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Abstract

Background National Malaria Programmes (NMPs) monitor the durability of insecticide-treated nets (ITNs) to inform
procurement and replacement decisions. This is crucial for new dual active ingredients (Al) ITNs, for which less data

is available. Pyrethroid-only ITN (Interceptor®) and dual Al (Interceptor® G2, and PermaNet® 3.0) ITNs were assessed
across three health districts over 36 months in southern Burkina Faso to estimate median TN survival, insecticidal
efficacy, and to identify factors contributing to field ITN longevity.

Methods Durability was monitored through a prospective study of a cohort of nets distributed during the 2019 mass
campaign. Three health districts were selected for their similar pyrethroid-resistance, environmental, epidemiological,
and population profiles. Households were recruited after the mass campaign, with annual household questionnaire
follow-ups over three years. Each round, ITNs were withdrawn for bioassays and chemical residue testing. Key meas-
ures were the percentage of cohort ITNs in serviceable condition, insecticidal effectiveness, and chemical residue con-
tent against target dose. Cox proportional hazard models were used to identify determinants influencing ITN survival.

Results At endline, the median useful life was 3.2 (95% Cl 2.5-4.0) years for PermaNet® 3.0 [TNs in Orodara, 2.6 (95%
Cl1.9-3.2) years for Interceptor® G2 [TNs in Banfora and 2.4 (95% ClI 1.9-2.9) years for Interceptor® ITNs in Gaoua.
Factors associated with ITN survival included cohort ITNs from Orodara (adjusted hazard ratio (aHR)=0.58, p=0.026),
households seeing less rodents (aHR=0.66, p=0.005), female-headed households (aHR=0.66, p=0.044), expo-

sure to social behavior change (SBC) messages (aHR=0.52, < 0.001) and folding nets when not in use (aHR=0.47,
p<0.001). At endline, PermaNet® 3.0 ITN recorded 24-h mortality of 26% against resistant mosquitos on roof panels,
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with an 84% reduction in PBO content. Interceptor® G2 ITN 72-h mortality was 51%, with a 67% reduction in chlor-
fenapyr content. Interceptor® ITN 24-h mortality was 71%, with an 84% reduction in alpha-cypermethrin content.

Conclusion Only PermaNet® 3.0 [TNs surpassed the standard three-year survival threshold. Identified protective
factors should inform SBC messaging. Significant decreases in chemical content and resulting impact on bioefficacy
warrant more research in other countries to better understand dual Al ITN insecticidal performance.

Keywords Insecticide treated net, Physical durability, Piperonyl butoxide-synergist, Chlorfenapyr, Dual active

Background

The global malaria community began intensifying its
insecticide-treated net (ITN) scale-up in recent years.
Population access to ITNs in sub-Saharan Africa was
estimated to be just 3% in 2004 and increased to 54% in
2021, a period during which malaria mortality in sub-
Saharan Africa decreased from an estimated 754,000 to
593,000 [1]. Measuring the durability and average useful
life of ITNs helps to highlight changes in ITN coverage
post-distribution [2]. Durability is measured as the length
of time ITNs remain in a household effectively protecting
users against malaria-transmitting mosquitoes, both as a
physical barrier and through insecticide effectiveness.

In 2011, the World Health Organization (WHO)
released standard guidance for countries to routinely
monitor the durability of ITNs distributed following
mass campaigns [3, 4]. This guidance facilitated National
Malaria Programmes (NMPs) to estimate the aver-
age useful life of distributed nets and provided valuable
post-market monitoring data for stakeholders interested
in ensuring that ITNs were providing protection in line
with their assumed three-year life span under field condi-
tions. Many NMPs in sub-Saharan Africa have adopted
the practice of routine durability monitoring, with sup-
port from donors including the United States President’s
Malaria Initiative (PMI). Durability monitoring results
from several countries are available for pyrethroid-only
ITNs [5-12]. However, there are fewer published stud-
ies on dual active ingredient (AI) ITN field performance
[13-16].

The emergence and escalation of pyrethroid resist-
ance in key mosquito populations across sub-Saha-
ran Africa has led to the introduction of new types of
ITNs, which incorporate a second Al to complement
the pyrethroid to kill, inhibit feeding, or reduce fertility
in resistant mosquito populations. In 2017, the WHO
formally recommended the use of piperonyl butoxide
(PBO) synergist ITNs [17]. In 2023, new guidance was
released which expanded WHO recommendations to
include chlorfenapyr and pyriproxyfen ITNs, along
with PBO ITNs for the prevention of malaria in adults
and children in areas where mosquitoes have become
resistant to pyrethroids [18]. These recommendations

were released along with prioritization guidance for
NMPs when procuring ITNs with limited resources
[19]. In 2021, manufacturers delivered approximately
208 million ITNs to sub-Saharan Africa, of which
approximately 113 million (55%) were dual AI ITNs
(ITNs labelled as "PBO” and “dual a.i” were separate in
the source text calculation but combined and labelled
as “dual a.i. ITNs” here.) [1].

In 2021, 3.3% of global malaria cases and 3.4% of global
malaria deaths occurred in Burkina Faso (1). The abso-
lute burden of malaria in Burkina Faso has remained
largely unchanged in the past decade, with malaria cases
decreasing by just 10% between 2011 (9.2 million) and
2021 (8.3 million). Over the same period, malaria deaths
decreased by an estimated 46%, from 34,912 to 18,976
[1]. Between 2014 and 2018, household ITN ownership
decreased from 91 to 76% in rural areas of Burkina Faso, a
predominantly rural country [20, 21]. The ITN use:access
ratio, which measures population level use in relation to
population-level access, was classified as “good” (>0.8) in
nine regions, “below target” (>0.6—<0.8) in three regions
and “poor” (<0.6) in one region in 2018 [22]. Burkina
Faso is also threatened by increasing pyrethroid resist-
ance in prevailing malaria vectors [23-27]. Though no
recent durability monitoring studies following standard
methodologies have taken place in Burkina Faso, a 2017
evaluation demonstrated that unwashed Interceptor®
G2 ITNs restored mortality to 78% in pyrethroid-resist-
ant mosquitoes, compared to 17% mortality against
unwashed alpha-cypermethrin-only ITNs [28].

Unitaid and The Global Fund to Fight AIDS, Tubercu-
losis and Malaria, supported the Permanent Secretariat
for Malaria Elimination (SP-Palu) to conduct a 2019 mass
campaign in Burkina Faso through the provision of Inter-
ceptor® G2 and PermaNet® 3.0 ITNs for distribution in
the country’s southwest region. The SP-Palu targeted the
distribution of these new nets in the southwest, where
malaria prevalence was highest and pyrethroid resist-
ance has been detected higher in local malaria vectors.
The New Nets Project (NNP) collected surveillance data
on vector bionomics, malaria epidemiology and human
behaviors, which has contributed to the evidence base
determining the public health value of dual AI ITNs (28).
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Given their novelty and limited deployment to date,
little durability monitoring data on multi-year field per-
formance is published on dual AI ITNs [29, 30]. The field
performance of new net types under natural conditions
was studied for 36 months after the 2019 mass campaign
in Burkina Faso. The study had two primary objectives.
First, to assess the physical and insecticidal durability of
Interceptor®, Interceptor® G2, and PermaNet® 3.0 ITNs
in three nearby study sites over three years and estimate
median ITN survival. Second, to compare physical dura-
bility results between the three locations with similar
environmental, epidemiological and population profiles
to identify significant socio-cultural behavioral determi-
nants of ITN field performance.

