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Abstract

Background: Long-lasting insecticidal nets (LLINs) are the primary malaria prevention and control intervention in
many parts of sub-Saharan Africa. While LLINs are expected to last at least 3 years under normal use conditions, they
can lose effectiveness because they fall out of use, are discarded, repurposed, physically damaged, or lose insecti-
cidal activity. The contributions of these different interrelated factors to durability of nets and their protection against
malaria have been unclear.

Methods: Starting in 2009, LLIN durability studies were conducted in seven countries in Africa over 5 years. WHO-
recommended measures of attrition, LLIN use, insecticidal activity, and physical integrity were recorded for eight
different net brands. These data were combined with analyses of experimental hut data on feeding inhibition and
killing effects of LLINs on both susceptible and pyrethroid resistant malaria vectors to estimate the protection against
malaria transmission—in terms of vectorial capacity (VC)—provided by each net cohort over time. Impact on VC was
then compared in hypothetical scenarios where one durability outcome measure was set at the best possible level
while keeping the others at the observed levels.

Results: There was more variability in decay of protection over time by country than by net brand for three measures
of durability (ratios of variance components 4.6, 4.4, and 1.8 times for LLIN survival, use, and integrity, respectively). In
some countries, LLIN attrition was slow, but use declined rapidly. Non-use of LLINs generally had more effect on LLIN
impact on VC than did attrition, hole formation, or insecticide loss.

Conclusions: There is much more variation in LLIN durability among countries than among net brands. Low levels
of use may have a larger impact on effectiveness than does variation in attrition or LLIN degradation. The estimated
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ence of other nets in the household.

entomological effects of chemical decay are relatively small, with physical decay probably more important as a driver
of attrition and non-use than as a direct cause of loss of effect. Efforts to maximize LLIN impact in operational settings
should focus on increasing LLIN usage, including through improvements in LLIN physical integrity. Further research is
needed to understand household decisions related to LLIN use, including the influence of net durability and the pres-

Keywords: Long-lasting insecticidal nets, Durability monitoring, Vectorial capacity, Malaria

Background

Insecticide-treated bed-nets (ITNs) have repeatedly been
shown to reduce morbidity and mortality due to malaria
in children [1]. A large part of malaria reduction from
2000 to 2015 has been attributed to their widespread
distribution and use [2]. As long-lasting insecticidal nets
(LLINs) are expected to retain their biological activ-
ity for at least 3 years of recommended use under field
conditions according to the World Health Organization
(WHO) definition, national malaria control programmes
have designed distribution systems on a 3-year cycle.
However, LLINs lose their effectiveness against malaria
transmission over time from the moment of distribution
by accumulating holes as well as through loss of insecti-
cide. Furthermore, many LLINSs fall out of use for a vari-
ety of reasons before 3 years are over. Recent studies in
several countries have suggested that the decline in phys-
ical integrity of LLINs exceeds that of insecticidal activity
[3-8]. Declining physical integrity is a concern not only
because mosquitoes are more likely to enter holed or
torn LLINs and feed on the occupants, but also because
LLIN owners stop using, discard, or repurpose holed
nets, which then no longer contribute to malaria trans-
mission control.

Given that LLINs are the primary prevention and con-
trol strategy for much of sub-Saharan Africa, the WHO
developed guidelines and recommendations for moni-
toring three elements of LLIN durability—attrition (also
expressed as 1-survivorship), fabric integrity, and insec-
ticidal activity—to guide programmes in designing distri-
bution strategies and enable informed selection of LLIN
brands for each country [9]. Beginning in 2009, the US
President’s Malaria Initiative (PMI) funded operational
research studies in three countries and routine monitor-
ing in four additional countries. The operational research
studies directly compared multiple LLINs existing at the
time whereas the routine monitoring activities followed
LLIN brands distributed through mass campaigns as part
of national programme implementation. Some of these
activities have published reports while others are being
finalized [10, 11].

