strain. 

Table 5 Mean permethrin and PBO contents (relative standard deviation) in nets at baseline, and at 12, 24 and 36 months

a Within net variation (relative standard deviation) in permethrin and PBO contents at baseline was 2.2% and 3.7%, respectively  (Olyset® Plus). – not applicable, PBO 
piperonyl butoxide
b Within net variation (relative standard deviation) in permethrin content at baseline was 1.2%  (Olyset® Net)

Sampling 
month

Olyset® Plus Olyset® Net

Mean permethrin 
content in g/kg (95% CI)

Permethrin 
content lost (%)

PBO content in g/
kg (95% CI)

PBO content 
lost (%)

Mean permethrin 
content in g/kg (95% CI)

Permethrin 
content lost 
(%)

0 18.4 (18.3–18.6)a – 8.98 (8.86–9.10) – 19.6 (19.5–19.7)b –

12 11.7 (10.6–12.7) 36 3.01 (2.30–3.80) 66 16.5 (16.0–17.0) 16

24 11.1 (10.2–12.0) 40 1.70 (1.20–2.20) 81 15.9 (15.1–16.7) 19

36 8.8 (7.9–9.7) 52 1.16 (0.8–1.5) 87 14.8 (13.9–15.7) 24

Table 6 Progression of hole formation and proportionate Hole Index (pHI) values for  Olyset® Plus and  Olyset® Net

Net brand Follow up 
months

No. of nets 
sampled

Number of nets with any 
size holes (%; 95% CI)

No. of nets by pHI values
(%; 95% CI)

pHI < 65 (in good 
condition)

pHI 65–642
(in acceptable condition)

pHI > 642
(too torn nets)

Olyset® Plus 6 250 115
(46.0; 39.9–52.1)

219
(87.6; 82.9–91.1)

19
(7.6; 4.9–11.5)

12
(4.8; 2.8–8.2)

12 243 131
(54.0; 47.6–60.1)

190
(78.2; 72.6–82.9)

30
(12.4; 8.8–17.0)

23
(9.5; 6.3–13.8)

24 231 120
(52.0; 45.5–58.3)

145
(62.8; 56.7–68.7)

58
(25.1; 19.9–31.1)

28
(12.0; 8.5–16.9)

36 228 144
(63.0; 56.7–69.1)

113
(49.6; 43.1–56.0)

62
(27.1; 21.8–33.3)

53
(23.2; 18.2–29.2)

Olyset® Net 6 250 157
(63.0; 56.7–68.6)

186
(74.4; 68.7–79.4)

57
(22.8; 18.1–28.4)

7
(2.8; 1.3–5.7)

12 249 169
(68.0; 61.8–73.4)

159
(63.9; 57.7–69.6)

76
(30.5; 25.1–36.5)

14
(5.6; 3.4–9.2)

24 226 147
(65.0; 58.6–70.9)

120
(53.1; 46.6–59.5)

71
(31.4; 25.7–37.7)

35
(15.5; 11.4–20.8)

36 216 156
(72.0; 65.9–77.9)

97
(44.9; 38.4–51.6)

71
(32.8; 26.9–39.4)

48
(22.2; 17.2–28.2)
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 Olyset® Net incorporated with permethrin alone was 
included in the trial as a positive control net. A net was 
considered to have passed the WHO efficacy criteria if 
it caused ≥ 80% mortality and/or ≥ 95% knockdown in 
cone bioassays or ≥ 80% mortality and/or ≥ 90% blood-
feeding inhibition in tunnel tests [3]. Most of the  Olyset® 
Plus and  Olyset® Net lost the knockdown effect during 
the 24–36  months follow-up. Overall, neither  Olyset® 
Plus nor  Olyset® Net performed as they should even 
after 2 years and did not meet the WHO efficacy criteria 
of a 3-year LLIN.

Previous studies have demonstrated enhanced efficacy 
of  Olyset® Plus against resistant An. gambiae attributable 
to PBO [16–18]. A recent randomised controlled field 
trial in Tanzania with high levels of pyrethroid resist-
ance in malaria vectors An. gambiae and An. arabiensis 
also attributed higher impact on malaria of  Olyset® Plus 
over  Olyset® Net to the presence of PBO that was sus-
tained after 21  months of the trial [19]. However, there 
is a view that these two nets are not comparable and that 
the higher efficacy of  Olyset® Plus was due to much more 
bleed rate of permethrin into its surface and not due to 
PBO that was incorporated in small amount and dwin-
dled rapidly over time [20]. In this trial,  Olyset® Plus 
was evaluated as a pyrethroid LLIN since there were no 
guidelines published by WHO of how to evaluate PBO 
nets at the time of this trial, and considering the manu-
facturer’s product claim.

