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Abstract 

Background  The performance of two piperonyl butoxide (PBO-synergist) insecticide-treated net (ITN) brands, 
PermaNet® 3.0 and Olyset® Plus, were evaluated under field conditions in two neighboring districts in Sierra Leone 
over 36 months to estimate median ITN survival, understand insecticidal efficacy, and identify factors influencing ITN 
durability. This assessment can help guide future PBO-synergist ITN procurement and replacement strategies.

Methods  This prospective study tracked 370 households and 652 campaign-distributed ITNs from 2020, followed 
annually for 36 months. Districts were purposefully selected based on shared characteristics. Household surveys 
were conducted, and 30 ITNs per round were tested for bioefficacy and chemical residue. Key indicators included 
ITN survival, 24-h mosquito mortality, and chemical content reduction compared to manufacturer targets doses. Cox 
proportional hazard models identified factors influencing ITN survival.

Results  Median useful life was 3.0 (95% CI 2.7–3.5) years for PermaNet® 3.0 ITNs in Bo and 2.2 (95% CI 2.0–2.4) years 
for Olyset® Plus ITNs in Moyamba. PermaNet® 3.0 ITNs displayed 13% 24-h mortality against pyrethroid-resistant mos-
quitoes on roof panels, with a 46% reduction in PBO content 34 months post-distribution. Olyset® Plus ITNs had 3% 
f24-hour mortality against pyrethroid-resistant mosquitoes, with a 77% reduction in PBO content. Several factors were 
associated with improved ITN survival, including cohort ITNs from Bo (adjusted hazard ratio [aHR] = 0.33, p < 0.001), 
households without children under five (CU5) (aHR = 0.64, p = 0.003), highest socio-economic status tertile (aHR = 0.63, 
p = 0.016), exposure to social and behaviour change (SBC) messages combined with positive net attitudes (aHR = 0.63, 
p = 0.008), lack of food storage in sleeping spaces (aHR = 0.56, p = 0.006), exclusive adult use of ITNs (aHR = 0.72, 
p = 0.048), net folding when not in use (aHR = 0.67, p = 0.015), and drying nets outside (aHR = 0.44, p = 0.008).
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Conclusion  ITNs in Bo outperformed those in Moyamba in both physical and insecticidal performance. However, 
ITN survival is highly context specific, and further investigation into field performance of new ITN types is necessary 
across diverse epidemiological settings.

Keywords  Insecticide treated net, Physical durability, Piperonyl butoxide-synergist, Insecticidal effectiveness, Sierra 
Leone

Background
The global effort to combat malaria has seen a signifi-
cant increase in the distribution of insecticide-treated 
nets (ITNs) since 2004, raising population access from 
3% in 2004 to 54% in 2021 and contributing to declines 
in malaria-related mortality in sub-Saharan Africa dur-
ing that period [1]. The World Health Organization 
(WHO) issued guidelines in 2011 for routine durability 
monitoring after mass ITN campaigns, aiding National 
Malaria Programmes (NMPs) in estimating average 
ITN useful life in their context to support decision-
making around ITN procurement and deployment 
[2]. Durability monitoring is now a common practice 
among NMPs in sub-Saharan Africa and results are 
available for pyrethroid-only ITNs from several coun-
tries [3–10].

The emergence and escalation of pyrethroid resist-
ance in critical mosquito populations across sub-Saha-
ran Africa has prompted the introduction of innovative 
ITNs, which incorporate a second active ingredient (AI) 
or a piperonyl butoxide (PBO)-synergist to comple-
ment pyrethroids, targeting resistant mosquito popula-
tions through various mechanisms. In 2017, the WHO 
expanded their guidelines to include the use of PBO-
synergist ITNs [11]. In 2023, the WHO provided guid-
ance for NMPs on prioritizing ITN procurement under 
conditions of limited resources [12]. About 259 million 
ITNs were shipped by manufacturers to sub-Saharan 
Africa in 2022; of those, about 153 million (59%) were 
dual AI or PBO-synergist ITNs [13]. Durability moni-
toring literature on the field performance of new dual 
AI or PBO-synergist is emerging, but is relatively lim-
ited [14–19]. While these studies demonstrated the 
benefit of PBO ITNs against pyrethroid-resistant mos-
quitoes, none looked at bioassay and insecticide chemi-
cal results together, conducted a risk factor analysis for 
physical durability, or focused on Sierra Leone.

Malaria continues to pose a substantial public health 
challenge in Sierra Leone, a country in which the entire 
population of 8.4 million people are at risk, with 2.8 
million documented cases and 8,300 reported malaria-
attributable deaths in 2021 [1]. While transmission 
occurs all year, incidence increases during the rainy 
season (May to October), when conditions are ideal for 
the mosquito vectors’ breeding [20].

As part of its 2021–2025 National Malaria Strategic 
Plan, the Sierra Leone National Malaria Control Pro-
gramme (NMCP) has set a target of 80% ITN use for 
both children under five (CU5) and pregnant women. To 
achieve this target, the NMCP supports mass distribu-
tion campaigns every 3 years, as well as regular distribu-
tion of ITNs to pregnant women through antenatal care 
and to infants through routine childhood immunization 
visits, all of which occur at no cost to the end user. The 
Demographic and Health Survey was last conducted 
in Sierra Leone in 2019, 1 year before their most recent 
mass ITN campaign [21]. The survey demonstrated 
that 68% of households owned at least one ITN (74% in 
urban areas and 60% in rural areas). Population-level ITN 
access, the proportion of the population that could sleep 
under an ITN if each ITN in the household was used by 
two people, was 47% (40% in urban areas and 51% in rural 
areas). The night before the survey, 51% of Sierra Leone-
ans slept under an ITN (41% in urban areas and 57% in 
rural areas). The use:access ratio, calculated by dividing 
potential ITN users by total household members, reflects 
the behavioural gap in net utilization independent of net 
availability [21]. The global target for use:access is ≥ 0.80 
[22]. In Sierra Leone this target was exceeded with a 
use:access ratio of 1.08 (1.02 in urban areas and 1.12 in 
rural areas).

In collaboration with the U.S. President’s Malaria Initi-
ative (PMI) and the Global Fund, the Sierra Leone NMCP 
elected to deploy PermaNet® 3.0 and Olyset® Plus ITNs 
during the 2020 mass distribution campaign. These ITNs 
both feature a combination of a pyrethroid AI and the 
insecticide synergist PBO. The campaign delivered over 
4.6 million ITNs to Sierra Leone’s population, and in 
doing so, became the world’s first country to achieve uni-
versal coverage with a PBO ITN. Of Sierra Leone’s 14 (at 
the time) districts, the distribution specifically targeted 
eight districts with PermaNet® 3.0 ITNs (Kono, Bo, Koi-
nadugu, Port Loko, Bonthe, Bombali, Pujehun, Tonkolili) 
and six districts received Olyset® Plus ITNs (Western 
Area Rural, Kenema, Western Area Urban, Kailahun, 
Moyamba and Kambia). While district selection for ITN 
distribution was based primarily on logistical conveni-
ence, available insecticide resistance data was reviewed 
prior to the distribution to ensure ITNs were being 
deployed appropriately.
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This evaluation explored the field performance of these 
two PBO-synergist ITN brands in similar geographic 
localities under natural conditions for 3  years following 
the 2020 mass campaign in Sierra Leone. It focused on 
ITN physical durability to estimate median survival and 
to identify key factors affecting ITN performance, and 
chemical durability to evaluate the lasting effects of both 
bioefficacy and insecticide content. This was the first 
evaluation of ITN durability monitoring in Sierra Leone, 
for any brand of ITN.

Methods
Study sites and ITN brands
Data collection took place in Bo and Moyamba districts, 
which share a border in the Southern Region of Sierra 
Leone. In coordination with the NMCP and PMI, study 
clusters were randomly selected from a study frame that 
was restricted to clusters that lie along the shared border 
(Fig.  1). These districts were chosen to minimize differ-
ences in epidemiological, economic, climatic and popula-
tion characteristics. Sites in Bo received PermaNet® 3.0 
ITNs during the May 2020 mass campaign. PermaNet® 
3.0 ITNs, manufactured by Vestergaard (www.​veste​
rgaard.​com), are rectangular, with 75-denier polyester 
sides and a 100-denier polyethylene roof. Side panels 

contain 2.8 g per kilogram (g/kg) of deltamethrin. The 
roof panel contains 4  g/kg of deltamethrin and 25 g/kg 
of PBO. Sites in Moyamba received Olyset® Plus ITNs, 
manufactured by Sumitomo Chemical (www.​sumiv​ector.​
com). Olyset® Plus ITNs are rectangular and incorpo-
rate 20 g/kg of permethrin and 10 g/kg of PBO on all 
150-denier polyethylene panels. Both ITN brands are on 
the WHO prequalified ITN product list [23].