This analysis extends these individual studies and
monitoring activities by exploring large-scale trends
using a pooled dataset and exploiting the larger sample

size, information on geographical variation, and differ-
ences between net brands in durability. These studies
monitored the physical integrity (holes), insecticide con-
tent, bio-efficacy, use, and attrition of LLINs over time.
This analysis combined this monitoring information with
experimental hut data to estimate the effect on the vec-
torial capacity (VC) of LLIN cohorts from distribution
until the end of the follow-up. The relative contributions
of these different factors to the decay in effect on the VC
were computed by comparing the estimated effects on
the VC in the real LLIN cohorts with those in counter-
factuals in which one of these factors was kept at the best
level while the other factors decayed as observed. In prin-
ciple, such analyses might be relevant for deciding LLIN
distribution strategies and frequencies, which are the
LLINs with the longest (or shortest) duration of effect,
whether purchasing decisions should prioritize physical
or chemical durability, and which aspect should be the
focus of behavioural change communication (BCC). The
results should also inform LLIN manufacturers aiming to
develop novel, more durable LLINSs.

Methods

Study sites and general methodology

This analysis included studies on LLIN durability con-
ducted in seven countries (Table 1) over 5 years. All of
the studies monitored one or more factors of LLIN decay
including attrition, use, physical integrity and insec-
ticidal activity; however, the design and implementa-
tion varied by country (Tables 1 and 2). All studies were
prospective, collecting data on selected study LLINs,
although the study in Benin included a retrospective
component. In all studies, the units of observation were
individual nets which allowed for follow up from distri-
bution until loss; the presence and role of non-study nets
in the households was not systematically assessed. In
Angola and Benin, only a single LLIN brand was evalu-
ated in multiple sites within the country. In contrast, in
Mozambique and Zambia, different products were each
tested in different sites. In four of the countries, LLINs
were monitored as part of routine distribution while in
Kenya, Malawi and Senegal, multiple LLIN brands were
distributed in a single site, usually comprised of mul-
tiple villages, to obtain direct comparisons of different
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Table 2 Number of LLINs included in the analysis of attrition and use

Country Dawa-plus 2.0 DuraNet Inter-ceptor LifeNet Net-Protect OlysetNet Perma-Net2.0 Perma-Net3.0 Total

Angola® 186 186
Benin® 2002 2002
Kenya® 592 772 687 638 563 521 610 4383
Malawi® 527 535 577 528 518 2685
Mozam-bique® 66 125 191
Senegal® 474 361 442 666 477 2420
Zambia® 500 499 999
Total 1252 1299 1222 361 1657 4325 2140 610 12,866

? The tabulated numbers for these countries are the average numbers of LLINs included in each cross-sectional evaluation

b The tabulated numbers for these countries (where LLIN cohorts were analysed) are the numbers of LLINs included in the first follow-up. A few additional non-cohort

LLINs were included at subsequent time points in the analysis of overall LLIN use

LLIN brands under similar conditions. Each monitor-
ing programme assessed the attrition, physical integrity
and insecticidal activity of the LLINs at 6 or 12-month
intervals. At each assessment visit, a questionnaire was
administered to determine the presence or absence of the
LLINs and, if absent, to determine the reason the LLIN
was lost. Some questionnaires also assessed LLIN use
and washing, and in some studies other factors poten-
tially related to LLIN durability (incl. house type, number
of residents, presence of animals) were surveyed. Physi-
cal integrity was measured either in the field or in the
laboratory using LLINs that were destructively sampled.
In most studies, the holes were counted in size catego-
ries although in Kenya and Senegal, holes were individu-
ally measured. Most studies conducted the WHO cone
bioassays with the standard laboratory strain (Anopheles
gambiae Kisumu strain) although different studies tested
different locations on the LLIN. All countries performed
chemical analysis by gas chromatography (GC) or high-
performance liquid chromatography (HPLC), except for
Benin where a colorimetric test was used to measure sur-
face levels of insecticide on most LLINs and HPLC was
only used on LLINs with low levels of insecticide.

Attrition

Attrition of LLINs, the process whereby the cohort of
LLINs is reduced over time, was assessed by comparing
LLIN cohorts in successive surveys. LLINs identified as
missing with a reason of ‘destroyed; or repurposed (e.g.
for fishing) were considered to have been eliminated,
while LLINs identified as missing for other reasons (e.g.
stolen, given away or lost) were considered missing data
(lost to follow up) as stolen or lost LLINs could still be in
use elsewhere.