Methods

Study sites and ITN brands

This study was conducted in three districts in Burkina
Faso, each of which received different ITNs as part of the
2019 mass ITN distribution campaign. Banfora health
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district in Comoé province received Interceptor® G2
ITN, Gaoua health district in Poni province received
Interceptor® ITNs, and Orodara health district in Kéné-
dougou province received PermaNet® 3.0 ITNs (Fig. 1).
Interceptor® G2 ITNs were prioritized for distribution
in the Southwest Region by the NMP due to the docu-
mented pyrethroid resistance in that area [24, 31] and
high malaria prevalence rates [21]. Study sites were
selected in collaboration with SP-Palu and PMI based
on the location of entomological and epidemiological
study sites for the NNP to ensure durability monitor-
ing data would complement NNP studies. Additionally,
durability monitoring study sites had similar environ-
mental, epidemiological, and population profiles. The
three study health districts experience hyperendemic
malaria transmission and are in the west and southwest
of Burkina Faso, where the rainy season lasts from May to
October, leading to higher malaria transmission between
May and October. Agriculture is the primary economic
activity. The Annuaire Statistique 2017 reported malaria
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Fig. 1 Locations of the Burkina Faso 2019-2022 ITNs Durability Monitoring of Interceptor®G2, Interceptor® and PermaNet® 3.0
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incidence per 1,000 people to be 729 in Banfora, 722 in
Gaoua, and 631 in Orodara. According to the 2017-18
Malaria Indicator Survey, rates of ITN ownership, access,
and use were highest in Banfora’s region (Cascades), fol-
lowed by Orodara (Hauts-Bassins), and then Gaoua (Sud-
Ouest) [21]. The 2018 ITN use: access ratio is classified
as “good” in Cascades and Orodara, but “below target” in
Sud-Ouest [22].

Study design

This was a prospective cohort study of a representative
sample of Interceptor® G2, Interceptor® and PermaNet®
3.0 ITNs distributed as part of the 2019 mass I'TN distri-
bution campaign and followed up from 2019 to 2022 in
three districts of Burkina Faso. The study design adhered
to ITN durability monitoring guidance developed by PMI
[32].

The mass distribution campaign took place in three
phases between June and November of 2019. PermaNet®
3.0 ITNs (side: 100-denier, polyester, 2.1 g/kg deltame-
thrin; roof: 100-denier, polyethylene, 4.0 g/kg deltame-
thrin and 25.0 g/kg PBO) were distributed in Orodara in
June and July. Standard Interceptor® ITNs (100-denier,
polyester, 5.0 g/kg alpha-cypermethrin) were distrib-
uted in Gaoua in August while Interceptor® G2 ITNs
(100-denier, polyester, 2.4 g/kg alpha-cypermethrin
and 4.8 g/kg chlorfenapyr) were distributed in Banfora
between October and November. Baseline data collec-
tion was conducted from December 9-20, 2019 (between
one and six-months post-mass ITN distribution). Data
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collection for the 12-month study round was conducted
from August 31-November 12, 2020; the 24-month
study round was conducted July 4—November 8, 2021
(July 4-11 in Orodara, August 4—14 in Gaoua, Novem-
ber 2-8 in Banfora), and the 36-month study round
was conducted July 4—August 19, 2022 (Fig. 2). For the
36-month survey, data collection in Banfora was con-
ducted 33 months post-campaign in order to complete
data collection prior to a mass distribution campaign that
was scheduled to begin in the third quarter of 2022.

Household questionnaires were administered during
each survey round to obtain information on cohort and
non-cohort ITN status and potential risk factors for ITN
durability. A standard hole assessment tool was used to
assess the physical integrity of cohort ITNs. Additionally,
data was collected on attritted cohort I'TNs that were no
longer present in the household at the time of the survey.
Each round, 30 ITNs confirmed to have been distributed
as part of the 2019 campaign (verified by their label and
owner recall) were withdrawn from each site to undergo
insecticidal effectiveness testing. Withdrawn ITNs were
replaced on a like-for-like basis with new ITNs of the
same brand. Cone bioassays, tunnel tests and chemical
content testing were performed at all rounds.

Sample size and sampling

Sample size calculations were made assuming a design
effect of 2.0, household loss to follow-up of 5% over three
years, two-sided alpha error of 0.05, and 80% power [33].
An initial sample of 150 households per location was
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created to ensure an initial cohort of 525 nets per loca-
tion, or 1,575 nets from the 450 households in the three
locations. During monitoring of the baseline survey
round, the mean household size was smaller than antici-
pated leading to fewer ITNs per household. Two clusters
were added to the sample in each site to ensure a suf-
ficient sample size to power the study. This sample size
allowed for the detection of a 6.7 percentage-point differ-
ence between any two locations with an assumed median
survival of 3 years: e.g., 43% or less or 57% or more esti-
mated survival compared to 50%. This translated into
approximately a 0.5 median survival difference that was
able to be detected as statistically significant.

Households were selected using two-stage sampling.
At the first stage, 15 clusters (then increased to 17) were
sampled per study district. A cluster was defined as the
lowest level geographic areas used for the campaign
planning. The selection of 17 clusters in each region pro-
ceeded with probability proportionate to size, with the
number of ITNs distributed per cluster as the measure of
size. Cluster household lists were used to select 10 house-
holds per cluster, using simple random sampling at the
second stage. In each randomly selected household, ITNs
that were part of the 2019 mass campaign were identified
and enrolled into the study.

Training and fieldwork procedures

Fieldwork was conducted in each study site by imple-
mentation teams of nine people, staffed by Institut de
Recherche en Sciences de la Santé (IRSS). Each imple-
mentation team included a coordinator and two sub-
teams of one supervisor and three interviewers each.
Staff were carefully selected based on their knowledge
of the local language and experience conducting house-
hold surveys. At baseline, a training of trainers (TOT)
was led by a PMI VectorLink staff member experienced
in durability monitoring with support from the SP-Palu.
Baseline training was then provided to the data collec-
tion team by IRSS. Refresher TOTs for the 12-, 24- and
36-month rounds were conducted online by PMI Vector-
Link staff due to COVID-19-related travel restrictions.
Subsequent in-person data collection team training was
conducted by IRSS with support by SP-Palu. The training
covered: study design and sampling procedures, ethical
considerations (such as consent), COVID-19 adaptations,
a detailed review of the questionnaire with role play,
the use of tablets and the SurveyCTO software, and the
physical assessment of holes and net repairs with prac-
tical exercises. Upon entering a cluster, data collection
teams engaged with local authorities to gain approval to
collect data, describe study objectives and answer ques-
tions. In most clusters, local community members served
as guides to assist study teams to locate study households
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during follow-up rounds. Standard COVID-19 safety
measures were followed throughout the study. No house-
holds were screened out of the survey due to COVID-19
risks.

Laboratory procedures

Susceptible and resistant mosquito strain rearing, char-
acterization and bioassay testing was carried out in IRSS’s
insectary and laboratory located in Ouagadougou, Bur-
kina Faso. Bioassays were conducted in line with the
Innovation to Impact SOPs [34, 35].At each survey round,
standard WHO cone bioassays and tunnel tests were
used to determine insecticidal effectiveness using insec-
ticide-susceptible Anopheles gambiae Kisumu mosqui-
toes and pyrethroid-resistant Anopheles coluzzii VKPER
strain [36]. Both strains were characterized at each sur-
vey round prior to performing the bioassays using WHO
susceptibility test kits with 0.05% deltamethrin (the pyre-
throid in PermaNet® 3.0), and 0.05% alpha-cypermethrin
(the pyrethroid in Interceptor® and Interceptor® G2).
Tests were also carried out with deltamethrin 0.05% after
pre-exposure to PBO 4% (the synergist in PermaNet®
3.0).

Cone bioassays were used for Interceptor® ITN brand.
The susceptible mosquito strain (An. gambiae Kisumu)
was used with five mosquitoes per cone, four panels
tested from each net (three sides and the roof) and two
replicates per panel (eight cone tests with 40 susceptible
mosquitoes per net in total). Thresholds for optimal (60-
min knock-down (KD60)>95% or mortality >80%) and
minimal (KD602>75% or mortality>50%) effectiveness
were defined using KD60 and mortality results.

Cone bioassays were also used for PermaNet® 3.0 ITN
brand containing PBO. The susceptible (An. gambiae
Kisumu) and resistant (An. coluzzii VKPER) mosquito
strains were used with five mosquitoes per replicate, with
two replicates per net piece (two pieces from side panels
and two pieces from roof panel), with a total of eight cone
tests with 40 susceptible and 40 resistant mosquitoes per
net sample. In each case, the KD60 and the 24-h mortal-
ity were measured. Abbott’s formula was used to adjust
mortality based on negative control results. Addition-
ally, positive and negative control nets were tested along
with the net samples withdrawn from the field. Three
new control nets were tested per day: an untreated net,
a new pyrethroid+PBO net, and a new pyrethroid-only
net. The new untreated negative control net was tested
against susceptible and resistant mosquito strains. The
new PermaNet® 3.0 and new pyrethroid-only ITNs as
positive control were tested against resistant mosquito
strain. For each of the three control nets, one piece was
used with five mosquitoes per cone and two replicates
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(six cone tests with 30 mosquitoes per net per day in
total). KD60 and 24-h mortality were measured.