While, it was reported that high intensity insecticide 
resistance will reduce the level of personal and commu-
nity protection of pyrethroid LLINs [21] and PBO nets 
could be effective against malaria in some resistance sce-
narios [22], a recent WHO multi-country study found no 
evidence of an association between insecticide resistance 
and malaria infection prevalence or incidence [23]. There 
is also a view that at present there is limited evidence that 
recent reduction in the impact on malaria in sub-Saharan 
Africa was due to increasing resistance in malaria vectors 
to the pyrethroid insecticides used in treating nets [24].

The initial permethrin content in both nets was more 
or less similar but the enhanced efficacy of  Olyset® Plus 
was mainly due to the higher release of permethrin into 

the surface fibres and presence of PBO than  Olyset® 
Net. The gradual decline in efficacy of both nets is con-
sistent with the loss of permethrin and PBO in  Olyset® 
Plus and of permethrin in  Olyset® Net over time dur-
ing their routine usage by the community. The decline 
in permethrin content was more rapid in  Olyset® Plus 
than  Olyset® Net. This explains why  Olyset® Plus hav-
ing permethrin and PBO was relatively superior than 
 Olyset® Net initially, i.e., until 18 months, but after that 
their performance was below the WHO efficacy cut off. 
While the PBO content in  Olyset® Plus at the baseline 
was within the target tolerance limits, 66% of the PBO 
content was lost within one year of net usage, and the 
loss increased to 81% at year 2 and 87% at year 3. Pre-
vious studies have reported that the insecticidal con-
tent in LLINs decay over time [6]. While permethrin 
and PBO contents may be lost due to natural decay 
and evaporation, washing of nets frequently and dry-
ing them under direct sunlight are known to contribute 
to such losses [25, 26]. In this study, despite manufac-
turer’s label recommendation not to expose nets to 
direct sunlight, a good proportion of both type of nets 
were exposed to bright sunlight before use and left to 
dry in the sun after washing. This would have reduced 
both permethrin and PBO contents and consequently 
reduced the biological efficacy of these nets and should 
be borne in mind when considering these results. Even 
though Kisumu strain was tested, the loss of PBO 
would have affected efficacy of Olyset Plus as PBO 
can improve net performance even against susceptible 
strains, which too have P450s, and PBO is also known 
to act as a good solvent that can aid cuticular penetra-
tion and help improve insecticidal activity. The opera-
tional implication of rapid loss of PBO is that  Olyset® 
Plus was unlikely to remain effective even against pyre-
throid resistant mosquitoes for 2 or 3 years of use.

Community net wash practices were comparable 
between the two nets. During the first 6  months, no 
net was reported to have been washed. At 1 year, 7% of 
 Olyset® Plus and 7% of  Olyset® Net were reported to 
have been washed at least once. At month 36  months, 
about 17% and 21% of  Olyset® Plus and  Olyset® Net 

Table 7 Comparison of the estimates of the mean pHI and the mean hole area for  Olyset® Plus and  Olyset® Net

pHI proportionate Hole Index

Survey month Olyset® Plus Olyset® Net

No. of nets 
inspected

Mean hole area in 
 cm2 (± SD)

Mean pHI (± SD) No. of nets 
inspected

Mean hole area in 
 cm2 (± SD)

Mean pHI (± SD)

6 250 52.3 ± 230.5 93.3 ± 313.6 250 123.3 ± 272.3 110.5 ± 221.8

12 243 229.2 ± 574.2 153.6 ± 437.0 249 192.5 ± 376.2 156.8 ± 306.5

24 231 389.8 ± 975.4 317.6 ± 794.7 226 873.9 ± 353.4 279.4 ± 428.1

36 228 630.7 ± 1191.8 513.9 ± 970.9 216 621.5 ± 1710.3 506.4 ± 1393.2
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respectfully had been washed at least once. LLINs 
are usually recommended to be washed at most every 
3  months [5], although this frequency depends on local 
cultural practices and water availability. Different net 
washing frequencies have been reported in other stud-
ies spanning from a high of 8 washes per month in Mali 
[27] to 4–7 times in Tanzania [28] to a low average of 
1.5 washes per year in Uganda [29]. In coastal Kenya, on 
average nets were washed twice in 6  months, with blue 
colour nets least often washed than white or green col-
our nets, and older nets washed more  frequently [30]. 
In western Kenya lowlands,  three quarter of nets were 
washed once within 3 months and a third of them were 
dried under the sun [31]. The main reasons for low 
reported wash rates during the annual surveys in our 
study could be attributed to net users’ poor recall of the 
net washing frequencies, and people’s apprehension that 
washing of nets reduce net efficacy, although there was 
no water scarcity in the trial area being located in a rice 
irrigation area.