Studies in Angola and Mozambique deployed repeated
cross-sectional sampling, and the survival function was
calculated as the number of LLINs present, divided by
the number of LLINs present plus the number of LLINs

destroyed or repurposed. Studies in Benin, Kenya,
Malawi, Senegal, and Zambia, followed LLINs longitu-
dinally. Kaplan—Meier estimates were used to estimate
attrition by age of LLIN. A logistic regression Bayesian
approach was used to estimate the survival function sep-
arately for each site and LLIN brand, allowing for missing
data when the status was unclear such as when a LLIN
was not observed in a survey and/or the household was
not available at the time of the survey (see Additional
file 1).

LLIN use

In studies with a repeated cross-sectional design (Angola
and Mozambique), LLIN use, conditional on LLINSs being
present, was calculated as the number of LLINs reported
to have been used, divided by the number of LLINs pre-
sent. For each site, LLIN brand, and time point, the pro-
portion of all distributed LLINs in use was calculated by
multiplying the proportion in use conditional on pres-
ence by the proportion still present up to that time (from
the attrition analysis). These proportions were jointly
estimated in a Bayesian hierarchical model.

In the longitudinal studies in Kenya, Malawi, Senegal
and Zambia, the same LLIN was observed on one or
more follow up visits. Accordingly, LLIN use conditional
on a LLIN being present was analysed with LLIN-level
random effects, accounting for non-independence of
observations (using a Bayesian model described in Addi-
tional file 1). In the Benin study, information on use was
elicited only when collecting sampled LLINs, so each
LLIN was observed only once.

Physical integrity of LLINs

Where available, data on the numbers of holes in LLINs
were converted to total holed area (in cm?) using published
conversion factors for elliptical holes [12]. The distribu-
tion of hole sizes in the whole LLIN cohort was estimated
by fitting normal distributions to the log,(1 + holed area),
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with the mean and variance varying by use-status, LLIN
brand and country. LLINs that had additional unquanti-
fied damage (e.g. when seam failures were recorded or
where parts of panels of LLINs were missing) were treated
as right-censored observations. Example code for this
analysis is provided in Additional file 1.

Insecticide content and insecticidal effects

Standard HPLC and GC methods were used to measure
the active ingredient content of sampled LLINs from a
subset of the surveys. Cone bioassays [13] were applied
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the probability that a mosquito enters a hut (P,,;) were
derived from a study of effects of washing LLINs on hut
entry [17]. Data from mosquito release—recapture assays
in huts in Benin [18] were used to estimate how the prob-
abilities of attacking (Pg), of pre-prandial (Pp,), and of
post-prandial killing (Pc,,) for both susceptible An. gam-
biae s.s. Kisumu strain and resistant An. gambiae sensu
lato (s.l.) (Akron) depend on insecticide content and
holed surface area in PermaNet 2.0 nets. This analysis led
to a series of logistic models for each of these parameters
as functions of the holed surface area, H, in cm?, and the
insecticide, X, of content [X] in mg/m?

log it(Pet (X)) = Boent + Brensy In[X + 1]

log it(Pus (X, H)) = Boatt + Praee In (H + 1) + Boany In [(X) + 1] + B34y In [(X) + 1] In (H + 1)
logit(Pp, (X, H)) = Bogu + BrauIn (H + 1) + Bopuy In[(X) + 1] + B3 puy In [(X) + 1] In (H + 1)
logit(Pcu (X, H)) = Bocp + BrepIn (H + 1) + Bocuy In[(X) + 1] + B3,cy In [(X) + 1] In (H + 1)

to estimate the corresponding insecticidal effects. For
each LLIN brand in each country, logistic regression
models were fitted separately, relating the proportion of
mosquitoes dead in the cone bioassays to the logarithmi-
cally transformed active ingredient content. These mod-
els were used to standardize active ingredient content by
translating them onto a scale of lethality in cone bioas-
says, and mapping this onto the corresponding equivalent
for a standard LLIN brand (PermaNet 2.0) (for details see
Additional file 2). The models were again fitted using a
Bayesian Markov chain Monte Carlo (MCMC) algorithm.
This provided point and interval estimates for the factors
scaling the active ingredient content to the standard, for
each LLIN brand and for each country (Kenya, Malawi,
Mozambique, Senegal and Zambia) that provided bio-
assay data for multiple LLIN brands including PermaNet
2.0. In a further analysis the data from all countries were
combined to provide a single scaling factor for each LLIN
brand (Additional file 2).