Tunnel tests were used for Interceptor® G2 ITNs
against insecticide-susceptible An. gambiae Kisumu and
pyrethroid-resistant An. coluzzii VKPER mosquitoes. For
each sampled net, two samples were taken from the net
roof panel and two samples were taken from the net side
panels for bioassays. Three control nets were used dur-
ing testing: one untreated (negative) control, one new
Interceptor® net (alpha-cypermethrin only), and one
new Interceptor® G2 net. Tunnel tests were completed
over 3 days [36], and so each control net had three rep-
licates, with results shared among all pre-distribution
Interceptor® G2 nets tested on the same day. Between
80 and 120 pyrethroid-resistant female mosquitoes,
aged five to eight days, and sugar-starved for 6 h, were
introduced into the end opposite of the bait at 18:00. The
lights in the room were turned off and only turned on
when the tunnel test finished the following morning at
7:00, giving an exposure period of 12—15 h. At 7:00, mos-
quitoes were collected from the tunnel, noting the com-
partment in which the mosquitoes were collected (initial
compartment/animal compartment), the blood feeding
status (fed/unfed), and mortality (living/dead). Living
mosquitoes were put into cups covered with untreated
netting, and cotton wool soaked in sugar solution was
placed on top of the cups, allowing mosquitoes to feed
ad libitum [36]. Mortality was recorded at 18:00 (24 h
after the tunnel test started), and then again at 48 and
72 h. Insecticidal effectiveness was measured by estimat-
ing 24- and 72-h mortality, net penetration, level of blood
feeding, and BFIL.

For each net, 30 cm X 30 cm squares were cut in areas
adjacent to those made for bioassay testing and pooled
to obtain a homogeneous and representative sample of
the entire net [34, 35]. These samples were tested at the
Centre Wallon de Recherches Agronomiques in Belgium
using the standard Collaborative International Pesticides
Analytical Council methods cited in the WHO specifi-
cation for each ITN [37, 38]. Chemical tests measured
pooled mean and median Al levels across the ITN sam-
ples in g/kg, compared with manufacturer specifications.

Data management

Open Data Kit (ODK) software was employed on
Android tablets to implement the household question-
naire. Logic checks and field constraints were built into
the ODK tool to strengthen data quality and reduce data
cleaning. Open Street Map for Android was used to geo-
locate study households. Data was uploaded by data col-
lection teams to a secure online server either daily, or
when an internet connection became available. When
data collection for each survey round was complete,
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data was moved into Stata (version 12) to be cleaned,
managed, and analyzed. Longitudinal household- and
cohort-ITN level data sets were produced by combining
cross-sectional data from each round to facilitate ITN
survival analysis.

Definition of outcomes

The primary study outcome was physical ITN survival,
defined as the proportion of cohort ITNs still present
and in serviceable condition. This outcome combines
measures of ITN attrition and ITN physical integrity.
ITN attrition describes cohort nets no longer present in
a study household. There are two categories of attrition:
known and unknown outcomes. Known outcomes are
nets attritted due to wear and tear including nets thrown
away, nets destroyed, or nets used for other purposes.
Unknown outcomes include nets given to relatives, nets
given to others, nets that were stolen or sold, and nets
that were reported as lost for unknown reason. Nets with
unknown outcomes were excluded from the estimation
of ITN survival.

ITN physical integrity was measured using the WHO
proportionate Hole Index (pHI) [3]. During the hole
assessment, the number of holes in each panel of the ITN
were counted, using four different size categories (size 1:
0.5-2 cm, size 2: 2—-10 cm, size 3: 10-25 cm and size 4:
larger than 25 cm in diameter). Weights were applied to
the count of the number of holes in each size category
and the weighted sum was then used to categorize each
cohort ITN as “good’; “damaged’, “torn” and “serviceable”
[3]:

Good:total hole surface area<0.01 m? or pHI < 64.

Damaged:total hole surface area 0.01-0.1 m? or
64 <pHI <642.

Torn:total hole surface area>0.1 m? or pHI > 642.

Serviceable:total hole
pHI <642,

Median survival was calculated using two methods.
At each round, the proportion of cohort ITNs surviving
in serviceable condition was plotted against hypotheti-
cal 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) using the following formula:

surface areas<0.1 m? or

tm =tl 4+ (t2 —tl) * (p1 —50) / (p1 — p2)

where tm is the median survival time, t1 and t2 the
first and second time points in years and pl and p2 the
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proportion surviving to first and second time point
respectively in percent. Confidence intervals (CI) for
this estimate were calculated by projecting the 95% CI
from the survival estimates in the same way as described
above.

Definition of explanatory variables

The definitions of the explanatory variables and the ana-
lytic approaches were aligned to those from recently pub-
lished literature [5, 6, 9, 10], that permitted to encourage
and facilitate comparative review of results from com-
pleted durability monitoring studies. Explanatory vari-
ables were measured at the household- and cohort
ITN-levels and represented risk factors for ITN damage.
Risk factor groupings included respondent-level factors
such as exposure to ITN messaging and attitudes to ITN
care and repair; cohort ITN sleeping space environment
factors, such as the type of sleeping space and whether
cooking or food storage occurs in the same physical
space; and cohort ITN handling factors, such as fold-
ing or tying up ITNs during the day and how ITNs are
washed and dried.

Household attitudes towards nets and care and repair
were measured using Likert scale questions. Statements
were read to the respondent and the level of agreement
was recorded. The four-level Likert scale was recoded to
have a value of — 2 for “strongly disagree”, — 1 for “disa-
gree’,+1 for “agree” and+2 for “strongly agree” The
attitude scores for each respondent were added together
and divided by the number of statements to calculate an
overall attitude score. A negative score represents a nega-
tive attitude, a score of 0 represents a neutral attitude,
and a positive score represents a positive attitude. Atti-
tude scores for net use and for net care and repair were
calculated, as well as the proportion of households with a
score above 1 (very positive attitudes) for each of the two
attitude scores.

Responses to questions were aggregated across all
rounds in which a cohort ITN or household participated.
Responses were categorized as “never” if the response
was “no” or “never” for all rounds; “at times” if the
response was “sometimes” in at least one survey round
or conflicting responses were recorded; “always” if the
response was “yes” or “always” for all surveys.

Statistical analyses

Chi-squared tests and contingency tables were used
to compare proportions. Chi-squared tests for trends
were employed to identify differences in proportions
where more than two groups were being compared.
Reported p-values for comparisons across study sites
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use this test for trend; no pairwise comparisons were
performed. Medians and means were used to analyze
continuous variables, and the one-way analysis-of-var-
iance (ANOVA) was used to compare results between
more than two groups for non-parametric and nor-
mally distributed data, respectively. Standard errors
and 95% CI were calculated, as is appropriate for the
clustered survey design. Survival analysis was calcu-
lated with risk of failure beginning at date of distri-
bution, and separately, with risk of failure beginning
when the net was first observed or reported hanging.
ITN failure was defined when it attritted due to wear
and tear (ITN was thrown away, destroyed, or used for
other purposes) or its physical integrity classification
was categorized as “torn” Respondent recall was used
to calculate time to failure based on the duration that
the net was in the possession of the household. The
midpoint between the previous two survey rounds was
used as the failure time in cases where the respond-
ent could not recall time to failure, or the net’s physi-
cal integrity failed. Cox proportional hazard models
were created to identify determinants of ITN survival.
Robust standard errors were employed during analysis
to address net clustering within eligible households.
Two Cox proportional hazard models were fit following
the two survival analysis approaches: a household-level
model fit failures with risk, starting at the distribution
date and considering household-level determinants
that were invariant for nets within a given household
(e.g. study district, household size, household head
characteristics, household wealth tertial); and a net-
level model fit failures with risk starting the on date of
the first observation that the net was hanging and con-
sidering the household-level determinants above and
net-level determinants such as handling and types of
user. For both approaches, univariate analysis identified
factors significantly associated with survival, and all
significant variables at the p=0.2 level were included in
a first multivariate model. Models were then refined by
dropping non-significant variables (at the p=0.1 level)
and comparing model specifications using the likeli-
hood-ratio test. Schoenfeld residual plots and analysis
of time-varying covariates were used to check the pro-
portionate hazard assumption. For the net-level model,
risk of failure started on the date the net was first hung.
Additional factors used in the net-level model included
whether the net was folded up when not in use, type
of sleeping space, whether the net was ever washed,
whether the net was dried on bushes, and whether
detergent was used for net washing. Washing was omit-
ted in the final model as it was highly correlated with
drying outside and using detergent for washing.
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Results