The study participants reported experiencing certain 
transient adverse effects during the first two days of use 
of nets, but these could be prompted reactions since the 
community members had been informed about the pos-
sibility of such effects at the time of net distribution. The 
higher side effects from use of  Olyset® Plus is in line with 
the higher release of permethrin as mentioned above. 
Users resorted to ventilating their nets in direct sun-
light to reduce the effects although our project team had 
advised to dry up and keep the nets under shade. Venti-
lating new nets or drying washed nets under direct sun-
light might have contributed to a significant reduction in 
active ingredient content and bio-efficacy of nets.

At the end of the 3-year period, among the two cohorts 
of 250 nets each, only about 9%  Olyset® Plus and about 
14%  Olyset® Net were reported to have been lost show-
ing a high net survivorship. These results are in line with 
the expected 75% net survivorship rate reported by the 
NetCALC 3-year serviceable prediction model [32]. Pre-
vious studies have reported varying rate of net survi-
vorship in African countries, such as 58% nets were lost 
within two years in Rwanda [33], only 39% of distributed 
nets remained both present and in serviceable physical 
condition 2–4  years after a mass campaign in Tanzania 
[34], but in Western Uganda an estimated attrition rate of 
just 12% after three years of use was observed for a poly-
ester net [35]. In four African countries of Mozambique, 
Nigeria, DRC and Zanzibar, Tanzania, survival in service-
able condition of polyethylene and polyester LLINs after 
31–37 months of use varied between different sites from 
17 to 80% with median survival from 1.6 to 5.3  years 
[36]. In our study, the observed low attrition rate of nets 
appears to be also due to the ‘Hawthorne effect’ as the 

households included in the two cohorts of nets were 
visited every 6 or 12  months to inspect the nets. So, 
the awareness among study participants that the nets 
were regularly being followed could have modified their 
behaviour in favour of more careful upkeep and mainte-
nance of the nets and as such may have been a limitation 
in this study.

Studies have shown that despite small to medium size 
holes (64 < PHI < 642), LLINs are still protective against 
mosquito bites due to the excito-repellent effects of 
insecticides [35]. However, the nets may become inef-
fective when the overall hole area in nets reaches a cer-
tain threshold [37]. In our study, both  Olyset® Plus and 
 Olyset® Net recorded high fabric integrity up to the 
3-year trial period. At 12 months after distribution, 78.1% 
of Olyset Plus and 63.8% of  Olyset® Net were in good/
acceptable condition, 12.3%  Olyset® Plus and 30.5% 
 Olyset® Net were in serviceable condition, while 9.4% 
 Olyset® Plus and 5.6%  Olyset® Net were completely torn 
and required to be replaced. At the end of the 3-year trial 
period, 49.5% of  Olyset® Plus and 44.9% of  Olyset® Net 
were in good/acceptable condition, 27.1%  Olyset® Plus 
and 32.8%  Olyset® Net in serviceable condition, while 
23.2%  Olyset® Plus and 22.2%  Olyset® Net were com-
pletely torn and required replacement.

Although  Olyset® Net retained a higher permethrin 
content that  Olyset® Plus, the latter showed longer dura-
tion of efficacy than the former, i.e., 18  months com-
pared with 12  months above the WHO efficacy cut off, 
and higher efficacy thereafter i.e., the efficacy of  Olyset® 
Plus declined to 42% at the end of 3-year trial period and 
that of  Olyset® Net to 36% over the same period. This 
could be attributed to higher release of permethrin into 
the netting surface, and also because PBO can make nets 
perform better even against susceptible mosquitoes. 
Pyrethroid-PBO nets have previously been associated 
with higher mosquito mortality and lower blood-feeding 
rates in areas of high-level insecticide resistance than 
were non-PBO LLINs [38, 39]. Although in our study we 
did not test nets with a pyrethroid resistant mosquito 
strain, it is likely that the fast decline of PBO in  Olyset® 
Plus was  caused by the inappropriate exposure to sun-
light, as well as the normal loss through washing would 
have reduced efficacy against resistant mosquitoes in the 
same way that it reduced efficacy against the susceptible 
mosquitoes tested here.

Appropriate testing guidelines and field studies are 
thus required to evaluate the operational effectiveness 
of PBO nets against pyrethroid resistant mosquitoes 
and considering the PBO retention and release proper-
ties. The revised WHO LLIN guidelines should clarify 
for how long PBO nets should be effective and if the 
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current WHO efficacy criteria for a 3-year LLIN should 
be reduced to fit the chemistry.