Study design
The 2020–2023 ITN durability monitoring evaluation 
in Sierra Leone employed a prospective cohort design, 
outlined in depth in the standard evaluation materials 
on www.​durab​ility​monit​oring.​org and elsewhere in pub-
lished literature [24].

In both evaluation districts, a baseline data collection 
round was conducted in November through December 
2020, 6.3 months after the mass campaign. ITNs enrolled 
in the evaluation cohort at baseline were followed up in 
surveys conducted 11.9, 22.9 and 34.1 months after the 
2020 campaign. These rounds will be referred to as 12-, 
24- and 36-month/endline survey rounds, henceforth. 
Slight fluctuations in regular 12-month data collection 
intervals were due to logistical challenges and personnel 
availability. During each survey round, data was collected 

Fig. 1  Location of study clusters within Bo and Moyamba districts in Sierra Leone

http://www.vestergaard.com
http://www.vestergaard.com
http://www.sumivector.com
http://www.sumivector.com
http://www.durabilitymonitoring.org
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via household survey on cohort ITN status (e.g., ITN was 
present, discarded, lost/unknown, given away, elsewhere, 
household moved or refused), ITN durability risk fac-
tors, respondent knowledge, and attitudes to ITNs and 
ITN care and repair, and ITN handling practices. The 
evaluation used Likert scale questions to assess attitudes 
towards nets and net care/repair. Respondents indicated 
their level of agreement with a set of standard statements, 
which were then recoded to a scale of −2 for’strongly dis-
agree’, −1 for’disagree’, + 1 for’agree’, and + 2 for’strongly 
agree’. The values for each response were summed and 
divided by the number of statements to calculate an 
overall attitude score. A score greater than 0 indicates a 
favorable attitude towards the topic. The physical integ-
rity of remaining cohort ITNs was assessed by data col-
lectors using the standard hole assessment tool to count 
and categorize holes by size. Data was also collected on 
ITNs that had left the household’s possession since the 
previous survey round. Each round, 30 ITNs per district 
were withdrawn to undergo later bioefficacy and chemi-
cal content analysis. Households from which a cohort 
net was withdrawn immediately received a like-for-like 
replacement.

Sample size and sampling
Standard PMI guidance [25] for durability monitoring 
sample size calculations was employed, which assumed 
a design effect of 2.0 due to the clustered study design. 
A buffer of 5% was added to address loss-to-follow-up 
over the 3-year data collection period. In total, 770 ITNs 
(385 per site) were required to be enumerated during the 
baseline survey to detect a 10% difference between study 
sites from the expected 50% survival after 3 years. Prior 
to the evaluation, it was determined that 15 clusters of 10 
households in each district would be sufficient to achieve 
the target number of ITNs (150 households total per dis-
trict). At baseline, a lower-than-expected number of 2020 
campaign ITNs were enumerated, despite the number 
of target households in seven clusters being increased 
by 35 to make up the gap in enrolled ITNs (bringing the 
total households in the evaluation to 185 per district). 
At the 12-month survey round, 41 additional campaign 
ITNs (23 in Bo and 18 in Moyamba) that were present 
in cohort households, but had not been enumerated at 
baseline, were identified by the data collection team and 
added to the evaluation, bringing the total sample to 
98% of the original target. During analysis, these ITNs 
were considered active since evaluation onset. ITN- 
and household-level field sampling methods, as well as 
methods for withdrawing ITNs for laboratory analy-
sis, followed those described elsewhere in the literature 
[24]. An additional file detailing the follow-up status of 

households enrolled at baseline provides more compre-
hensive information (see Additional file 1).

Training and fieldwork procedures
Data collection was overseen by the NMCP and imple-
mented by a local research agency, Nest Builders Inter-
national (NBI). Prior to each survey round, a training of 
trainers and 4–5 day data collector training was held in 
Freetown. The final training day was a practical exercise 
held in communities near the training facility. Data col-
lection was carried out by staff with knowledge of the 
local language, who had previous experience collect-
ing survey data. Prior to commencing data collection, 
approval was sought from chiefdom heads, and commu-
nity members were enlisted to locate cohort households, 
when necessary. The training and fieldwork procedures 
employed in this evaluation were consistent with those 
outlined in the existing literature [10, 24].

Laboratory procedures
After each survey round, WHO cone bioassays were con-
ducted by PMI VectorLink Sierra Leone to assess insec-
ticidal effectiveness [26]. For both PermaNet® 3.0 and 
Olyset® Plus ITNs, bioassays used a pyrethroid-suscep-
tible Kisumu strain of Anopheles gambiae sensu stricto 
(s.s.), maintained in the insectary and a wildtype pyre-
throid-resistant An. gambiae sensu lato (s.l.), collected 
from Western Rural Area as larvae and reared to adults 
in the insectary. Both strains were characterized at 12-, 
24-, and 36-months to confirm their status as sufficiently 
pyrethroid-susceptible or resistant.

Adult mosquitoes maintained on 10% sugar solu-
tion were aspirated and transferred to holding tubes 20 
min prior to bioassay exposures. Each ITN was exposed 
to two sets of mosquitoes, susceptible and wild-caught 
resistant, aged 3–5 days old in groups of five per cone. 
For Olyset® Plus ITNs, four locations (standard positions 
2, 3, 4, and roof ) were tested on each ITN with two repli-
cates per location for a total of eight cone tests per ITN. 
For PermaNet® 3.0 ITNs, six locations (standard position 
2, 3, 4 and 3 roof locations) were tested on each ITN with 
two replicates per location for a total of 12 cone tests 
per ITN for each susceptible and wild-caught resistant 
strains [26]. Each set of bioassays on field sampled ITNs 
was accompanied by tests on netting from a positive con-
trol (samples from the sides and roof of new PermaNet® 
3.0 and Olyset® Plus ITNs) and untreated netting as a 
negative control. Outcome measures were 60-min knock-
down and 24-h mortality.

Chemical content testing was conducted by the Cent-
ers for Disease Control and Prevention (CDC) in Atlanta, 
Georgia (USA) using procedures described elsewhere 
in the literature [10]. Briefly, ITN swatches were taken 
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from areas adjacent to those cut for bioassays. AI were 
extracted using the Collaborative International Pesticide 
Analytical Council method 454/LN/M/3.2 [27]. Out-
comes were pooled mean and median AI across ITN 
samples in g/kg, compared to manufacturer target dose.

Data management
Household- and ITN-level questionnaires were adapted 
from existing durability monitoring tools to the Sierra 
Leonean context and digitized using the Open Data Kit-
based software, SurveyCTO (www.​surve​ycto.​com). Data 
was captured electronically and uploaded either daily, or 
when the data collection team had access to an internet 
source, which was typically within 24 h of data collec-
tion. Data was accessed via the server by PMI VectorLink 
research personnel for routine remote monitoring. When 
each round of data collection was complete, one house-
hold- and one ITN-level dataset were generated and 
exported into Stata v15.1 (Stata, Texas, USA) for prepara-
tion, cleaning, and analysis. Longitudinal household- and 
ITN-level datasets were created by combining data from 
each survey round to facilitate survival analyses.

Definition of outcomes and explanatory variables
Durability monitoring outcomes and explanatory vari-
ables are aligned and elaborated upon elsewhere in the 
literature [4, 8–10, 24, 28]. Physical ITN survival is the 
main outcome, defined as the proportion of cohort ITNs 
present and in serviceable condition each round. Physical 
ITN survival incorporates two measures, ITN attrition 
and ITN physical integrity. Cohort ITNs undergo attri-
tion when their outcome is known, but they are no longer 
present in the evaluation household. ITN attrition due to 
wear and tear, sometimes termed as ‘discarded,’ refers to 
cohort ITNs that were thrown away, destroyed, or used 
for other purposes. The proportionate hole index (pHI), 
a WHO-recommended metric, measures mosquito net 
damage by analyzing the number and size of holes to clas-
sify ITNs as either"torn"or"serviceable,"thereby assessing 
their physical integrity and serviceability [24]. ITNs that 
are categorized as serviceable are further classified as 
“good” or “damaged.” Following WHO recommendations 
[24], the proportion of cohort ITNs surviving in service-
able condition was plotted against a set of hypothetical 
survival curves with defined median survival values, and 
the median survival was taken as the relative position 
of the data point on a horizontal line between the two 
adjacent median survival curves. After the final survey, 
median survival was calculated as the linear extrapola-
tion of the survival values from the last two rounds to the 
y = 50% line, provided both points were below 85% (when 
the hypothetical survival curves are themselves approxi-
mately linear). Kaplan–Meier survival curves were 

generated from longitudinal data to depict ITN failures 
(ITNs that are no longer physically serviceable or have 
failed due to wear and tear) and censoring.