Household cohort ITN sample description

At baseline, an adjustment was made to the number of
clusters included in each study arm due to an underes-
timated mean household size assumption in the sample
size calculation. Rather than the originally planned 15
clusters district, 17 clusters were visited per site each
round. Despite the increased number of clusters visited
per site, only 923 cohort ITNs were enrolled, which was
less than the anticipated 1557 cohort ITNs needed to
detect a 6.7 percentage-point difference between sites in
median survival time. Ultimately, the final sample of 923
cohort ITNs allowed for the detection of a difference of
8.8 percentage-points in median ITN survival across
study sites.

Table S1 presents the final status at endline of 510
study households containing 923 cohort ITNs. Of the 510
households, 61% (103/170) still had one or more cohort
nets in Orodara, followed by 45% (77/170) in Gaoua,
and 29% (50/170) in Banfora. A higher percentage (41%)
of households in Gaoua have lost all their cohort nets
compared to Banfora (32% (54/170)) or Orodara (19%
(33/170)).

Household characteristics

This section describes the general characteristics of the
sampled households collected at the first survey round,
including respondent demographic information, hous-
ing characteristics, and household assets as presented
in Table S2. Household size was larger in Gaoua (4.26)
and in Orodara (4.48) than in Banfora (3.44; p<0.001).
The proportion of female-headed households differed
significantly across study districts (12% in Orodara, 18%
in Banfora, and 29% in Gaoua; p=0.004). In Gaoua and
Orodara, 75% of male household heads were illiterate,
compared to 54% in Banfora (p=0.012). Illiterate women
comprised the majority of female-headed households
across districts (91% in Orodara, 89% in Gaoua, and
83% in Banfora). Across study sites, a higher proportion
of dwellings had roofs made with finished materials in
Orodara (96%) and in Banfora (92%) compared to Gaoua
(79% p=0.002). A higher percentage of households in
Banfora (82%) contained flooring built with improved
materials compared to Orodara (64%) and Gaoua (56%;
p=0.013). Use of charcoal for cooking was relatively
uncommon across the three districts (14% in Banfora, 7%
in Gaoua, and 2% in Orodara). In Gaoua, 74% of house-
holds reported ownership of livestock, compared to 63%
in Banfora and 59% in Orodara. Chickens and goats were
the households’ primary livestock. Radio ownership was
more prevalent in Orodara (77%) and Banfora (70%) than
in Gaoua (39%; p <0.001).
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Risk factors for durability (household environment

and ITNs environment)

Table S3 presents risk factors for ITN physical and
chemical durability that were collected and monitored at
each study timepoint. Lower proportions of households
reported always storing food in a room used for sleep-
ing in Banfora (15%) and Orodara (14%), compared to
Gaoua (56%; p <0.001). More households reported seeing
rodents in each survey round in Gaoua (56%), followed
by Orodara (48%) and Banfora (35%; p<0.001). Almost
no households in Banfora, Orodara, or Gaoua (<1%)
reported always cooking food in a room used for sleep-
ing. However, this practice was reported as sometimes
being done by 62% of households in Gaoua, 19% in Ban-
fora, and 18% in Orodara (p <0.001).

In Orodara, 52% of households reported having
received SBC messages on net use and net care at least
once across two separate survey rounds, higher than both
Banfora (34%) and Gaoua (8%; p=0.001). Nearly two
thirds (62%) of households in Orodara reported positive
net use attitudes in at least two survey rounds, compared
to 42% in Banfora and 6% in Gaoua. (p <0.001). Just 2%
of households in Gaoua expressed positive net care atti-
tudes in at least two survey rounds, compared to 27% in
Banfora and 21% in Orodara (p <0.001).

Cohort net durability was evaluated in relation to vari-
ous aspects of net use and net care (Table S4). Across the
four survey rounds, 89% of cohort nets were reported as
being used in Orodara (89%), compared to Gaoua (84%),
and 74% in Banfora (p=0.016). In Orodara and Gaoua,
a higher proportion of nets were reported as ever being
hung, compared to Banfora (82% in Gaoua and 88% in
Orodora higher than 69% in Banfora, p=0.002). Orodara
had the highest proportion of hanging nets never folded
up (94%), followed by Banfora (51%) and Gaoua (22%;
p<0.001). Banfora reported the lowest percentage of nets
that had ever been washed (51%), compared to 78% in
Gaoua and 88% in Orodara (p <0.001). A high proportion
of nets were always dried outside after every washing
reported across all survey rounds (97% in Banfora, 91%
in Gaoua, and 81% in Orodara, p=0.013). Drying nets on
bushes or fences was uncommon across districts (11% in
Gaoua, and only 3% in Banfora and Orodara, p=0.004).

Attrition

At study endline, total ITN attrition was highest in
Banfora (70%), followed by Gaoua (64%), and lowest in
Orodara (54%, p=0.066) (Fig. 3). At study endline, the
primary cause of attrition was nets being given to rela-
tives in Banfora (37%), nets thrown away in Gaoua (38%),
and nets being destroyed in Orodara (14%). Attrition
due to wear and tear, which is the combination of nets
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Fig. 3 Reported causes of ITN attrition in the Burkina Faso 2019-2022 durability monitoring of interceptor® G2, interceptor®, and PermaNet® 3.0

study

thrown away, destroyed, and repurposed for an alternate
use, was highest in Gaoua (41%), lower in Orodara (31%),
and lowest in Banfora (20%, p=0.013). Tears were the
most commonly reported damage mechanism across all
districts and rounds (82% in Banfora, 54% in Gaoua, and
62% in Orodara, p=0.204).

Physical integrity

At study endline, Orodara had the highest proportion
of nets in serviceable condition (90%), compared with
Banfora and Gaoua (80% in both districts). In Banfora
and Gaoua, the proportion of nets classified as “too

torn” increased over time, from 4 and 3%, respectively,
at the second round to 20% in both districts by the study
endline.

Survival

The proportion of nets that survived in serviceable con-
dition at study endline was highest in Orodara (54%),
followed by Banfora (48%), and lowest in Gaoua (37%).
Between the second survey round and study endline,
the proportion of nets surviving in serviceable condition
decreased by an average of 43% (Table 1). Using estimates
from the last two survey rounds (24- and 36-months), the

Table 1 Cohort ITNs surviving in serviceable condition and estimated median survival in years

Second round
% (95% Cl)

Third round
% (95% Cl)

Study endline
% (95% Cl)

Banfora (Interceptor® G2)
Percentage surviving in serviceable condition
Median survival in years
Graphical interpretation from Fig. 4
Calculated from last two data points
Gaoua (Interceptor®)
Percentage surviving in serviceable condition
Median survival in years
Graphical interpretation from Fig. 4
Calculated from last two data points
Orodara (PermaNet® 3.0)
Percentage surviving in serviceable condition
Median survival in years
Graphical interpretation from Fig. 4
Calculated from last two data points

94.9 (91.8-96.9)

85.0(754-91.3)

88.6(81.7-93.1)

634 (48.1-76.3)

24

57.8 (48.2-66.7)

2.2

714 (58.1-81.8)

29

475 (35.6-59.7)

2.7
26(1.9-32)

37.1(27.9-47.4)

26
24(1.9-29)

53.8 (41.4-65.8)

32
3.2(2.5-40)
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median useful life in years for Interceptor® G2 in Banfora
was 2.6 (95% CI 1.9-3.2) years, 2.4 (95% CI 1.9-2.9) years
for Interceptor® in Gaoua, and 3.2 (95% CI: 2.5-4.0)
years for PermaNet® 3.0 in Orodara (Fig. 4).
Kaplan—Meier survival curves were generated from
the longitudinal data, and the curves considered failures
(ITNs no longer in a serviceable condition due to attri-
tion due to wear and tear, or physical survival) and cen-
soring. Net survival was highest in Orodara and lowest
in Gaoua when considering both time since distribution
and time since first hanging (Fig. 5). After 3 years, the
proportion of nets surviving was below 50% for Banfora
and Gaoua, but the proportion remained above 50% for
Orodara when considering risk as beginning at time the
net was first hung. This was consistent with the median
useful life estimates of less than three years in Gaoua and
Banfora, but greater than three years for Orodara.