Impact on vectorial capacity

A discrete-time mathematical model of malaria in mos-
quitoes [14] was used to make predictions of the impact
of a LLIN on VC of the mosquito population as a function
of the standardized active ingredient content, and the
holed area of the LLIN. Previously published parameters
were used to obtain estimates of VC from a model of the
feeding cycle for Anopheles gambiae sensu stricto (s.s.) in
the absence of intervention [15, 16]. This model captures
the reduction in VC by LLINs as increases in mortality
at different stages of the feeding cycle and extension of
the duration of the cycle as a result of deterrence. These
effects were parameterized with data from multiple
experimental hut studies. The values for the effects on

where y is the factor used for scaling the insecticide con-
tent for the different LLIN brands against PermaNet
2.0 (see Additional files 1, 2, 3). H,,,. is substituted for
H to calculate the values for an unprotected human, and
deterrence is captured by the effects on the availability of
LLIN users to mosquitoes, relative to non-users:

a Pt (X, H)Pept (X)

a(0)  Pus (0, Hynax) Pent (0)

Further details, including the parameter estimates, are
provided in Additional file 2, and in the appendix to the
analysis of the original hut trials from Benin [18].

Estimates of the impact of LLINs on VC over time used
the estimates of Py, Pas, Ppy and Pcy, for the specific
case where (1) enough LLINs were distributed to provide

Physical integrity

v Effect on
malaria

transmission

\ b”
Insecticidal
Activity

Fig. 1 Causal diagram for factors determining the effects of LLINs on
malaria transmission. Solid lines indicate the main causal relationships
between the measured quantities; dashed lines indicate which
factors impact malaria transmission (via relationships estimated from
experimental hut data and captured in the mathematical model)
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100% (general) population access, (2) access scaled lin-
early with LLIN survival and use, and (3) no other LLINs
were present in the population. A schematic of the ana-
lytical approach is provided in Fig. 1.

In order to estimate the importance of attrition, non-
use, physical decay, and chemical decay, the effect on VC
was calculated for a series of counterfactual scenarios in
which different components of net decay (attrition, use,
insecticide decay and decay of physical integrity) were
precluded in turn, while keeping other properties as in
the field surveys. Thus, in the counterfactuals, inter-
actions between the components were not taken into
account.

Software

Where practicable, Bayesian models were used to fit sta-
tistical models to the data using MCMC algorithms to
estimate each average quantity by LLIN brand and sur-
vey. This made it possible to propagate the statistical
uncertainty at each stage through the analyses, allowing
for variation in the physical and chemical status of LLINs.
Models were fitted using the software JAGS [19], called
from the software platform R (version 3.6.2) [20]. Details
are provided in Additional files 1, 2, 3. The variance com-
ponent analysis was carried out using a restricted maxi-
mum likelihood (REML) algorithm in the R variance
component analysis (VCA) package. The mathemati-
cal model of Chitnis et al. [14] was implemented in R as
described previously [15].

Results

Temporal decay is evident for each factor considered
in the study, but the patterns of attrition, use, physical
decay, and loss of insecticide from LLINs are very differ-
ent (Figs. 2 and 3, and Additional file 2: Figs. S1-S5).

Average survivorship (1-attrition) of LLINs by country
follows convex curves (Fig. 2a), in contrast to exponential
decays (which would be concave). Country-specific vari-
ation in average attrition is evident, with the most rapid
attrition in Benin, and the slowest in Kenya (Table 3).
Patterns of attrition varied more strongly depending
on the country than depending on the LLIN brand, and
LLINs of the same brand varied between countries (see
Additional file 2: Fig. S1). This is confirmed by variance
component analysis (Table 4), which indicated that the
proportion of the variation in attrition due to differences
due to country was 4.6 times more important than differ-
ences due to net brand.