Three groups of durability monitoring explanatory 
variables were collected at the household- and ITN-levels 
to measure risk factors to cohort ITN physical durabil-
ity. These include ITN handling factors; ITN sleeping 
space environment factors; and factors related to expo-
sure to ITN messages and related attitudes to ITN care 
and repair. Attitudes towards ITNs and, separately, 
ITN care and repair were measured using a set of Lik-
ert scores ranging from −2 to 2 [10, 24]. Data on basic 
household assets were recorded at baseline to calculate a 
wealth index, which was divided into tertiles for analysis. 
Based on the high correlation between exposure to social 
behavioural change (SBC) messages, attitudes toward 
ITNs and attitudes towards ITN care and repair, a com-
posite variable was created and used during multivariate 
analysis that combined the exposure to SBC messages 
and positive ITN attitude. The variable was categorized 
as (i) having a positive ITN attitude and/or exposure to 
SBC messages never (implying a negative ITN attitude or 
no SBC exposure) or once (ii) having any combination of 
positive ITN attitude and/or exposure to SBC messages 
two or three times and (iii) Always having positive ITN 
attitudes and exposure to SBC messages.

Statistical analyses
Univariate and bivariate analyses were conducted using 
methods appropriate to the measurement type (propor-
tions or continuous variables) with significance testing 
for differences between groups. Analysis accounted for 
the clustered survey design when calculating standard 
errors and 95% confidence intervals (CI).

An ITN was considered a failure if it was classified 
as either “torn” or missing due to attrition (discarded 
from the household because of wear and tear). Fail-
ure time for attrition was directly calculated based on 
respondent recall of the length of time an ITN was in 
the household’s possession. When no valid recall was 
known, and for ITNs failing due to physical integrity, 
the failure time was taken as the mid-point between the 
last two survey rounds. Determinants of survival were 
explored using Cox proportional hazard models with 
standard errors to account for clustering of ITNs within 
households. Two Cox proportional hazard models were 
fitted following the two survival analysis approaches. 
The first was a household-level model that fit failure 
with risk starting at the distribution date, which con-
sidered household-level determinants that were invari-
ant for ITNs within a given household (e.g., evaluation 
district, household size, household head character-
istics, household wealth tertile). The second was an 

http://www.surveycto.com
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ITN-level model that fit ITN failure with risk starting 
at the date of the first observation that an ITN was 
hanging and examined both the household-level deter-
minants mentioned above as well as ITN-level determi-
nants such as user type (e.g., adults, children or both), 
food storage practices, ITN folding, washing, and dry-
ing. Bivariate analysis identified factors significantly 
associated with survival and all variables with p-values 
below 0.3 were included in a first multivariate model. 
Models were then refined stepwise by dropping varia-
bles exceeding the p = 0.1 level, comparing model spec-
ifications using the likelihood-ratio test. The choice of 
p = 0.1 for stepwise selection was conservative relative 
to automated approaches and all alphas reported in the 
paper are significant at the typical 5% significance level. 
Schoenfeld residual plots and analysis of time-varying 
covariates were used to check the proportionate hazard 
assumption.

Results
Household and cohort ITN sample description
A total of 370 households were enrolled at baseline, 
with 652 campaign ITNs designated for follow-up. The 
follow-up status is summarized in Table 1, and round-
specific details are provided in supplementary materi-
als (see Additional Files: A and B). After 3  years, 69% 
of households in Bo and 71% in Moyamba still pos-
sessed one or more cohort ITNs. The most common 
reason for households leaving the evaluation and being 
lost-to-follow-up was relocation (Bo: 18%; Moyamba: 
15%). A known outcome was determined for 58% of 
cohort ITNs in Bo and 51% in Moyamba. In both sites, 
unknown outcomes were most frequent due to ITNs 

being given away to others or taken to be used else-
where (Bo: 21%; Moyamba: 30%).

Household characteristics
Demographic characteristics and household assets for all 
enrolled households at baseline were examined (Table 2). 
Key demographic and household characteristics and 
assets variables were similar between sites. However, 
Moyamba had a higher proportion of female-headed 
households (36% vs. 19% in Bo, p < 0.001). The educa-
tional profile of heads of households did not differ sig-
nificantly between the two sites for both male and female 
heads. Though not statistically significant, households in 
Bo had trend of better access to water and basic hygiene 
than those in Moyamba (Bo: 39%; Moyamba: 18%, p = 
0.152). Other household characteristics and assets 
showed no significant differences between the two sites, 
except for ownership of radios, which was more common 
in Bo than in Moyamba (Bo: 49%; Moyamba: 33%, p = 
0.039).

Risk factors for durability (household environment 
and ITNs environment)
Household-level ITN durability risk factors differed 
between evaluation districts (Table  3). Rodents serve as 
an ITN durability risk factor because they can damage 
nets and particularly if nets are also in locations where 
food is cooked, eaten, and/or stored [5]. While respond-
ents in Bo reported always seeing rodents around the 
house in the last 6  months significantly more than 
respondents in Moyamba (89% vs. 61%, p < 0.001), the 
practice of always storing food in sleeping quarters was 
significantly lower in Bo than in Moyamba (2%; vs. 48%, 
p < 0.001).

Table 1  Follow-up status of households and cohort ITNs at 36-months

Variable Bo (PermaNet® 3.0) % (95% CI) Moyamba (Olyset® Plus) % 
(95% CI)

Households N = 185 N = 185

 Still has any cohort ITN 69.3 (60.0–77.3) 71.1 (65.0–76.5)

 Lost all their cohort ITNs 5.5 (2.7–11.3) 11.1 (7.4–16.4)

 Moved away 17.8 (11.3–26.8) 15.1 (10.3–21.6)

 Refused 1.6 (0.5–4.7) 0.0 (–)

 Nobody home at survey or not reached 5.8 (3.2–10.2) 2.7 (1.0–6.7)

Labelled cohort ITNs N = 358 N = 294

 Known outcome 57.9 (50.3–65.1) 51.0 (44.6–57.3)

 Unknown outcome 42.1 (34.9–49.7) 49.0 (42.7–55.4)

  Household moved away or refused 16.0 (9.8–25.1) 12.1 (7.2–19.7)

  Net given away or used elsewhere 20.8 (17.6–24.5) 30.3 (25.5–35.5)

  Fate of net unknown 5.3 (3.0–9.1) 6.3 (3.3–11.7)
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In general, net care attitudes and practices were better 
in Bo compared to Moyamba. In Bo, a significantly higher 
proportion (82%) (Table  4) of cohort ITNs were always 
tied or folded when hanging, whereas in Moyamba, this 
practice was observed in 45% of cases (p < 0.001). Recall 
of ITN use or care messages in the 6 months preceding 
each survey was significantly higher in Bo, where 63% 
of households recalled messages at two or more rounds, 
compared to 5% in Moyamba (p < 0.001). Respondents in 
Bo exhibited significantly more positive attitudes toward 
ITN use (86% vs. 35%, p < 0.001) and ITN care (56% vs. 
36%, p < 0.001) compared to their Moyamba counter-
parts. Cohort net use varied significantly across catego-
ries between Bo and Moyamba, with greater net use by 
children overall in Bo compared to Moyamba (children 
only 5% vs. 1%, children with adults 64% vs. 58%, and 
adults only 31% vs. 40%; p = 0.015 across categories).