A limitation of our trial was that we did not evaluate 
efficacy of  Olyset® Plus against resistant An. gambiae 
mosquitoes. Instead, we tested its efficacy for the pres-
ence of permethrin alone using a susceptible malaria 
vector strain, although inclusion of PBO in nets has 
the potential of increasing insecticidal efficacy due to 
increased cuticular penetration and presence of P450s in 
susceptible insects. There is thus a need for suitable test-
ing guidelines and a much more validation of the impact 
of PBO in pyrethroid-PBO nets.

Conclusions
Olyset® Plus did not meet the WHO criteria for effi-
cacy of LLINs in this 3-year Phase III study, which 
could have resulted from faster loss of permethrin and 
PBO and users not following the manufacturer’s rec-
ommendations to not leave the nets under direct sun-
light. Better community education is therefore essential 
to ensure appropriate use and upkeep of nets in areas 
with LLIN-based interventions in order to maximize 
their operational impact on the prevention, control and 
elimination of malaria. Failure to do this would result 
in operational implications requiring early replenish-
ment with new nets to ensure that such an LLIN based 
malaria intervention remains effective.

Abbreviations
CI: Confidence interval; CHW: Community Health Workers; KD: Knockdown; 
LLIN: Long‑lasting insecticidal nets; NMCP: National Malaria Control Pro‑
gramme; pHI: proportionate Hole Index; PBO: Piperonyl butoxide; RSD: Relative 
standard deviation; SD: Standard deviation; WHO: World Health Organization.

Acknowledgements
We are very grateful to the Kirinyaga County Health team for supporting the 
implementation of this study. The leadership of the four villages and the study 
participants are appreciated. We are also grateful to the Community Health 
Workers including Mr. Paul Kariuki Mugo, Mr. Joseph Maina Nyaga, Mr. Joseph 
Kinyua Mugo and Ms. Esther Muthoni Muriithi for their dedication in com‑
munity mobilization during the study. The laboratory staff of Kimbimbi Sub 
County Hospital including Mr. Celestine Kwoba and Mr. Njenga are acknowl‑
edged for working long hours for data collection and laboratory analysis.
We also acknowledge significant contribution to the trial by our former col‑
league late Dr Evan Mathenge, who unfortunately passed away before writing 
the trial results. We are also grateful to Mr. Cassian Mwatele of ESACIPAC‑
KEMRI, and the laboratory team at KEMRI, Kisumu.The authors alone are 
responsible for the views expressed in this article and they do not necessarily 
represent the views, decisions, or policies of the institutions with which they 
are affiliated.

Authors’ contributions
PMG, LK, KN, EM, RSY: conceptualized the study. PMG, KN, SK, NM, DMM, LK, 
NB, EM participated in data collection and curation. PMG analyzed data and 
wrote the first draft manuscript. PMG, RSY: finalized and edited the original 
manuscript and revised it according reviewers’ comments. All authors read 
and approved the revised manuscript.

Funding
The work was funded as a collaborative project by the WHO Pesticide Evalua‑
tion Scheme, Geneva, Switzerland.

Availability of data and materials
All the relevant datasets supporting the conclusions of this article are included 
within the article.

Declarations

Ethics approval and consent to participate
Ethical approvals of the Ethical Research Committee of Kenyatta National 
Hospital, University of Nairobi (protocol ID P524/8/2013), Health Management 
Team of the Kirinyaga County, Kenya and WHO Ethics Review Committee (ID: 
V2‑084) were obtained. All participants gave written consent to participate in 
the study.

Consent to publication
This paper is published with the authority from the Director General, Kenya 
Medical Research Institute (KEMRI).

Competing interests
The authors declare no competing interests. As a collaborative project, RSY, 
a WHO professional staff, reviewed and agreed with the study design and 
contributed to writing the manuscript.

Author details
1 Eastern & Southern Africa Centre of International Parasite Control, Kenya 
Medical Research Institute, Nairobi, Kenya. 2 School of Health Sciences, Meru 
University of Science and Technology, Meru, Kenya. 3 Centre for Biotechnol‑
ogy Research and Development, Kenya Medical Research Institute, Nairobi, 
Kenya. 4 Division of National Malaria Programme, Ministry of Health, Nairobi, 
Kenya. 5 Department of Health, Kirinyaga County, Kirinyaga, Kenya. 6 Centre 
for Global Health Research, Kenya Medical Research Institute, Kisumu, Kenya. 
7 Centers for Disease Control and Prevention, Kisumu, Kenya. 8 Department 
of Control of Neglected Tropical Diseases, World Health Organization, Geneva, 
Switzerland. 

Received: 3 July 2021   Accepted: 1 November 2021

References
 1. Pryce J, Richardson M, Lengeler C. Insecticide‑treated nets for preventing 

malaria. Cochrane Database Syst Rev. 2018;11(11):CD000363. https:// doi. 
org/ 10. 1002/ 14651 858. CD000 363. pub3.