LLIN use was assessed both as the proportion of LLINs
used the last night out of LLINs present in the house-
hold (extant nets), and as the proportion of LLINs used
the last night out of the original LLIN cohort, thus taking
attrition into account. In contrast to patterns of attrition,
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patterns of use of the LLINs over time (Fig. 2b) did not
show any clear overall temporal pattern, and the ranking
of countries is different, with Malawi and Zambia show-
ing high use, and Mozambique the lowest (Table 3). As
with attrition, differences in overall use between LLIN
brands were less clear than were the differences between
countries (see Additional file 2: Figure S2 and analysis)
and variance component analysis (Table 4), shows that
the proportion of the variation in use due to differences
due to country was 4.4 times greater than differences due
to net brand.

The specific LLIN brands that were in use did not show
clear relationships with the corresponding rates of attri-
tion. Interceptor nets (polyester, coated nets) had the
highest average use, and LifeNet the lowest (polypropyl-
ene, incorporated nets), but the ranking of LLIN brands
by use differed by country. There is no obvious explana-
tion for the patterns. However, in most cases there was
a clear decrease with age of LLIN in the proportion of
the original cohort of LLINs that were used (Fig. 2c and
Additional file 2: Fig. S3 and analysis). In some countries,
such as Malawi, there was an initial increase in use of
cohort LLINs over time, which could arise if LLINs from
an earlier distribution were available, and the new LLINs
only came into use as the previously distributed LLINs
were subject to attrition.

The holed area of those cohort LLINs in use var-
ied considerably between country, but in each country
increased over time approximately exponentially for
the first 3 years (ie. approximately following straight
lines in Fig. 2d). In the follow-up from 42 to 48 months
in Kenya (the only country with 4-year follow-up) there
was no further increase in average holed area. Within
countries, different net brands generally had similar pat-
terns of physical decay (see Additional file 2: Fig. S4 and
analysis). As with LLIN attrition and LLIN use, variance
component analysis (Table 4) indicated that the propor-
tion of the variation in holed area due to differences due
to country was larger than differences due to net brand,
although only 1.8 times larger.

In contrast to this evidence for increasing rates of
physical damage over time, there was generally a slower
decline in the measured levels of the active insecticidal
ingredients (Fig. 3 and Additional file 2: Fig. S5), with
rather stable differences between LLIN brands in average
content of active ingredients, indicating chemical stabil-
ity. Four of the net products had average insecticide con-
tent>50% of the target dose after 3 years and none had
lost more than 75% of their target dose. The differences in
average content between LLIN brands are largely a result
of the different active agents (Table 5), but the relation-
ships between the proportion of dead mosquitoes in cone
bioassays with the insecticide content varied considerably
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a Survival of nets

b Use of extant nets

C Original cohort in use

resistant mosquitoes (f), by country

1.00 1.00 1.00
0.754 0.754 0.754
0.50 1 050 1 0-50 | %
0.254 0.254 0.25 4
0.00 4 0.00 A 0.00
T T T T T T T T T T T T T T T T T T T T T T T T
6 12 18 24 30 36 42 48 6 12 18 24 30 36 42 48 6 12 18 24 30 36 42 48
d Mean of In(1 + holed area in sq. cm) € VC Reduction- susceptible vectors f VC Reduction- resistant vectors
1.00 1.00
0.754 0.754
4.0
0.50 0.50
Country
== Angola
2.04 =8=Benin
== Kenya
i == Malawi |
0.25 =} Mozambique 0.25
=#= Senegal
== Zambia
0.04 0.00 A 0.00
6 12 18 24 30 36 42 48 6 12 18 24 30 36 42 48 6 12 18 24 30 36 42 48
Month

Fig. 2 Survival (1-attrition) (a), use of nets currently in the household (b), proportion of original cohort of nets in use (c), mean of the natural log of
estimated hole area (d), reduction in vectorial capacity of pyrethroid susceptible mosquitoes (e), and reduction in vectorial capacity of pyrethroid

among countries for the same LLIN brand, with regres-
sion coefficients for e.g. PermaNet 2.0 varying between
1.34 and 2.70, a two-fold difference (Additional file 2).
However, the ratio between the coefficients of specific
LLIN brands and that of PermaNet 2.0 was more repro-
ducible across country studies, with at maximum a 1.38-
fold difference. This would suggest much of the mortality

effects are user dependent and may reflect differences in
the mosquito strains tested, differences in their rearing
practices or differences in the performance of the bioas-
say (i.e. people may be less gentle with the mosquitoes
when transferring from cone to paper cup or insectary
conditions such as temperature or humidity may affect
mortality) but these differences were consistent by LLIN
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Fig. 3 Persistence of active ingredients by LLIN brand

brand within the same country/lab. Since the differences
between countries in bioassay results are thus likely to be
an artefact, this outcome was not included in the vari-
ance component analysis (Table 4).