Attrition
At evaluation endline, total campaign ITN attrition was 
significantly higher in Moyamba district than in Bo (Bo 
53% vs Moyamba 60%, p = 0. 001) (Fig. 2) (see Additional 
File C). The most common reason for attrition was ITNs 
being given away to others (Bo 31%; Moyamba 43%, p = 
0.05). Though not statistically significant, attrition due 
to wear and tear was higher in Bo (21%) compared to 
Moyamba (13%) district, p = 0.066. A notable observa-
tion is that, at the evaluation endline, a lower proportion 
of cohort nets were reported stolen in Bo compared to 
Moyamba (4% versus 12%, p = 0.01) (see Additional File 
C).

Physical integrity
At evaluation endline, Bo had a higher proportion of ser-
viceable ITNs than Moyamba (86% vs 40%; p < 0.001). 
ITNs in Bo were more commonly categorized to be in 
“good” physical condition compared to Moyamba (68% vs 
19%; p < 0.001) (Table 2). A lower proportion of ITNs had 
any holes in Bo than Moyamba (66% vs. 93%; p < 0.001) 
and median pHI was lower in Bo than Moyamba (63 
and 1,540, respectively). The repair rates for ITNs with 
any hole were consistently lower in Bo across all survey 
rounds and significantly lower at endline (Bo: 14% vs 
Moyamba: 24%; p = 0.008).

Survival
Cohort ITN survival was significantly higher in Bo than 
Moyamba at evaluation endline (56% vs. 28%, respec-
tively; p < 0.001) (Table 3). Olyset® Plus ITNs from Moy-
amba consistently exhibited significantly lower survival 
rates across all survey rounds. Extrapolating from the 
physical survival data in Fig. 3, along with non-overlap-
ping CIs, the estimated median lifespan of PermaNet® 
3.0 was higher in Bo at 3.0 years (95% CI 2.7–3.5) com-
pared to 2.2 years (95% CI 2.0–2.4) for Olyset® Plus ITNs 
in Moyamba.

PermaNet® 3.0 ITNs in Bo exhibited higher ITN sur-
vival than Olyset® Plus ITNs in Moyamba, whether 
considering time since distribution or time since first 
hanging (Fig. 4).

Determinants of survival
Household- and ITN-level Cox proportional hazard 
models were constructed to identify determinants of 

Fig. 2  Reported causes of ITN attrition
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physical ITN durability (Table 7). Variables included in 
the final household-level regression model were study 
site, presence of CU5 in the household, socio-economic 
status tertiles (based on household wealth index), 
observation of rodents, the combination of positive net 
attitudes and exposure to SBC messages.

PermaNet® 3.0 ITNs in Bo households had a signifi-
cantly lower failure risk, about two-thirds the risk of 
Olyset® Plus ITNs in Moyamba households (adjusted 
hazard ratio [aHR] = 0.33, 95% CI 0.23–0.48, p < 0.001). 
Nets in households with no CU5 had a 36% lower risk 
of failure than nets in households with at least one 
CU5 (aHR = 0.64, 95% CI 0.47–0.86, p = 0.003). Nets in 

Table 2  Physical integrity of observed cohort ITNs

IQR Interquartile Range

First round 
6 months
% (95% CI)

Second round 
12 months
% (95% CI)

Third round 
24 months
% (95% CI)

Fourth round 
36 months
% (95% CI)

Bo (PermaNet® 3.0) N = 276 N = 244 N = 190 N = 131

 Mean months since campaign 6.3 11.9 23 34.1

 Net has any hole (%) 11 (6.4–18.8) 17 (9.9–26.8) 44 (35.4–52.9) 66 (58.6–73.0)

  Physical condition (pHI)

  Good (0–64) 96 (93.4–97.1) 93 (88.7–96.2) 77 (69.1–83.2) 68.0 (58.8–76.0)

  Damaged (65–642) 4 (2.1–6.1) 5 (2.7–9.6) 16 (10.7–23.1) 18 (11.4–26.5)

  Torn (643 +) 1 (0.2–3.5) 2 (0.6–3.6) 7 (4.0–12.3) 14 (9.3–21.3)

  Serviceable (0–642) 99 (96.5–99.8) 99 (96.4–99.4) 93 (87.7–96.0) 86 (78.7–90.7)

  Median pHI if any hole [IQR] 49 [3–169] 48 [23.5–76] 69 [24–422] 63 [7–613]

  Has any repairs if any hole (%) 13 (4.7–32.0) 12 (4.7–28.4) 12 (5.1–24.8) 14 (6.9–26.0)

Moyamba (Olyset® Plus) N = 276 N = 214 N = 147 N = 107

 Mean months since campaign 6.3 11.9 22.9 34.1

 Net has any hole (%) 40 (36.4–43.6) 54 (46.5–61.1) 79 (73.6–83.7) 93 (85.7–96.4)

  Physical condition (pHI)

  Good (0–64) 78 (72.9–83.1) 71 (64.9–76.9) 41 (35.4–47.7) 19 (13.6–25.7)

  Damaged (65–642) 13 (8.9–18.3) 16 (10.5–22.5) 26 (20.3–32.6) 21 (14.5–29.0)

  Torn (643 +) 9 (5.9–12.7) 13 (9.3–18.2) 33 (26.3–39.5) 60 (51.7–68.1)

  Serviceable (0–642) 91 (87.3–94.1) 87 (81.8–90.7) 67 (60.5–73.7) 40 (31.9–48.3)

  Median pHI if any hole [IQR] 72 [4–578] 75 [25–615] 324 [53.5–1753.5] 1539.5 [227–5780]

  Has any repairs if any hole (%) 6 (2.1–14.1) 5 (1.9–14.3) 10 (5.7–17.4) 33 (27.4–39.0)

Table 3  Cohort ITNs surviving in serviceable condition and estimated median survival in years

Second round 
12 months 
% (95% CI)
P-value

Third round 
24 months 
% (95% CI)
P-value

Fourth round 
36 months 
% (95% CI)
P-value

Percentage surviving in serviceable condition

 Bo (PermaNet® 3.0) 94.3 (91.2–96.3) 83.9 (75.0–90.0) 55.6 (44.0–66.6)

 Moyamba (Olyset® Plus) 81.6 (77.5–85.1) 60.9 (53.8–67.7) 28.2 (21.3–36.4)

 < 0.001***  < 0.001***  < 0.001***

Median survival in years

 Bo (PermaNet® 3.0)

  Graphical interpretation from Fig. 3 N/A 3.9 3.0

  Calculated from last two data points N/A N/A 3.1 (2.7–3.5)

 Moyamba (Olyset® Plus)

  Graphical interpretation from Fig. 3 N/A 2.2 2.2

  Calculated from last two data points N/A N/A 2.2 (2.0–2.4)
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Fig. 3  Physical survival

Fig. 4  Kaplan–Meier curves for ITNs surviving in serviceable condition
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Fig. 5  Box plot of PermaNet® 3.0 cone bioassay results for residual efficacy of Pyrethroid
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Fig. 6  Box plot of PermaNet® 3.0 chemical content results of Pyrethroid and PBO
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households from the highest socio-economic status ter-
tile had a 37% lower risk of failure than those in house-
holds in the lowest tertile (aHR = 0.63, 95% CI 0.44–0.92, 
p = 0.016). Exposure to SBC combined with positive net 
attitudes was protective. Those households having any 
combination of positive net attitude and exposure to SBC 

messages two or three times (aHR = 0.63 95% CI 0.45–
0.89, p-0.008) or always (across all rounds) (aHR = 0.56 
95% CI 0.33–0.94, p-0.028) had a 37% and 44% lower risk 
of failure, respectively, compared to households that had 
positive net attitudes that were never exposed to SBC or 
were exposed once.

Fig. 7  Box plot of Olyset® Plus cone bioassay results for residual efficacy of Pyrethroid
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At the net-level, variables included in the final model 
were socio-economic status tertiles, presence of CU5 in 
the household, observations of rodents, head of house-
hold’s history of attending school, the combination of 
positive net attitudes and exposure to SBC messages, 
food storage in a sleeping area, net user (children only, 
adult only, or both children and adults), folding of nets 
while not in use and ITN drying practices after washing.