 2. WHO. Achieving and maintaining universal coverage with long‑lasting 
insecticidal nets in malaria control. Geneva: World Health Organization. 
2017. http:// apps. who. int/ iris/ bitst ream/ handle/ 10665/ 259478/ WHO‑ 
HTM‑ GMP‑ 2017. 20‑ eng. pdf? ua=1? seque nce=1. Accessed 27 Oct 2021.

 3. WHO. Guidelines for laboratory and field‑testing of long‑lasting insecti‑
cidal nets. Geneva: World Health Organization. 2013. http:// www. who. int/ 
iris/ bitst ream/ 10665/ 80270/1/ 97892 41505 277_ eng. pdf. Accessed 27 Oct 
2021.

 4. Hawley WA, Phillips‑Howard PA, TerKuile FO, Terlouw DJ, Vulule JM, 
Ombok M, et al. Community‑wide effects of permethrin‑treated bed nets 
on child mortality and malaria morbidity in western Kenya. Am J Trop 
Med Hyg. 2003;68(4 Suppl):121–7.

 5. U.S. President’s Malaria Initiative Kenya. Malaria Operational Plans. Wash‑
ington, DC: United States Agency for International Development. 2015. 
https:// www. amazon. com/ Kenya‑ Malar ia‑ Opera tional‑ Presi dents‑ Initi 
ative/ dp/ 15078 01564.  Accessed 27 Oct 2021.

 6. Wanjala CL, Zhou G, Mbugi J, Simbauni J, Afrane YA, Ototo E, et al. 
Insecticidal decay effects of long‑lasting insecticide nets and indoor 
residual spraying on Anopheles gambiae and Anopheles arabiensis in 
Western Kenya. Parasit Vectors. 2015;8:588. https:// doi. org/ 10. 1186/ 
s13071‑ 015‑ 1194‑6.

 7. Hemingway J, Ranson H, Magill A, Kolaczinski J, Fornadel C, Gimnig J, 
et al. Averting a malaria disaster: will insecticide resistance derail malaria 

https://doi.org/10.1002/14651858.CD000363.pub3
https://doi.org/10.1002/14651858.CD000363.pub3
http://apps.who.int/iris/bitstream/handle/10665/259478/WHO-HTM-GMP-2017.20-eng.pdf?ua=1?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/259478/WHO-HTM-GMP-2017.20-eng.pdf?ua=1?sequence=1
http://www.who.int/iris/bitstream/10665/80270/1/9789241505277_eng.pdf
http://www.who.int/iris/bitstream/10665/80270/1/9789241505277_eng.pdf
https://www.amazon.com/Kenya-Malaria-Operational-Presidents-Initiative/dp/1507801564
https://www.amazon.com/Kenya-Malaria-Operational-Presidents-Initiative/dp/1507801564
https://doi.org/10.1186/s13071-015-1194-6
https://doi.org/10.1186/s13071-015-1194-6


Page 11 of 11Gichuki et al. Infectious Diseases of Poverty          (2021) 10:135  

control? Lancet. 2016;387(10029):1785–8. https:// doi. org/ 10. 1016/ S0140‑ 
6736(15) 00417‑1.

 8. Ranson H, Lissenden N. Insecticide resistance in African anopheles 
mosquitoes: a worsening situation that needs urgent action to maintain 
malaria control. Trends Parasitol. 2016;32(3):187–96. https:// doi. org/ 10. 
1016/j. pt. 2015. 11. 010.

 9. Asidi A, N’Guessan R, Akogbeto M, Curtis C, Rowland M. Loss of house‑
hold protection from use of insecticide‑treated nets against pyrethroid‑
resistant mosquitoes. Benin Emerg Infect Dis. 2012;18(7):1101–6. https:// 
doi. org/ 10. 3201/ eid18 07. 120218.

 10. Ochomo EO, Bayoh NM, Walker ED, Abongo BO, Ombok MO, et al. The 
efficacy of long‑lasting nets with declining physical integrity may be 
compromised in areas with high levels of pyrethroid resistance. Malar J. 
2013;12:368. https:// doi. org/ 10. 1186/ 1475‑ 2875‑ 12‑ 368.

 11. WHO. Guidelines for monitoring the durability of long‑lasting insecticidal 
mosquito nets under operational conditions. Geneva: World Health 
Organization. 2011. https:// apps. who. int/ iris/ bitst ream/ handle/ 10665/ 
44610/ 97892 41501 705_ eng. pdf. Accessed 27 Oct 2021.