Determinants of survival

The Cox Proportional household-level hazard model
for determinants of Physical Durability is presented in
Table S6. The study site, presence of children under the
age of five, sex of the household head, SBC exposure,
and observation of rodents were included in the final
Cox regression analysis. Nets belonging to households
who reported seeing rodents one or fewer times had a
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38% lower risk of failure than nets belonging to house-
holds that reported always seeing rodents (aHR=0.62,
p<0.001). Nets in households that received SBC mes-
sages at least once had a 31% lower risk of failure than
those in households that had never received an SBC mes-
sage (aHR=0.69, p=0.022). Nets belonging to house-
holds exposed twice or more to SBC messages had a
39% lower failure risk than nets belonging to households
that were never exposed to SBC messages (aHR=0.61,
p=0.003).

Nets in Orodara district were 42% less likely to fail than
those in Banfora district (aHR=0.58, p=0.026). There
was no significant association in the likelihood of failure
between Gaoua district and Banfora district (aHR=1.35,
p=0.156). Nets belonging to households who reported
seeing rodents one or fewer times had a 34% lower failure
rate than the nets belonging to households that reported
seeing rodents more than once (aHR=0.66, p=0.005).
Nets in households headed by females had a 34% lower
risk of failure compared to households led by males
(aHR=0.66, p=0.044). Nets in households exposed twice
or more to SBC messages had a 48% reduction in the risk
of failure compared to nets in households never exposed
to SBC messages (aHR=0.52, < 0.001). Similarly, nets
belonging to households exposed once to SBC messages
had a 36% lower risk failure than those never exposed
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Fig. 4 Physical Survival of Burkina Faso 2019-2022 Durability Monitoring of Interceptor® G2, Interceptor®, and PermaNet® 3.0 Study
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(aHR=0.64, p=0.018). Nets that were ever folded up
when not in use had a 53% lower risk of failure compared
to those that were never folded up (aHR=0.47, p<0.001).
Nets in households that reported a positive attitude
towards net care once had a 32% lower risk of failure
compared to those that never reported a positive attitude
towards net care (aHR=0.68, p=0.024). Unexpectedly,
the association was not significant for households where
positive attitudes were recorded twice or more.

Insecticidal efficacy

Mosquito strains were characterized prior to bioassay
analysis (Table S7). The Kisumu strain was susceptible
to both deltamethrin and alpha-cypermethrin, and poly-
merase chain reaction (PCR) confirmed the species to be
An. gambiae with no mutations present. Resistance to
both deltamethrin and alpha-cypermethrin was present
in the VKPER strain. PBO synergist plus deltamethrin
demonstrated 60% greater mortality than deltame-
thrin alone. Chlorenapyr characterization commence

during the 12-month survey round. Across 12-, 24-, and
36-month survey round characterizations, 72-h mortal-
ity stayed above 95% with an interim diagnostic dose of
100 pg/bottle and 100% with 200 pg/bottle. PCR con-
firmed that the strain was An. coluzzii and had a high,
but not fixed, frequency of knockdown resistance (KDR)
west (L1014F) mutation but no presence of the kdr east
(L1014S) mutation.

Interceptor® G2 arm: Tunnel tests against pyrethroid-
susceptible mosquitoes An. gambiae Kisumu among
the Interceptor® G2 field samples indicated consist-
ently high 72-h mortality across rounds (99% in the first
three rounds and 93% (95% CI 90.4-96.1) at 36 months
(Fig. 6 and Table S8). Against the pyrethroid-resistant
An. coluzzii VKPER strain, field samples had a mean
72-h mortality of 51% (95% CI 39.5-61.4) at study end-
line, down from 85% (95% CI 79.7—89.3) at baseline. At
study endline, mean alpha-cypermethrin content was
1.7 g/kg (95% CI 1.4-2.0), a reduction of 29% compared
to the manufacturer’s target dose (2.4 g/kg) (Fig. 7 and
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Table S8). Mean chlorfenapyr content was 1.6 g/kg (95%
CI 1.1-2.1), a 67% reduction compared to the 4.8 g/kg of
the manufacturer target dose.

Interceptor® arm: during the first three rounds of
data collection, the mean 24-h mortality obtained with
An. gambiae Kisumu, the laboratory susceptible strain,
was higher than 99% but declined to 71% (95% CI 58.0—
83.7) at study endline (Fig. 8 and Table S8). The propor-
tion of nets that were optimally effective declined from

100% in third round to 60% (95% CI 37.2—82.8) by study
endline. The proportion of nets with minimal effective-
ness decreased from 100 to 87% (95% CI 70.4—100.0 by
study endline. After 36 months of use in the field, the
mean alpha-cypermethrin content was 0.8 g/kg (95%
CI 0.3-1.3), an 84% reduction compared to the manu-
facturer threshold for alpha-cypermethrin of 5.0 g/kg,
(Fig. 9 and Table S8).
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PermaNet® 3.0 arm: Samples of the side panels (con-
taining deltamethrin-only) showed 72% (95% CI 61.3—
82.5) 24-h mortality against pyrethroid-susceptible Axn.
gambiae Kisumu mosquitoes 36 months after distribu-
tion. Mortality in roof panel samples (which incorporated
a PBO-synergist), achieved 95% (95% CI 90.2-100.0)
24-h mortality (Fig. 10 and Table S8). Against resist-
ant mosquitoes from An. coluzzii VKPER strain, roof
samples had higher mean 24-h mortality outcomes than
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pyrethroid-only side samples (26% (95% CI 15.8-35.5)
vs. 11% (95% CI 6.6—15.1)). After 36 months of use in the
field, the mean deltamethrin content of side panels was
0.3 g/kg (95% CI 0.1-0.4), an 86% loss compared to the
2.1 g/kg manufacturer target dose (Fig. 11 and Table S8).
The mean deltamethrin content on roof samples was
2.6 g/kg (95% CI 2.4-2.9), a 35% loss compared to 4.0 g/
kg of manufacturer target dose. At study endline, the
chemical content of PBO on roof samples was 3.9 g/kg

Orodara PermaNet® 3.0 An. gambiae VKPER (Resistant)
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(95% CI 3.0—-4.8), an 84% loss compared to the manufac-
turer’s target dose of 25.0 g/kg.