As with the household-level model, at the net-level, 
having any combination of positive net attitude and 
exposure to SBC messages two or three times (aHR 
= 0.59 95% CI 0.41–0.86, p-0.006) or always (aHR = 0.47 
95% CI 0.29–0.76, p-0.002) was protective compared to 
no or one exposure. Nets in households that reported 
never or only storing food in a room used for sleeping 
once had a 44% lower risk of failure than nets in house-
holds that always stored food in sleeping rooms (aHR 
= 0.56, 95% CI 0.37–0.85, p = 0.006). Nets that were slept 
under exclusively by adults had a 28% lower risk of failure 
than nets used exclusively by children or by both children 
and adults (aHR = 0.72, 95% CI 0.52–1.0 p = 0.048). Nets 
that were always folded when not in use had a 33% lower 
risk of failure than nets that were never folded or folded 
only once when not in use (aHR = 0.67 95% CI 0.49–0.92, 
p = 0.015). Nets always dried outside after washing had a 
56% lower risk of failure than nets that were never dried 

outside after washing (aHR = 0.44 95% CI 0.24–0.80, p = 
0.008).

Insecticidal efficacy
In Bo, 24-h mortality for PermaNet® 3.0 field side sam-
ples containing pyrethroid-only declined from 84% at 
baseline (95% CI 74.5–92.5) to 59% at 36 months (95% 
CI 53.0–64.4) against susceptible mosquitoes (Table  8). 
Field roof samples incorporating PBO maintained con-
sistently high 24-h mortality rates, ranging from 99% at 
baseline (95% CI 96.6–100.6) to 89% at endline (95% CI 
83.2–94.7). Against resistant mosquitoes, 24-h mortality 
of field side samples decreased from 17% at baseline (95% 
CI 11.7–23.2) to 3% at 36 months, while the 24-h mortal-
ity of PermaNet® 3.0 roof samples decreased from 48% 
at baseline (95% CI 37.8–58.5) to 13% at endline. Posi-
tive control results from tests on roof samples were con-
sistently high in each round at 100% against susceptible 
mosquitoes and ranging from 86 to 100% against resist-
ant mosquitoes. Negative control results were < 10% for 
tests with both mosquito species at all time points. Mean 
deltamethrin concentration in side panels decreased 
from 1.5 g/kg (95% CI 1.2–1.8) at baseline to 0.6 g/kg 
(95% CI 0.4–0.8) at 36 months. Mean deltamethrin con-
tent in roof panels remained relatively stable, ranging 
from 3.5 g/kg (95% CI 3.3–3.6) at baseline to 3.2 g/kg 

Fig. 8  Box plot of Olyset® Plus chemical content results of Pyrethroid and PBO. Results from chemical content testing: the box plot shows 
the median (horizontal line), IQR (box), adjacent values (whiskers) and outliers (circles). Long dashed lines represent the manufacturers target dose 
and short dashed lines represent the ± 25% dose range, with colours corresponding to the chemicals in the legend
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(95% CI 3.0–3.4) at 36 months. Mean roof PBO content 
decreased from 15.9 g/kg (95% CI 14.6–17.2) at baseline 
to 13.4 g/kg (95% CI 12.5–14.3) at 36 months.

The rate of 24-h mortality for Moyamba Olyset® Plus 
field samples against pyrethroid-susceptible (An. gam-
biae Kisumu) mosquitoes decreased from 89% at base-
line (95% CI 86.3–92.5) to 41% at 36 months (95% CI 
35.7–46.8) (Table  9). Against pyrethroid-resistant (An. 
gambiae s.l.) mosquitoes, 24-h mortality for Olyset® 
Plus field samples decreased from 16% at baseline (95% 
CI 12.2–19.6) to 3% at 36 months (95% CI 1.8–4.1). 
Positive control results were consistently high in each 
round, exceeding 97% against susceptible mosquitoes 
and ranging from 58 to 76% against resistant mosquitoes. 
Negative control results were < 5% for tests with both 
mosquito species at all time points. Mean permethrin 
content decreased from 22.3 g/kg (95% CI 20.3–24.4) at 
baseline to 14.1 g/kg (95% CI 12.9–15.3) at 36 months. 
Mean PBO concentration declined from 9.5 g/kg (95% CI 
8.8–10.1) at baseline to 2.3 g/kg (95% CI 1.8–2.7) at end-
line (Figs. 5, 6, 7, 8).

Discussion
This evaluation investigated the field performance of two 
PBO-synergist ITN brands, PermaNet® 3.0 ITNs in Bo 
district and Olyset® Plus ITNs in Moyamba district, for 
3  years after Sierra Leone’s national mass ITN distribu-
tion campaign in 2020. Specific attention was applied to 
ITN physical durability, including risk factors affecting 
durability, as well as insecticidal efficacy.

ITN physical durability
Three years post-distribution, PermaNet® 3.0 ITNs in Bo 
exhibited a significantly higher survival rate (57%) than 
Olyset® Plus ITNs in Moyamba (30%, p < 0.001), cor-
responding to a significantly longer estimated median 
lifespan of 3.0 years (95% CI 2.7–3.5), compared with 2.2 
years (95% CI 2.0–2.4) in the two districts, respectively. 
Estimated median survival of PermaNet® 3.0 ITNs in 
Bo was similar to the 3.2-year median survival estimate 
recorded in a PMI-supported durability monitoring eval-
uation in Orodara district, Burkina Faso [29], but lower 
than the 4.0-year median survival estimate for PermaNet 
3.0 ITNs in Kickuiro district, Rwanda [30].

The household-level proportional hazards model 
showed that higher socio-economic status, education 
level, and absence of a CU5 in the household were all 
associated with decreased ITN failure risk. These factors 
were found to interact significantly within the net-level 
model, implying a combined effect on ITN survival. Find-
ings align with previous research, where higher socio-
economic status and increased education were identified 

as protective factors contributing to better net survival 
rates [4, 7], underscoring the importance of addressing 
socio-economic disparities to combat malaria.

Although it was found that attrition due to wear and 
tear was not significantly different between the two eval-
uation districts, significantly more of remaining ITNs in 
Bo were in serviceable physical condition than in Moy-
amba. Moreover, Bo had a significantly lower proportion 
of ITNs with any holes and a substantially lower median 
pHI. Findings on physical integrity and attrition due to 
wear and tear collectively contribute to the higher sur-
vival rate and estimated median useful life of ITNs in Bo. 
These results were supported by the household level Cox 
regression model, where ITNs from Bo showed a signifi-
cantly lower risk of failure (approximately two-thirds that 
of Moyamba).

Generally, the two districts were similar for key socio-
demographic indicators, household characteristics 
(including household assets), as well as a set of environ-
mental and climatic factors. Similarly, data from the 2021 
MIS showed comparable levels of population access to 
ITNs (56.7% in Bo vs. 59.3% in Moyamba), population 
use of ITNs in the previous night (87.9% in Bo vs. 86.4% 
in Moyamba) and ITN use:access ratio (1.55 in Bo vs. 
1.46 in Moyamba) [31].

As done in other durability monitoring studies [7, 28], 
exposure to SBC messaging and positive attitudes were 
combined due to their interaction as individual covariates 
during multivariate analysis. The combination of positive 
attitudes and exposure to SBC messaging had a signifi-
cant protective effect on ITN survival, with evidence of 
a dose–response relationship between those exposed to 
SBC having positive attitudes and ITN survival, findings 
that are consistent with existing literature [4, 7, 8, 24]. 
This finding also underscores the effectiveness of tar-
geted messaging campaigns in bolstering ITN longevity 
and the importance of SBC interventions in malaria con-
trol efforts. Notably, recall of ITN use or care messages 
was significantly higher in Bo than Moyamba, potentially 
explaining some of the differences seen in net survival 
between the two districts. While both districts received 
similar SBC support, District Health Management Team 
(DHMT) staff in Bo proactively monitored community 
members routinely to ensure care of ITNs. This proactive 
approach should be expanded during future SBC efforts.

Neither rodent sightings nor frequent food storage in 
sleeping rooms were significant determinants of ITN 
survival at the household level. However, frequent food 
storage in sleeping rooms emerged as a significant deter-
minant of ITN survival in the ITN-level model. Rodents 
were more frequently observed around households in 
Bo, however households in Moyamba exhibited a higher 
inclination to store food in sleeping quarters than in Bo. 
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Although rodents are known contributors to net damage, 
owing to their attraction to food stored near nets [3, 5], 
and food storage practices were found to be significant 
predictors of net survival in bivariate analysis, the multi-
variate analysis suggests that the habitual storage of food 
in sleeping areas and not necessarily the visual sighting of 
rodents emerged as significant determinants of net sur-
vival when controlling for other factors.