 12. WHO. Report of the Thirteenth WHOPES Working Group Meeting, WHO/
HQ, Geneva, 28–30 July 2009. Review of  Olyset® LN,  DawaPlus® 2.0 LN, 
Tianjin  Yorkool® LN, . Geneva: World Health Organization. 2009. https:// 
apps. who. int/ iris/ bitst ream/ handle/ 10665/ 44212/ 97892 41598 712_ eng. 
pdf. Accessed 27 Oct 2021.

 13. WHO. Report of the Fifteenth WHOPES Working Group Meeting, WHO/
HQ, Geneva, 18–22 June 2012. Review of  Olyset® Plus,  Interceptor® LN, 
Malathion 440 EW,  Vectobac® GR. Geneva: World Health Organization. 
2012. https:// apps. who. int/ iris/ bitst ream/ handle/ 10665/ 75304/ 97892 
41504 089_ eng. pdf Accessed 27 Oct 2021.

 14. Kenya National Bureau of Statistics. 2009 Population and Housing Census. 
Nairobi: KNBS 2010. https:// s3‑ eu‑ west‑1. amazo naws. com/ s3. sourc eafri 
ca. net/ docum ents/ 21195/ Census‑ 2009. pdf. Accessed 25th Oct 2021

 15. WHO. WHO Guidance Note for Estimating the Longevity of Long‑Lasting 
Insecticidal Nets in Malaria Control. Geneva: World Health Organization. 
https:// www. who. int/ malar ia/ publi catio ns/ atoz/ who_ guida nce_ longe 
vity_ llins. pdf. Accessed 27 Oct 2021.

 16. Corbel V, Chabi J, Dabire RK, Etang J, Nwane P, Pigeon O, et al. Field 
efficacy of a new mosaic long‑lasting mosquito net (PermaNet 30) 
against pyrethroid‑resistant malaria vectors: a multi‑centre study in 
western and central Africa. Malar J. 2010;9:113. https:// doi. org/ 10. 1186/ 
1475‑ 2875‑9‑ 113.

 17. Pennetier C, Bouraima A, Chandre F, Piameu M, Etang J, Rossignol M, et al. 
Efficacy of  Olyset® Plus, a new long‑lasting insecticidal net incorporating 
permethrin and piperonil‑butoxide against multi‑resistant malaria vec‑
tors. PLoS One. 2013;8(10):e75134. https:// doi. org/ 10. 1371/ journ al. pone. 
00751 34.

 18. Wangai LN, Njagi K. Efficacy trial of new pest control product: Olyset 
Plus‑long lasting insecticide treated net with added synergist (pipero‑
nyl butoxide) for malaria vector control in Kenya. J Med Microb Diagn. 
2019;8:290. https:// doi. org/ 10. 4172/ 2161‑ 0703. 10002 90.

 19. Protopopoff N, Mosha JF, Lukole E, Charlwood JD, Wright A, Mwalimu 
CD, et al. Effectiveness of a long‑lasting piperonyl butoxide‑treated 
insecticidal net and indoor residual spray interventions, separately and 
together, against malaria transmitted by pyrethroid‑resistant mosquitoes: 
a cluster, randomised controlled, two‑by‑two factorial design trial. Lancet. 
2018;391(10130):1577–88. https:// doi. org/ 10. 1016/ S0140‑ 6736(18) 
30427‑6.

 20. Skovmand O. Comparing the un‑comparable: Olyset Plus and Olyset, 
different malaria impact. Malar J. 2018;17(1):446. https:// doi. org/ 10. 1186/ 
s12936‑ 018‑ 2596‑7.

 21. Toé KH, Jones CM, N’Fale S, Ismail HM, Dabiré RK, Ranson H. Increased 
pyrethroid resistance in malaria vectors and decreased bed net effective‑
ness Burkina Faso. Emerg Infect Dis. 2014;20(10):1691–6. https:// doi. org/ 
10. 3201/ eid20 10. 140619.

 22. Churcher TS, Lissenden N, Griffin JT, Worrall E, Ranson H. The impact of 
pyrethroid resistance on the efficacy and effectiveness of bednets for 
malaria control in Africa. Elife. 2016;5:e16090. https:// doi. org/ 10. 7554/ 
eLife. 16090.

 23. Kleinschmidt I, Bradley J, Knox TB, Mnzava AP, Toto Kafy H, Mbogo C, et al. 
Implications of insecticide resistance for malaria vector control with long‑
lasting insecticidal nets: a WHO‑coordinated, prospective, international, 

observational cohort study. Lancet Infect Dis. 2018;18(6):640–9. https:// 
doi. org/ 10. 1016/ S1473‑ 3099(18) 30172‑5.