Discussion

This study evaluated the physical and insecticidal integ-
rity of three ITN brands: PermaNet® 3.0 in Orodara,
standard Interceptor® in Gaoua and Interceptor® G2 in
Banfora, following a 2019 mass campaign distribution in
Burkina Faso. At study endline, 54% (95% CI 41.4—65.8)
of cohort ITNs in Orodara, 48% (95% CI 35.6-59.7)
in Banfora, and 37% (95% CI 27.9-47.4) in Gaoua sur-
vived and were in serviceable condition, correspond-
ing to 3.2 (95% CI 2.5-4.0) years of median survival for
PermaNet® 3.0 in Orodara, 2.6 (95% CI 1.9-3.2) years for
the Interceptor® G2 in Banfora, and 2.4 (95% CI 1.9-2.9)
years for Interceptor® in Gaoua. The differences in ITN
brand survival between districts was not statistically sig-
nificant (p=0.47). Pyrethroid-only Interceptor® ITNs in
Gaoua and dual AI ITNs Interceptor® G2 in Banfora did
not achieve a three-year median life, which is the WHO’s
universal recommendation [3]. The lower survival rate
and median useful life of Interceptor® ITNs in Gaoua
can be explained by higher attrition (41%) due to wear
and tear compared to 31% for PermaNet® 3.0 ITNs in
Orodara, and 20% for Interceptor® G2 ITNs in Banfora
(p=0.013). Additionally, Interceptor® ITNs in Gaoua
also had the highest joint percentage of torn nets (20%)
along with Interceptor® G2 ITNs in Banfora, compared
to PermaNet 3.0 ITNs in Orodara (10%). In Gaoua, the
leading cause of attrition contributing to wear and tear
was the throwing away of a net when it was too torn
(38%), alternative use of the net (3%), and the ITN being
destroyed (<1%). In Orodara, ITNs that were destroyed
(14%) and thrown away (13%) were the primary wear and
tear-related causes of attrition. In Banfora, nets lost to
wear, and tear comprised 16% of ITNs that were thrown
away and 4% that were destroyed. Recent publications
on durability monitoring evaluating pyrethroid-only
ITNs (DawaPlus® 2.0 in three States in Nigeria, Olyset®
and PermaNet® 2.0 in Zanzibar, and MAGNet® and
Royal Sentry® in three ecological zones in Mozambique)
showed attrition rates due to wear and tear varying by
district from 8 to 24%, corresponding to median useful
life estimates of greater than three years [7, 11, 12]. Gen-
erally, the lower the attrition rate due to wear and tear,
the greater the median useful life (>3 years), a trend that
was also seen in this study. At study endline, the propor-
tion of ITNs classified as still serviceable with regards to
physical integrity was consistently high across the three
study sites (80% in Gaoua and Banfora, compared to 90%
in Orodara). In Orodara and Banfora, the combination of
a higher serviceability and a lower attrition due to wear
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and tear resulted in a higher survival rate and estimated
median useful life.

A total of 923 labelled ITNs were enrolled at baseline
(347 in Orodara, 294 in Banfora, and 282 in Gaoua).
Banfora had the highest all-cause attrition rate (70%),
followed by Gaoua (64%) and Orodara (55%). Nets that
underwent attrition for unknown reasons, including nets
given away to relatives, nets given away to others, nets
stolen, sold, or lost for unknown reasons were excluded
from the survival analysis. In total, 193 ITNs (66%) in
Banfora, 80 ITNs (28%) in Gaoua and 111 ITNs (32%) in
Orodara were excluded. Several variables were included
in the final household and net-level models used for the
cox regression analysis to explain the survival determi-
nants of the three ITN brands during their three years
of field use. At the cohort net-level, study site was iden-
tified as a significant determinant, revealing that nets in
Orodara lasted longer than nets in Banfora. Given that
the study sites are similar with respect to environmental,
epidemiological, and population profiles, the significant
differences between sites were likely related to the behav-
ior of the population.

Rodents are often attracted to food stored in or around
a household. When food is stored in a room used for
sleeping, the risk of damage to ITNs caused by rodents
increases. For both household-level and net-level mod-
els, never seeing rodents was identified as a determinant
for net survival. While rodents have been shown to be a
mechanism for net damage, as they are attracted to food
being stored in rooms with nets [6, 8, 12], the practice
of always storing food in the room used for sleeping was
not a significant determinant in this study’s cox survival
analysis.

Nets belonging to houses headed by females were
more protective to ITN durability than nets in house-
holds headed by males, similar to finding elsewhere [39].
In both the household-level and net-level models, SBC
exposure was a determinant of increased net survival,
a finding that is well established in the literature [5, 7,
10-12]. In the net-level model, repeated exposure to SBC
messages (twice or more) decreased the risk of net failure
by 48%, while a single exposure reduced the risk by 36%.
Positive attitude toward net care was highly correlated to
SBC exposure (coefficient=0.2854, p <0.001), indicating
that regular and sustained SBC exposure increases posi-
tive net care attitudes. In the net-level model, households
with a positive attitude toward net care was a predictor
of increased net durability. Conversely, in Gaoua, where
a low proportion of respondents had favorable attitudes
towards net care (18%), it is possible that a lack of SBC
messaging on the benefits of net use, care, and repair,
contributed to lower attitude scores, and in turn, to lower
ITN survival.
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Folding nets while not in use is a common determi-
nant of reduced risk of net risk failure [5, 7, 12]. The
Cox analysis employed for this study identified that
folding nets while not in use was protective, reducing
the risk of net failure by 53%. The practice of always
folding nets while not in use was highest in Gaoua
(48%), followed by Banfora (28%) and Orodara (1%,
p<0.001).

This study presented a first opportunity to gain
insight into the chemical performance of dual Al
Interceptor® G2 and PermaNet® 3.0 ITNs after three
years of field use. Mortality for both dual AI ITN
brands against resistant mosquitoes was high in the
initial survey rounds but decreased over time as chlor-
fenapyr and PBO content waned.

Mortality of pyrethroid-resistant An. gambiae in
PermaNet® 3.0 field samples was three times lower
at 36 months than at baseline (26% vs. 72%). This
decrease in mortality corresponds with an 84% loss in
mean PBO content and 35% loss in mean deltamethrin
content on roof samples, compared to the manufac-
turer’s target dose. After 24 months of field use, 24-h
mortality on roof samples of PermaNet® 3.0 ITNs
against the resistant strain was 52%, lower than the
99% and 95% 24-h mortality observed at 24-months
against two resistant strains during a recent durability
monitoring study in Burundi (unpublished) [40].

After 36 months, Interceptor® G2 field samples
achieved 51% 72-h mortality against the resistant An.
coluzzii VKPER strain. This decrease corresponds
roughly to the 67% reduction in chlorfenapyr content
and 29% loss of alpha-cypermethrin content compared
to their original manufacturer’s target doses. The
mean 24-h mortality of Interceptor® ITNs recorded
at endline (71%) dropped below the WHO threshold
of 80% [36]. This was likely due to the 84% reduction
in the chemical concentration of alpha-cypermethrin
in sampled nets compared to the original target dose
(5.0 g/kg). Optimal effectiveness of Interceptor® field
samples decreased from 100% at baseline to 60% at
endline round. Several factors have been observed on
insecticidal efficacy of standard, pyrethroid-only ITNs
after three years of field use. Depending on net brand,
optimal effectiveness ranging from 29 to 97% have
been reported in different countries [7, 11, 12].

This ITN durability monitoring study was not a
national-level representation of ITN retention but pro-
vide some evidence that suggest that ITN retention
rate in Burkina Faso may exceed three years for Ban-
fora and Orodara, where dual AI (Interceptor® G2 and
PermaNet® 3.0) were distributed.
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Limitations

In an effort to assure appropriate precautions were
taken to prevent the transmission of COVID-19, begin-
ning in the second survey round, interviewers did not
enter study houses to observe the household’s net hang-
ing behavior or practices related to storing or cooking
food in the room used for sleeping. Instead, interviewers
relied upon the declaration of the household respond-
ents, which could not be confirmed. Data was not always
collected during the same season across districts. For
example, during the 24-month survey round, data was
collected during the rainy season in Orodara and Gaoua,
and the dry season in Banfora. This may have affected
ITN durability risk factors and use data. ITN brands were
assigned to separate districts so, the study could not be
designed to examine multiple ITN brands in a single dis-
trict. This could have potentially introduced confounding
related to inter-district variability. To minimize bias, the
three study districts were selected from the same region
and had similar epidemiological, climatic and popula-
tion profiles. Additionally, the Hawthorne effect has the
potential to introduce bias in research outcomes if the act
of tagging and labeling nets within a household induces
modifications in the behaviors of household members
towards these nets. Finally, apart from the endline round,
nets withdrawn for bioassay and chemical analysis were
not cohort nets, but rather were collected from the
neighboring households surrounding the cohort house-
hold. Therefore, the duration of net use for these nets was
unknown and could influence the insecticidal efficacy
results.

Conclusion

Based on the median useful ITN life after 36 months of
field use, dual Al PermaNet® 3.0 ITNs achieved higher
median useful life than the estimates standard of three
years while dual Al Interceptor® G2 and pyrethroid-only
Interceptor® ITNs did not.

While the observation of rodents in sleeping areas was
identified as a contributing factor for decreased ITN sur-
vival, storage of food in sleeping areas, which attracts
rodents, was not. In future durability monitoring stud-
ies, variables related to factors attracting rodents, beyond
the storage of food in the room used for sleeping, could
be investigated. Receipt of SBC messaging as well as
women-headed households were shown to be protective
for ITN durability.