Consistent net tying or folding practices significantly 
influenced net durability and survival in bivariate analy-
sis. Net folding was also significant in the ITN-level 
model. Existing literature reinforces that these practices 
are crucial determinants associated with a reduced risk 
of net failure [4, 7, 24]. In Bo, a significantly higher pro-
portion (82%) of ITNs were consistently tied or folded 
when hanging than in Moyamba, where this practice was 
observed in only 45% of ITNs (p < 0.001), suggesting that 
adoption of consistent net tying or folding practices may 
be contributing to extended ITN survival in Bo.

ITN insecticidal effectiveness
Insecticidal efficacy and chemical residue analysis findings 
provide crucial insights into multi-year field performance of 
Olyset® Plus and PermaNet® 3.0 ITNs. For both ITN brands, 
reductions in bioefficacy over the evaluation period were 
driven primarily by decreases in mean PBO content. How-
ever, no consistent correlation was found between declines 
in bioefficacy and PBO content across brands.

In Moyamba, a decline in bioefficiacy of Olyset® Plus 
ITNs was observed against both pyrethroid-susceptible 
and resistant mosquito strains, where 24-h mortality 
decreased from 89 to 41% and from 16 to 3%, respec-
tively. These declines were driven by a 77% reduction in 
mean PBO content compared to the manufacturer’s tar-
get dose. Mean permethrin content decreased by 30% 
(just outside of the manufacturer’s ± 25% acceptability 
threshold).

In Bo, there was a decline in 24-h mortality against 
resistant mosquitoes on side panels (from 17% at base-
line to 3% at endline) and roof panels (from 48% at base-
line to 13% at endline). Superior mortality in pyrethroid 
plus PBO panels compared to pyrethroid-only panels 
throughout the evaluation suggests that the PBO restored 
some protection against pyrethroid-resistant mosquitoes, 
despite mean PBO content declining by 46% compared to 
the manufacturer target dose by evaluation endline. This 
further supports the WHO recommendations emphasiz-
ing the prioritization of PBO ITNs over pyrethroid-only 
ITNs in areas with pyrethroid-resistant mosquitoes [32].

At evaluation endline mean PermaNet® 3.0 deltame-
thrin content on side panels reduced by 71% compared 
to the manufacturer target dose corresponding to a sub-
stantial decline in 24-h mortality against the resistant 

strain. Notable reductions in mean side panel deltame-
thrin content and corresponding low resistant strain 
mortality in PermaNet® 3.0 ITNs has been recorded via 
the PMI VectorLink-supported durability monitoring 
evaluation in Orodara district, Burkina Faso (72% del-
tamethrin reduction, with an 11% 24-h mortality against 
the resistant strain by endline) [24]. In Kicukiro district, 
Rwanda a PMI VectorLink durability monitoring evalua-
tion showed that deltamethrin reduced by 81% compared 
to the manufacturer’s target dose. However, mortality 
against the resistant strain was not measured [30].

Limitations
In adherence to COVID-19 prevention measures, data 
collectors avoided entering homes, and instead, relied 
solely on respondents’recollection of ITN handling prac-
tices. This adaptation may have introduced recall bias. 
The Hawthorne effect may have been introduced, as 
interventions from data collectors could have influenced 
the behaviour of those living in households under evalu-
ation, although there is no reason to expect any differen-
tial effect between the two districts.

Location has been noted to be a stronger determinant 
of ITN durability than brand [33]. ITN brands were dis-
tributed by the NMCP to different districts. The evalua-
tion could therefore not be designed to examine two net 
brands in a single district, which potentially introduced 
confounding due to inter-district variability. To minimize 
potential disparities resulting from epidemiological and 
climatic factors, clusters were randomly selected from a 
restricted study frame comprising clusters situated along 
the border between Bo and Moyamba districts.

As in other durability monitoring studies, ITNs selected 
for analysis, except at the endline, were from neighbor-
ing, not cohort, households. This sampling methodology 
may introduce uncertainty about their usage duration, 
potentially affecting insecticidal efficacy results.

Due to a shortage of nets during the distribution cam-
paign, fewer cohort ITNs were enrolled than expected. 
The sample was boosted during the 12-month survey 
round, and an additional 41 ITNs were added that had 
not been enumerated at baseline. To ensure that this 
did not introduce bias, a sensitivity analysis of estimated 
ITN survival and campaign cohort ITN attrition for the 
original only, and boosted samples was conducted. Esti-
mated ITN survival differed by just one-tenth of a per-
cent between samples, while campaign cohort attrition 
differed by just one percent.

Conclusion
Results from this evaluation contribute to the growing 
body of literature on field performance of PBO-syner-
gist ITNs over 3 years of use. Significant variation was 
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noted in the physical durability and insecticidal effi-
cacy of PermaNet® 3.0 ITNs in Bo district and Olyset® 
Plus ITNs in Moyamba district, Sierra Leone. The 
PermaNet® 3.0 ITNs ITNs in Bo demonstrated higher 
survival rates, prolonged median lifespan, and better 
physical integrity compared to the Olyset® Plus ITNs in 
Moyamba.

This evaluation demonstrated that PermaNet® 3.0 
ITNs in Bo survived longer than their 3-year survival 
expectation, while Olyset® Plus ITNs in Moyamba did 
not. Stakeholders should consider DM survival esti-
mates when quantifying ITN needs. Despite covering 
only two districts, this evaluation generated empirical 
survival estimates which surpassed those derived from 
stock and flow model estimates of less than 2 years used 
to inform procurement decisions. Across evaluation 
rounds, reductions in bioefficacy against resistant mos-
quitoes were driven by decreases in mean PBO content. 
However, both ITN brands, particularly PermaNet® 3.0, 
provided at least some protection against pyrethroid-
resistant mosquitoes. These findings underscore WHO 
recommendations related to the use of PBO-synergist 
ITNs in areas with confirmed pyrethroid resistance. 
However, the low estimated median survival and bioef-
ficacy results for Olyset® Plus ITNs in Moyamba should 
be considered by ITN stakeholders in Sierra Leone. 
Additional data from varied evaluation sites is neces-
sary to identify trends in physical and chemical perfor-
mance trends.

Key determinants of ITN longevity were identified, 
which include district, lack of CU5 present in a house-
hold, higher socioeconomic status, positive net attitudes 
combined with exposure to SBC messaging related to 
ITNs, education of the household head, net user, net 
folding practices and net drying outside. These findings 
highlight the importance of considering local contexts 
and the need for tailored interventions and SBC mes-
sages to ensure sustained effectiveness.

Abbreviations
aHR	� Adjusted hazard ratio
AI	� Active ingredient
An	� Anopheles
CDC	� Centers for Disease Control and Prevention
CI	� Confidence interval
CU5	� Children under five
IQR	� Interquartile range
ITN	� Insecticide-treated net
NBI	� Nest Builders International
NMP	� National Malaria Programme
NMCP	� National Malaria Control Programme
PBO	� Piperonyl butoxide
pHI	� Proportionate hole index
PMI	� President’s Malaria Initiative
PSI	� Population Services International
SBC	� Social and behaviour change
USAID	� United States Agency for International Development
WHO	� World Health Organization

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12936-​025-​05421-7.

Supplementary material 1.

Author contributions
Design of study and tools: SP, YY, SS, EA, DS, RL, JC, RJ, SS; implementation and 
supervision: RS, SP, FY, SS, EA, KO, LI, CY, PN, DS, RL, JC, RJ, TH,SS, KE; bio-assay: 
RS, SP, EA, IS, KO, LI, YY, DS, RL, TH, KE PVSLG; analysis of data for publication: SP; 
interpretation: RS, SP, KE; manuscript: all. All authors read and approved the 
final manuscript. This paper is dedicated to the memory of our dear colleague 
and friend, NMCP Director Dr. Samuel Juana Smith, who passed away unex-
pectedly while this evaluation was in progress. His contributions to fighting 
malaria in Sierra Leone, and thus to the successful implementation of the work 
contained herein, were immeasurable. We would also like to acknowledge the 
PMI VectorLink Sierra Leone Group for their invaluable support in conducting 
the bioassay lab work for this study. Special thanks to the following individu-
als from the Group: Conteh Samuel, Jalloh Alpha, Kamara Abdulai, Kamara 
Sulaiman, Khanu Chernor, Lamin Franklin, Lolleh Umaru, Nicol Regina, Samura 
Fasineh, Rosetta Kpange.

Funding
This work was made possible by the generous support of the American 
people through USAID contract No: AID-OAA-I-17-00008, Task Order Number: 
AID-OAA-TO-17-00027. The contents are the responsibility of the authors 
and do not necessarily reflect the views of USAID, PMI, or the United States 
Government.