 24. Lindsay SW, Thomas MB, Kleinschmidt I. Threats to the effectiveness of 
insecticide‑treated bednets for malaria control: thinking beyond insecti‑
cide resistance. Lancet Glob Health. 2021;9(9):e1325–31. https:// doi. org/ 
10. 1016/ S2214‑ 109X(21) 00216‑3.

 25. Morris SE, Davies NW, Brown PH, Groom T. Effect of drying conditions on 
pyrethrins content. Ind Crops Prod. 2006;23(1):9–14. https:// doi. org/ 10. 
1016/j. indcr op. 2005. 01. 007.

 26. Atieli FK, Munga SO, Ofulla AV, Vulule JM. Wash durability and optimal 
drying regimen off four brands of long‑lasting insecticide‑treated nets 
after repeated washing under tropical conditions. Malar J. 2010;9:248. 
https:// doi. org/ 10. 1186/ 1475‑ 2875‑9‑ 248.

 27. Leonard L, Diop S, Doumbia S, Sadou A, Mihigo J, Koenker H, et al. Net 
use, care and repair practices following a universal distribution campaign 
in Mali. Malar J. 2014;13:435. https:// doi. org/ 10. 1186/ 1475‑ 2875‑ 13‑ 435.

 28. Erlanger TE, Enayati AA, Hemingway J, Mshinda H, Tami A, Lengeler C. 
Field issues related to insecticide‑treated nets in Tanzania. Med Vet Ento‑
mol. 2004;18:153–60. https:// doi. org/ 10. 1111/j. 0269‑ 283X. 2004. 00491.x.

 29. Kilian A, Byamukama W, Pigeon O, Gimnig J, Atieli F, Koekemoer L, et al. 
Evidence for a useful life of more than three years for a polyester‑based 
long‑lasting insecticidal mosquito net in western Uganda. Malar J. 
2011;10:299. https:// doi. org/ 10. 1186/ 1475‑ 2875‑ 10‑ 299.

 30. Mutuku FM, Khambira M, Bisanzio D, Mungai P, Mwanzo I, Muchiri EM, 
et al. Physical condition and maintenance of mosquito bed nets in Kwale 
County, coastal Kenya. Malar J. 2013;12:46. https:// doi. org/ 10. 1186/ 
1475‑ 2875‑ 12‑ 46.

 31. Santos EM, Coalson JE, Jacobs ET, Klimentidis YC, Munga S, Agawo M, 
et al. Bed net care practices and associated factors in western Kenya. 
Malar J. 2019;18:274. https:// doi. org/ 10. 1186/ s12936‑ 019‑ 2908‑6.

 32. VectorWorks. NetCALC. http:// www. netwo rksma laria. org/ netwo rks/ netca 
lc/. Accessed 27 Oct 2021.

 33. Hakizimana E, Cyubahiro B, Rukundo A, Kabayiza A, Mutabazi A, Beach R, 
et al. Monitoring long‑lasting insecticidal net (LLIN) durability to validate 
net serviceable life assumptions, in Rwanda. Malar J. 2014;13:344. https:// 
doi. org/ 10. 1186/ 1475‑ 2875‑ 13‑ 344.

 34. Massue DJ, Moore SJ, Mageni ZD, Moore JD, Bradley J, Pigeon O, et al. 
Durability of Olyset campaign nets distributed between 2009 and 2011 in 
eight districts of Tanzania. Malar J. 2016;15:176. https:// doi. org/ 10. 1186/ 
s12936‑ 016‑ 1225‑6.

 35. Kilian A, Byamukama W, Pigeon O, Gimnig J, Atieli F, et al. Evidence for 
a useful life of more than three years for a polyester‑based long‑lasting 
insecticidal mosquito net in Western Uganda. Malar J. 2011;10:299. 
https:// doi. org/ 10. 1186/ 1475‑ 2875‑ 10‑ 299.

 36. Kilian A, Obi E, Mansiangi P, Abilo AP, Haji KA, Blaufuss S, et al. Variation of 
physical durability between LLIN products and net use environments: 
summary of findings from four African countries. Malar J. 2021;20(1):26. 
https:// doi. org/ 10. 1186/ s12936‑ 020‑ 03549‑2.

 37. Azondekon R, Gnanguenon V, Oke‑Agbo F, Houevoessa S, Green M, 
Akogbeto M. A tracking tool for long‑lasting insecticidal (mosquito) net 
intervention following a 2011 national distribution in Benin. Parasit Vec‑
tors. 2014;7:6. https:// doi. org/ 10. 1186/ 1756‑ 3305‑7‑6.