Declines in the insecticidal effectiveness of PermaNet®
3.0 and Interceptor® G2 ITNs against resistant mosquito
strains were driven by losses of PBO and chlorfenapyr,
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respectively. Pyrethroid-only Interceptor® ITNs per-
formed consistently high against a pyrethroid-suscepti-
ble strain during the first three survey rounds (optimal
effectiveness 100%) but declined to 60% at study endline
round, likely due to a reduction of the alpha-cyperme-
thrin concentration.

Durability monitoring conducted in Burkina Faso
revealed that dual Al Interceptor® G2 lasted for 2.6 years
while PermaNet® 3.0 ITNs was sufficiently durable,
exceeding the three-year survival expectation under
field conditions. This study’s insecticidal efficacy results
for Interceptor® G2 and PermaNet® 3.0 brands demon-
strated that initially high levels of mortality decreased
over time due to a loss of chlorfenapyr and PBO. Addi-
tional data on field performance of dual Al nets from
other countries can complement the findings from Bur-
kina Faso.

Disclaimer

The findings and conclusions expressed herein are those
of the authors and do not necessarily represent the offi-
cial position of USAID, PMI, nor the U.S. Centers for
Disease Control and Prevention (CDC).

Abbreviations

aHR Adjusted hazard ratio

Al Active ingredient

BFI Blood feeding inhibition

cl Confidence interval

HR Hazard ratio

IQR Interquartile range

IRSS Institut de Recherche en Sciences de la Santé
ITN Insecticide-treated net

KDR Knockdown resistance

KD60 60-minute knock-down

NMP National Malaria Programme

NNP New Nets Project

ODK Open Data Kit

PBO Piperonyl butoxide

pHI Proportionate Hole Index

PMI President’s Malaria Initiative

SBC Social and behavior change

SP-Palu  Permanent Secretariat for Malaria Elimination
WHO World Health Organization

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512936-024-04989-w.

[ Additional file 1. }

Acknowledgements

A sincere thanks to the government of Burkina Faso, especially the Ministry of
Health and Secretariat Permanent-Paludisme, for their support to successfully
execute this study. The authors would also like to appreciate the Regional
Heath Directors and their collaborators for their engagement during data col-
lection. The authors also thank the IRSS technicians for the laboratory bioassay
work. Finally, the authors extend deep gratitude to the data collection teams
for their hard work, as well as the study householders for their on-going coop-
eration during this three-year study.

Page 17 of 19

Author contributions

JR conducted the data analysis and drafted the manuscript. SP was the study’s
principal investigator, adapted the study protocol, oversaw the study, and
provided a technical review of the manuscript. RKD led data collection and
bioassay analysis, also contributing to the manuscript. KE contributed to draft-
ing the manuscript. DDS and AS implemented data collection and supervised
bioassay analysis. CT, MBD, AB, LG, ATS, KA, RKD, and DJ were responsible for
study implementation and contributed to annual interim study reports that
informed the manuscript. SV and MB led and supervised chemical analysis. All
authors read, reviewed, and approved the final version of the manuscript.

Funding
Financial support for this study was provided by the US President’s Malaria
Initiative.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article as additional files.

Declarations

Ethics approval and consent to participate

This study has been determined to be research with human subjects and
received written approval from the Institutional Ethics Committee for Health
Science Research / Comité d'Ethique Institutionnel pour la Recherche en
Science de la Santé (CEIRES) on November 8, 2019, under reference number
2019-012/MESRI/SG/CNRST/IRSS/CEIRES for the duration of the study. The
Population Services International (PSI) Research Ethics Board (REB) granted
authorization on June 22, 2021, to resume in-person data collection for the 24
—month round of the study. Staff implementing this study complied with all
policies and procedures of both PSI REB and the local ethics board. Informed
oral consent was sought for all participants in this study prior to conducting
interviews.

Consent for publication
All authors have read and approved the final version of the manuscript and
consent to its publication.

Competing interests
The authors declare no competing interests for this study.

Author details

'PMI VectorLink Project, Population Services International, Antananarivo,
Madagascar. %Institut de Recherche en Sciences de La Santé, Bobo-Dioulasso,
Burkina Faso. *PMI VectorLink Project, Population Services International, Wash-
ington, DC, USA. “Burkina Faso Permanent Secretariat for Malaria Elimination,
Ouagadougou, Burkina Faso. °U.S. President’s Malaria Initiative, Ouagadougou,
Burkina Faso. ®U.S. President’s Malaria Initiative, USAID, Washington, DC, USA.
’US. President’s Malaria Initiative, Malaria Branch, US Centers for Disease Con-
trol and Prevention, Atlanta, GA, USA. 8PMI VectorLink Project, Abt Associates,
Ouagadougou, Burkina Faso. °PMI VectorLink Project, Abt Associates, Wash-
ington, DC, USA. '°Centres Wallon de Recherches Agronomiques, Gemblous,
Belgium.

Received: 23 November 2023 Accepted: 16 May 2024
Published online: 04 June 2024

References

1. WHO. World malaria report 2022. Geneva: World Health Organization;
2022. https://www.who.int/publications-detail-redirect/9789240064898.
Accessed 27 Jun 2023.

2. Bertozzi-Villa A, Bever CA, Koenker H, Weiss DJ, Vargas-Ruiz C, Nandi AK,
et al. Maps and metrics of insecticide-treated net access, use, and nets-
per-capita in Africa from 2000-2020. Nat Commun. 2021;12:3589.

3. WHO. Guidelines for monitoring the durability of long-lasting insecticidal
mosquito nets under operational conditions. Geneva: World Health
Organization; 2011. https://www.who.int/publications-detail-redirect/
9789241501705. Accessed 27 Jun 2023.


https://doi.org/10.1186/s12936-024-04989-w
https://doi.org/10.1186/s12936-024-04989-w
https://www.who.int/publications-detail-redirect/9789240064898
https://www.who.int/publications-detail-redirect/9789241501705
https://www.who.int/publications-detail-redirect/9789241501705

Raharinjatovo et al. Malaria Journal

20.

21.

(2024) 23:173

WHO. Guidance note for estimating the longevity of long-lasting insecti-
cidal nets in malaria control. Geneva: World Health Organization; 2013.
Kilian A, Obi E, Mansiangi P, Abilio AP, Haji KA, Blaufuss S, et al. Variation
of physical durability between LLIN products and net use environ-
ments: summary of findings from four African countries. Malar J.
2021;20:26.

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.

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

Hakizimana E, Cyubahiro B, Rukundo A, Kabayiza A, Mutabazi A, Beach
R, et al. Monitoring long-lasting insecticidal net (LLIN) durability to vali-
date net serviceable life assumptions, in Rwanda. Malar J. 2014;13:344.
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.

. Mansiangi P, Umesumbu S, Etewa |, 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.

. Obi E, Okoh F, Blaufuss S, Olapeju B, Akilah J, Okoko OO, et al. Monitor-

ing the physical and insecticidal durability of the long-lasting insecti-
cidal net DawaPlus® 2.0 in three States in Nigeria. Malar J. 2020;19:124.

. Abilio 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;19:200.

. Lukole E, Cook J, Mosha JF, Messenger LA, Rowland M, Kleinschmidt |,

et al. Protective efficacy of holed and aging PBO-pyrethroid synergist-
treated nets on malaria infection prevalence in north-western Tanza-
nia. PLoS Glob Public Health. 2022;2: e0000453.

. 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.

. 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
Tanzania. Parasit Vectors. 2021;14:150.

. Akoton R, Tchigossou GM, Djégbe 1, 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 popula-
tions of Anopheles funestus s.s. in Kpomé, Southern Benin. Wellcome
Open Res. 2018;3:71.

. WHO. Conditions for deployment of mosquito nets treated with a

pyrethroid and piperonyl butoxide. Geneva: World Health Organiza-
tion; 2017.

. WHO. Guidelines for malaria, 14 March 2023. Report No.: WHO/UCN/

GMP/2023.01. Geneva: World Health Organization; 2023. https://apps.
who.int/iris/handle/10665/366432. Accessed 27 Jun 2023.