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
The evaluation, initiated in 2020, was a collaborative effort between research-
ers from Population Services International (PSI), PMI, NBI, and the Sierra Leone 
NMCP. Ethical approval was secured from the Sierra Leone Ethics and Scientific 
Review Committee (Version 2020), subsequently renewed for subsequent 
rounds. Additionally, clearance was obtained from the Research Ethics Board 
of PSI, Washington, DC, USA. Prior to each evaluation round, all participants 
gave informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 PMI VectorLink Project, Population Services International, Nairobi, Kenya. 2 PMI 
VectorLink Project, Population Services International, Washington, D.C., USA. 
3 National Malaria Control Programme, Freetown, Sierra Leone. 4 PMI VectorLink 
Project, Abt Associates, Freetown, Sierra Leone. 5 Nest Builders International, 
Freetown, Sierra Leone. 6 Entomology Branch, Division of Parasitic Diseases 
and Malaria, U.S. Centers for Disease Control and Prevention, Atlanta, GA, USA. 
7 U.S. President’s Malaria Initiative, Malaria Branch, U.S. Centers for Disease 
Control and Prevention, Freetown, Sierra Leone. 8 PMI VectorLink Project, 
Population Services International, Antananarivo, Madagascar. 9 U.S. President’s 
Malaria Initiative, USAID, Washington, DC, USA. 10 PMI VectorLink Project, Abt 
Associates, Washington, DC, USA. 11 PMI VectorLink Project, Abt Associates, 
Accra, Ghana. 12 School of Community Health Sciences, Njala University, Bo, 
Sierra Leone. 

Received: 2 December 2024   Accepted: 16 May 2025

https://doi.org/10.1186/s12936-025-05421-7
https://doi.org/10.1186/s12936-025-05421-7


Page 17 of 17Sudoi et al. Malaria Journal          (2025) 24:230 	

References
	1.	 WHO. World malaria report 2022. Geneva: World Health Organization; 

2022.
	2.	 WHO. Guidelines for monitoring the durability of long-lasting insecticidal 

mosquito nets under operational conditions. Geneva: World Health 
Organization; 2011.

	3.	 Gnanguenon V, Azondekon R, Oke-Agbo F, Beach R, Akogbeto M. 
Durability assessment results suggest a serviceable life of two, rather than 
three, years for the current long-lasting insecticidal (mosquito) net (LLIN) 
intervention in Benin. BMC Infect Dis. 2014;14:69.

	4.	 Haji KA, Khatib BO, Obi E, Dimoso K, Koenker H, Babalola S, et al. Monitor-
ing the durability of the long-lasting insecticidal nets Olyset® and Per-
maNet® 2.0 in similar use environments in Zanzibar. Malar J. 2020;19:187.

	5.	 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.

	6.	 Kilian A, Koenker H, Obi E, Selby RA, Fotheringham M, Lynch M. Field 
durability of the same type of long-lasting insecticidal net varies between 
regions in Nigeria due to differences in household behaviour and living 
conditions. Malar J. 2015;14:123.

	7.	 Kilian A, Obi E, Mansiangi P, Abílio 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;20:26.

	8.	 Mansiangi P, Umesumbu S, Etewa I, Zandibeni J, Bafwa N, Blaufuss S, et al. 
Comparing the durability of the long-lasting insecticidal nets DawaPlus® 
2.0 and DuraNet© in northwest Democratic Republic of Congo. Malar J. 
2020;19:189.

	9.	 Obi E, Okoh F, Blaufuss S, Olapeju B, Akilah J, Okoko OO, et al. Monitoring 
the physical and insecticidal durability of the long-lasting insecticidal net 
DawaPlus® 2.0 in three States in Nigeria. Malar J. 2020;19:124.

	10.	 The PMI VectorLink Project. The PMI VectorLink Liberia 2021 ITN Durability 
Monitoring 36-Month Follow-Up Study Report. Washington, DC. The PMI 
VectorLink Project, Population Services International (PSI). 2021. https://​
www.​durab​ility​monit​oring.​org/. Accessed 30 May 2025.

	11.	 WHO. Conditions for deployment of mosquito nets treated with a pyre-
throid and piperonyl butoxide. Geneva: World Health Organization; 2017.

	12.	 WHO. Guidance on the prioritization of insecticide-treated nets in situ-
ations where resources are limited. Geneva: World Health Organization; 
2023.

	13.	 Alliance for malaria prevention (AMP). Net mapping project. https://​
netma​pping​proje​ct.​allia​ncefo​rmala​riapr​event​ion.​com/. Accessed 31 Jan 
2024.

	14.	 Akoton R, Tchigossou GM, Djègbè I, Yessoufou A, Atoyebi MS, Tossou 
E, et al. Experimental huts trial of the efficacy of pyrethroids/piperonyl 
butoxide (PBO) net treatments for controlling multi-resistant populations 
of Anopheles funestus s.s. in Kpomè, Southern Benin. Wellcome Open Res. 
2018;3:71.

	15.	 Azizi S, Martin J, Mbewe NJ, Msapalla A, Mwacha S, Joram A, et al. Evalua-
tion of durability as a function of fabric strength and residual bio-efficacy 
for the Olyset Plus and Interceptor G2 LLINs after 3 years of field use in 
Tanzania. Trop Med Infect Dis. 2023;8:379.

	16.	 Gichuki PM, Kamau L, Njagi K, Karoki S, Muigai N, Matoke-Muhia D, et al. 
Bioefficacy and durability of Olyset® Plus, a permethrin and piperonyl 
butoxide-treated insecticidal net in a 3-year long trial in Kenya. Infect Dis 
Poverty. 2021;10:135.

	17.	 Lukole E, Cook J, Mosha JF, Messenger LA, Rowland M, Kleinschmidt I, 
et al. Protective efficacy of holed and aging PBO-pyrethroid synergist-
treated nets on malaria infection prevalence in north-western Tanzania. 
PLoS Glob Public Health. 2022;2:e0000453.

	18.	 Martin J, Lukole E, Messenger LA, Aziz T, Mallya E, Bernard E, et al. Moni-
toring of fabric integrity and attrition rate of dual-active ingredient long-
lasting insecticidal nets in Tanzania: a prospective cohort study nested in 
a cluster randomized controlled trial. Insects. 2024;15:108.

	19.	 Martin JL, Mosha FW, Lukole E, Rowland M, Todd J, Charlwood JD, et al. 
Personal protection with PBO-pyrethroid synergist-treated nets after 
2 years of household use against pyrethroid-resistant Anopheles in Tanza-
nia. Parasit Vectors. 2021;14:150.

	20.	 WHO. Tackling malaria in Sierra Leone. World Health Organization, 
Regional Office for Africa. 2023. https://​www.​afro.​who.​int/​news/​tackl​ing-​
malar​ia-​sierra-​leone. Accessed 29 Nov 2023.

	21.	 Statistics Sierra Leone (Stats SL) and ICF. 2020. Sierra Leone Demographic 
and Health Survey 2019. Freetown, Sierra Leone, and Rockville, Maryland, 
USA: Stats SL and ICF. https://​dhspr​ogram.​com/​pubs/​pdf/​FR365/​FR365.​
pdf.

	22.	 ITN Access and Use Report - Breakthrough ACTION and RESEARCH. 
https://​break​throu​ghact​ionan​drese​arch.​org/​resou​rces/​itn-​use-​and-​
access-​report/. Accessed 30 Jan 2024.

	23.	 WHO. Prequalification of Medical Products (IVDs, Medicines, Vaccines and 
Immunization Devices, Vector Control). Geneva, World Health Organiza-
tion. https://​extra​net.​who.​int/​prequ​al/​vector-​contr​ol-​produ​cts/​prequ​alifi​
ed-​produ​ct-​list?​field_​produ​ct_​type_​tid=​100&​field_​pqt_​vc_​ref_​number_​
value=​&​title=​&​field_​appli​cant_​tid=​&​field_​active_​ingre​dient_​syner​gis_​
tid=. Accessed 25 Nov 2023.

	24.	 Raharinjatovo J, Dabiré RK, Esch K, Soma DD, Hien A, Camara T, et al. 
Physical and insecticidal durability of Interceptor®, Interceptor® G2, and 
PermaNet® 3.0 insecticide-treated nets in Burkina Faso: results of durabil-
ity monitoring in three sites from 2019 to 2022. Malar J. 2024;23:173.