 38. Staedke SG, Gonahasa S, Dorsey G, Kamya MR, Maiteki‑Sebuguzi C, Lynd 
A, et al. Effect of long‑lasting insecticidal nets with and without piperonyl 
butoxide on malaria indicators in Uganda (LLINEUP): a pragmatic, cluster‑
randomised trial embedded in a national LLIN distribution campaign. 
Lancet. 2020;395:1292–303. https:// doi. org/ 10. 1016/ S0140‑ 6736(20) 
30214‑2.

 39. Gleave K, Lissenden N, Richardson M, Choi L, Ranson H. Piperonyl 
butoxide (PBO) combined with pyrethroids in insecticide‑treated 
nets to prevent malaria in Africa. Cochrane Database Syst Rev. 
2018;11(11):CD012776. https:// doi. org/ 10. 1002/ 14651 858. CD012 776. 
pub2.

https://doi.org/10.1016/S0140-6736(15)00417-1
https://doi.org/10.1016/S0140-6736(15)00417-1
https://doi.org/10.1016/j.pt.2015.11.010
https://doi.org/10.1016/j.pt.2015.11.010
https://doi.org/10.3201/eid1807.120218
https://doi.org/10.3201/eid1807.120218
https://doi.org/10.1186/1475-2875-12-368
https://apps.who.int/iris/bitstream/handle/10665/44610/9789241501705_eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/44610/9789241501705_eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/44212/9789241598712_eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/44212/9789241598712_eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/44212/9789241598712_eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/75304/9789241504089_eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/75304/9789241504089_eng.pdf
https://s3-eu-west-1.amazonaws.com/s3.sourceafrica.net/documents/21195/Census-2009.pdf
https://s3-eu-west-1.amazonaws.com/s3.sourceafrica.net/documents/21195/Census-2009.pdf
https://www.who.int/malaria/publications/atoz/who_guidance_longevity_llins.pdf
https://www.who.int/malaria/publications/atoz/who_guidance_longevity_llins.pdf
https://doi.org/10.1186/1475-2875-9-113
https://doi.org/10.1186/1475-2875-9-113
https://doi.org/10.1371/journal.pone.0075134
https://doi.org/10.1371/journal.pone.0075134
https://doi.org/10.4172/2161-0703.1000290
https://doi.org/10.1016/S0140-6736(18)30427-6
https://doi.org/10.1016/S0140-6736(18)30427-6
https://doi.org/10.1186/s12936-018-2596-7
https://doi.org/10.1186/s12936-018-2596-7
https://doi.org/10.3201/eid2010.140619
https://doi.org/10.3201/eid2010.140619
https://doi.org/10.7554/eLife.16090
https://doi.org/10.7554/eLife.16090
https://doi.org/10.1016/S1473-3099(18)30172-5
https://doi.org/10.1016/S1473-3099(18)30172-5
https://doi.org/10.1016/S2214-109X(21)00216-3
https://doi.org/10.1016/S2214-109X(21)00216-3
https://doi.org/10.1016/j.indcrop.2005.01.007
https://doi.org/10.1016/j.indcrop.2005.01.007
https://doi.org/10.1186/1475-2875-9-248
https://doi.org/10.1186/1475-2875-13-435
https://doi.org/10.1111/j.0269-283X.2004.00491.x
https://doi.org/10.1186/1475-2875-10-299
https://doi.org/10.1186/1475-2875-12-46
https://doi.org/10.1186/1475-2875-12-46
https://doi.org/10.1186/s12936-019-2908-6
http://www.networksmalaria.org/networks/netcalc/
http://www.networksmalaria.org/networks/netcalc/
https://doi.org/10.1186/1475-2875-13-344
https://doi.org/10.1186/1475-2875-13-344
https://doi.org/10.1186/s12936-016-1225-6
https://doi.org/10.1186/s12936-016-1225-6
https://doi.org/10.1186/1475-2875-10-299
https://doi.org/10.1186/s12936-020-03549-2
https://doi.org/10.1186/1756-3305-7-6
https://doi.org/10.1016/S0140-6736(20)30214-2
https://doi.org/10.1016/S0140-6736(20)30214-2
https://doi.org/10.1002/14651858.CD012776.pub2
https://doi.org/10.1002/14651858.CD012776.pub2

	Bioefficacy and durability of Olyset® Plus, a permethrin and piperonyl butoxide-treated insecticidal net in a 3-year long trial in Kenya
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Test products
	Trial design and study area
	Community sensitization and net distribution
	Net sampling scheme
	Bioassays
	Chemical content analysis
	Assessment of durability of cohort nets
	Household net washing practices
	Recording of adverse events
	Statistical analysis
	Ethical clearances

	Results
	Demographic characteristics
	LLINs wash rate
	Bioassay tests
	Chemical contents
	Net survivorship and fabric integrity

	Discussion
	Conclusions
	Acknowledgements
	References