. WHO. Guidance on the prioritization of insecticide-treated nets in situ-

ations where resources are limited. Geneva: World Health Organization;
2023. https://www.who.int/publications-detail-redirect/9789240069
428. Accessed 27 Jun 2023.

Burkina Faso - Enquéte sur les Indicateurs du Paludisme 2014.

Institut National de la Statistique et de la Démographie/Burkina Faso,
Programme National de Lutte contre le Paludisme/Burkina Faso: ICF
International. https://microdata.worldbank.org/index.php/catalog/
2521. Accessed 27 Jun 2023.

Burkina Faso - Enquéte sur les Indicateurs du Paludisme 2017-2018.
Institut National de la Statistique et de la Démographie -INSD,
Programme d’Appui au Développement Sanitaire - PADS, Programme
National de Lutte contre le Paludisme - PNLP et ICF. https://microdata.
worldbank.org/index.php/catalog/3487/study-description. Accessed
27 Jun 2023.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

Page 18 of 19

Breakthrough Action and Research. ITN use and access report. 2019.
https://breakthroughactionandresearch.org/resources/itn-use-and-
access-report/burkina-faso/, https://breakthroughactionandresearch.
org/resources/itn-use-and-access-report/burkina-faso/. Accessed 27
Jun 2023.

Hien AS, Soma DD, Hema O, Bayili B, Namountougou M, Gnankiné O,
et al. Evidence that agricultural use of pesticides selects pyrethroid
resistance within Anopheles gambiae s.I. populations from cotton grow-
ing areas in Burkina Faso, West Africa. PLoS ONE. 2017;12: e0173098.
Hien AS, Soma DD, Maiga S, Coulibaly D, Diabaté A, Belemvire A, et al.
Evidence supporting deployment of next generation insecticide
treated nets in Burkina Faso: bioassays with either chlorfenapyr or
piperonyl butoxide increase mortality of pyrethroid-resistant Anopheles
gambiae. Malar J. 2021;20:406.

Namountougou M, Simard F, Baldet T, Diabaté A, Ouédraogo JB, Martin
T, et al. Multiple insecticide resistance in Anopheles gambiae s.I. popula-
tions from Burkina Faso, West Africa. PLoS ONE. 2012;7:e48412.

Dabiré RK, Namountougou M, Sawadogo SP, Yaro LB, Toé HK, Ouari A,
et al. Population dynamics of Anopheles gambiae s.I. in Bobo-Dioulasso
city: bionomics, infection rate and susceptibility to insecticides. Parasit
Vectors. 2012;5:127.

Jones CM, Toé HK, Sanou A, Namountougou M, Hughes A, Diabaté A,
et al. Additional selection for insecticide resistance in urban malaria
vectors: DDT Resistance in Anopheles arabiensis from Bobo-Dioulasso,
Burkina Faso. PLoS ONE. 2012;7: e45995.

Bayili K, Ndo S, Namountougou M, Sanou R, Ouattara A, Dabiré RK, et al.
Evaluation of efficacy of Interceptor® G2, a long-lasting insecticide net
coated with a mixture of chlorfenapyr and alpha-cypermethrin, against
pyrethroid resistant Anopheles gambiae s.l. in Burkina Faso. Malar J.
2017;16:190.

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.
Azizi S, Martin J, Mbewe NJ, Msapalla A, Mwacha S, Joram A, et al.
Evaluation 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.

Toé KH, Jones CM, N'Fale S, Ismail HM, Dabiré RK, Ranson H. Increased
pyrethroid resistance in malaria vectors and decreased bed net effec-
tiveness, Burkina Faso. Emerg Infect Dis. 2014;20:1691-6.

LLIN Durability Monitoring. Toolkit and data repository for PMI-funded
LLIN durability monitoring studies. 2020. https://www.durabilitymonit
oring.org/. Accessed 10 Apr 2024.

United States Presidents Malaria Initiative. Study protocol: Durabil-

ity monitoring of long-lasting insecticidal nets. 2023.. https://view.
officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fwww.durab
ilitymonitoring.org%2Fwp-content%2Fuploads%2F2022%2F03%
2F2a.-Template-Durability-Monitoring-Protocol-revised-Feb2022-with-
comment.docx&wdOrigin=BROWSELINK. Accessed 10 April 2024.

SOP. Methods for monitoring the durability of dual-Al insecticide-
treated nets containing a pyrethroid plus chlorfenapyr (CFP). Innova-
tion to Impact. 2022. https://innovationtoimpact.org/wp-content/
uploads/2022/07/Methods-for-monitoring-the-durability-of-a-dual-Al-
insecticide-treated-net-containing-a-pyrethroid-plus-chlorfenapyr-2.
pdf. Accessed 10 April 2024.

SOP. Methods for monitoring the durability of dual-Al insecticide-
treated nets containing a pyrethroid plus piperonyl butoxide (PBO).
Innovation to Impact. 2022. https://innovationtoimpact.org/wp-conte
nt/uploads/2022/07/Methods-for-monitoring-the-durability-of-a-dual-
Al-insecticide-treated-net-containing-a-pyrethroid-plus-piperonyl-
butoxide-PBO.pdf. Accessed 10 April 2024.

WHO. Guidelines for laboratory and field testing of long-lasting insecti-
cidal nets. Geneva: World Health Organization; 2013. https://www.who.
int/publications-detail-redirect/9789241505277. Accessed 27 Jun 2023.
CIPAC. 2022. CIPAC: Collaborative international pesticides analystical
council. https://cipac.org/. Accessed 15 Sep 2023.
WHO-Prequalification of Medical Products (IVDs, Medicines, Vac-

cines and Immunization Devices, Vector Control). Specifications-New


https://apps.who.int/iris/handle/10665/366432
https://apps.who.int/iris/handle/10665/366432
https://www.who.int/publications-detail-redirect/9789240069428
https://www.who.int/publications-detail-redirect/9789240069428
https://microdata.worldbank.org/index.php/catalog/2521
https://microdata.worldbank.org/index.php/catalog/2521
https://microdata.worldbank.org/index.php/catalog/3487/study-description
https://microdata.worldbank.org/index.php/catalog/3487/study-description
https://breakthroughactionandresearch.org/resources/itn-use-and-access-report/burkina-faso/
https://breakthroughactionandresearch.org/resources/itn-use-and-access-report/burkina-faso/
https://breakthroughactionandresearch.org/resources/itn-use-and-access-report/burkina-faso/
https://breakthroughactionandresearch.org/resources/itn-use-and-access-report/burkina-faso/
https://www.durabilitymonitoring.org/
https://www.durabilitymonitoring.org/
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://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://innovationtoimpact.org/wp-content/uploads/2022/07/Methods-for-monitoring-the-durability-of-a-dual-AI-insecticide-treated-net-containing-a-pyrethroid-plus-chlorfenapyr-2.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-chlorfenapyr-2.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-chlorfenapyr-2.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-chlorfenapyr-2.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://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.who.int/publications-detail-redirect/9789241505277
https://www.who.int/publications-detail-redirect/9789241505277
https://cipac.org/

Raharinjatovo et al. Malaria Journal (2024) 23:173

Procedure. 2020. https://extranet.who.int/pqweb/vector-control-produ
cts/specifications-new-procedure. Accessed 15 Sep 2023.

39. Koenker H, Kilian A, Hunter G, Acosta A, Scandurra L, Fagbemi B, et al.
Impact of a behaviour change intervention on long-lasting insecticidal
net care and repair behaviour and net condition in Nasarawa State,
Nigeria. Malar J. 2015;14:18.

40. The PMIVectorLink Burundi 2019 ITN Durability Monitoring 24-Month
Study Report. The PMI VectorLink Project, Population Services Interna-
tional (PSI). 2022.

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

Page 19 of 19


https://extranet.who.int/pqweb/vector-control-products/specifications-new-procedure
https://extranet.who.int/pqweb/vector-control-products/specifications-new-procedure

	Physical and insecticidal durability of Interceptor®, Interceptor® G2, and PermaNet® 3.0 insecticide-treated nets in Burkina Faso: results of durability monitoring in three sites from 2019 to 2022
	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
	Definition of explanatory variables
	Statistical analyses

	Results
	Household 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
	Limitations
	Conclusion
	Disclaimer
	Acknowledgements
	References