	25.	 Template-Durability-Monitoring-Protocol-revised-Feb2022-with-com-
ment.docx. https://​view.​offic​eapps.​live.​com/​op/​view.​aspx?​src=​https%​
3A%​2F%​2Fwww.​durab​ility​monit​oring.​org%​2Fwp-​conte​nt%​2Fupl​oads%​
2F2022%​2F03%​2F2a.-​Templ​ate-​Durab​ility-​Monit​oring-​Proto​col-​revis​
ed-​Feb20​22-​with-​comme​nt.​docx&​wdOri​gin=​BROWS​ELINK. Accessed 25 
Nov 2023.

	26.	 Netty H. Handbooks. 2022. https://​www.​cipac.​org/​index.​php/m-​p/​handb​
ooks. Accessed 28 Nov 2023.

	27.	 Abílio AP, Obi E, Koenker H, Babalola S, Saifodine A, Zulliger R, et al. 
Monitoring the durability of the long-lasting insecticidal nets MAGNet 
and Royal Sentry in three ecological zones of Mozambique. Malar J. 
2020;19:209.

	28.	 WHO. Guidance note for estimating the longevity of long-lasting insecti-
cidal nets in malaria control. World Health Organization, Regional Office 
for Africa. 2023. https://​www.​afro.​who.​int/​publi​catio​ns/​who-​guida​nce-​
note-​estim​ating-​longe​vity-​long-​lasti​ng-​insec​ticid​al-​nets-​malar​ia-​contr​ol. 
Accessed 27 Nov 2023.

	29.	 Methods-for-monitoring-the-durability-of-a-dual-AI-insecticide-treated-
net-containing-a-pyrethroid-plus-piperonyl-butoxide-PBO.pdf. https://​
innov​ation​toimp​act.​org/​wp-​conte​nt/​uploa​ds/​2022/​07/​Metho​ds-​for-​
monit​oring-​the-​durab​ility-​of-a-​dual-​AI-​insec​ticide-​treat​ed-​net-​conta​
ining-a-​pyret​hroid-​plus-​piper​onyl-​butox​ide-​PBO.​pdf. Accessed 21 Mar 
2024.

	30.	 LLIN Durability Monitoring. Toolkit and Data Repository for PMI-funded 
LLIN durability monitoring studies. https://​www.​durab​ility​monit​oring.​
org/. Accessed 15 Mar 2024.

	31.	 National Malaria Control Programme. Malaria Indicator Survey 2021. 
https://​malar​iasur​veys.​org/​docum​ents/​SL%​20MIS%​20fin​al%​20rep​ort-4.​3.​
2022.​pdf. Accessed 26 May 2025.

	32.	 WHO publishes recommendations on two new types of insecticide-
treated nets. https://​www.​who.​int/​news/​item/​14-​03-​2023-​who-​publi​
shes-​recom​menda​tions-​on-​two-​new-​types-​of-​insec​ticide-​treat​ed-​nets. 
Accessed 15 Nov 2023.

	33.	 Briet O, Koenker H, Norris L, Wiegand R, Vanden Eng J, Thackeray A, 
et al. Attrition, physical integrity and insecticidal activity of long-lasting 
insecticidal nets in sub-Saharan Africa and modelling of their impact on 
vectorial capacity. Malar J. 2020;19:310.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://www.durabilitymonitoring.org/
https://www.durabilitymonitoring.org/
https://netmappingproject.allianceformalariaprevention.com/
https://netmappingproject.allianceformalariaprevention.com/
https://www.afro.who.int/news/tackling-malaria-sierra-leone
https://www.afro.who.int/news/tackling-malaria-sierra-leone
https://dhsprogram.com/pubs/pdf/FR365/FR365.pdf
https://dhsprogram.com/pubs/pdf/FR365/FR365.pdf
https://breakthroughactionandresearch.org/resources/itn-use-and-access-report/
https://breakthroughactionandresearch.org/resources/itn-use-and-access-report/
https://extranet.who.int/prequal/vector-control-products/prequalified-product-list?field_product_type_tid=100&field_pqt_vc_ref_number_value=&title=&field_applicant_tid=&field_active_ingredient_synergis_tid
https://extranet.who.int/prequal/vector-control-products/prequalified-product-list?field_product_type_tid=100&field_pqt_vc_ref_number_value=&title=&field_applicant_tid=&field_active_ingredient_synergis_tid
https://extranet.who.int/prequal/vector-control-products/prequalified-product-list?field_product_type_tid=100&field_pqt_vc_ref_number_value=&title=&field_applicant_tid=&field_active_ingredient_synergis_tid
https://extranet.who.int/prequal/vector-control-products/prequalified-product-list?field_product_type_tid=100&field_pqt_vc_ref_number_value=&title=&field_applicant_tid=&field_active_ingredient_synergis_tid
https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fwww.durabilitymonitoring.org%2Fwp-content%2Fuploads%2F2022%2F03%2F2a.-Template-Durability-Monitoring-Protocol-revised-Feb2022-with-comment.docx&wdOrigin=BROWSELINK
https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fwww.durabilitymonitoring.org%2Fwp-content%2Fuploads%2F2022%2F03%2F2a.-Template-Durability-Monitoring-Protocol-revised-Feb2022-with-comment.docx&wdOrigin=BROWSELINK
https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fwww.durabilitymonitoring.org%2Fwp-content%2Fuploads%2F2022%2F03%2F2a.-Template-Durability-Monitoring-Protocol-revised-Feb2022-with-comment.docx&wdOrigin=BROWSELINK
https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fwww.durabilitymonitoring.org%2Fwp-content%2Fuploads%2F2022%2F03%2F2a.-Template-Durability-Monitoring-Protocol-revised-Feb2022-with-comment.docx&wdOrigin=BROWSELINK
https://www.cipac.org/index.php/m-p/handbooks
https://www.cipac.org/index.php/m-p/handbooks
https://www.afro.who.int/publications/who-guidance-note-estimating-longevity-long-lasting-insecticidal-nets-malaria-control
https://www.afro.who.int/publications/who-guidance-note-estimating-longevity-long-lasting-insecticidal-nets-malaria-control
https://innovationtoimpact.org/wp-content/uploads/2022/07/Methods-for-monitoring-the-durability-of-a-dual-AI-insecticide-treated-net-containing-a-pyrethroid-plus-piperonyl-butoxide-PBO.pdf
https://innovationtoimpact.org/wp-content/uploads/2022/07/Methods-for-monitoring-the-durability-of-a-dual-AI-insecticide-treated-net-containing-a-pyrethroid-plus-piperonyl-butoxide-PBO.pdf
https://innovationtoimpact.org/wp-content/uploads/2022/07/Methods-for-monitoring-the-durability-of-a-dual-AI-insecticide-treated-net-containing-a-pyrethroid-plus-piperonyl-butoxide-PBO.pdf
https://innovationtoimpact.org/wp-content/uploads/2022/07/Methods-for-monitoring-the-durability-of-a-dual-AI-insecticide-treated-net-containing-a-pyrethroid-plus-piperonyl-butoxide-PBO.pdf
https://www.durabilitymonitoring.org/
https://www.durabilitymonitoring.org/
https://malariasurveys.org/documents/SL%20MIS%20final%20report-4.3.2022.pdf
https://malariasurveys.org/documents/SL%20MIS%20final%20report-4.3.2022.pdf
https://www.who.int/news/item/14-03-2023-who-publishes-recommendations-on-two-new-types-of-insecticide-treated-nets
https://www.who.int/news/item/14-03-2023-who-publishes-recommendations-on-two-new-types-of-insecticide-treated-nets

	Physical and insecticidal durability of PermaNet® 3.0 and Olyset® plus piperonyl butoxide-synergist insecticide-treated nets in Sierra Leone: results of durability monitoring from 2020 to 2023
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Study sites and ITN brands
	Study design
	Sample size and sampling
	Training and fieldwork procedures
	Laboratory procedures
	Data management
	Definition of outcomes and explanatory variables
	Statistical analyses

	Results
	Household and cohort ITN sample description
	Household characteristics
	Risk factors for durability (household environment and ITNs environment)
	Attrition
	Physical integrity
	Survival
	Determinants of survival
	Insecticidal efficacy

	Discussion
	ITN physical durability
	ITN insecticidal effectiveness

	Limitations
	Conclusion
	References