The lack of consistency in bioassay results justifies
the use of PermaNet 2.0 as a standard for comparison
of insecticidal effects of different LLIN brands, and of
the straight-line calibration curves (Fig. 4). Differences
in the calibration curves may reflect differences in the

LLIN material and consequently the release rate of
insecticide. For example, PermaNet 2.0 is a coated tech-
nology with insecticide held in a resin coating on the
fibers; NetProtect was polyethylene where insecticide is
incorporated in the fibers and much of the insecticide
may be unavailable to contact and kill mosquitoes.

The parameterization of the model for predicting
impacts on VC of pyrethroid sensitive An. gambiae is
described in detail elsewhere [15]. House entry depends
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Table 3 Average status at 24 months
Country Survival of LLINs  Proportion Proportion of original  Mean of In(holed VC Reduction VC Reduction
of extant LLINs LLIN cohort being used areain sq.cm) -resistant -sensitive
being used mosquitoes mosquitoes
Angola 0.749 (0.034) 0.564 (0.045) 0.332(0.038) 3.673(0.239) 0.549 (0.047) 0.844 (0.032)
Benin 0.686 (0.014) 0.793 (0.031) 0.545 (0.024) 4.069 (0.187) -
Kenya 0.977 (0.003) 0.808 (0.007) 0.790 (0.007) 2329(0.183) 0.904 (0.005) 0.987 (0.002)
Malawi 0.940 (0.005) 0.853 (0.009) 0.801 (0.010) 3427 (0.235) 0.882 (0.006) 0.989 (0.001)
Mozambique  0.950 (0.015) 0.351 (0.037) 5(0.034) 4.037 (0.321) 0.382 (0.048) 0.739 (0.040)
Senegal 0.958 (0.005) 0.509 (0.016) 0476( 16) 2200 (0.098) 0.592 (0.015) 0.885 (0.011)
Zambia 0.795 (0.015) 0.898 (0.015) 3(0.018) 3.930(0.092) 0.928 (0.007) 0.997 (0.001)

Tabulated values are averages across all LLIN brands weighted in proportion to their representation in the cohorts (Table 2). Values in parentheses are standard errors

of the means. In() = natural logarithmic transformation

Table 4 Variance component analysis of differences between countries, LLIN brands and survey periods in factors

contributing to durability

Source of variation

Country LLIN brand Time period Country: time period LLIN brand:
interaction time period
interaction
Survival of LLINs?
o’ 1.1 (0*-3.2) 0.2 (0*-0.6) 2.8 (0*-6.7) 2.2(0.6-3.8) 04 (0*-0.8)
%Total 14.6 32 36.0 279 52
Use of extant LLINs®
o’ 15.6 (0*-35.8) 3.6 (0%-8.3) 0.5 (0*-2.4) 14 (0*-4.2) 0.0 (0*-0.0)
%Total 473 10.8 43 0*
Original cohort LLINs in use®
o? 10.7 (0%-25.2) 32(0%-74) 6.6 (0%-15.2) 2.0(0*-5.1) 0* (0.0-0.0)
%Total 33.0 9.8 20.3 6.2 0*
Mean of Logarithm of holed area
o’ 0.7 (0*-1.6) 04 (0*-0.9) 1.7 (0*-3.6) 0.0 (0%-0.1) 0.0 (0*-0.1)
%Total 215 123 526 1.1 1

o2 Estimate of variance component (95% confidence intervals); %Total is the percentage of the total variance in the outcome

*The REML algorithm constrains the estimates of variance components to be positive. Values of zero are substituted where the algorithm did not converge on a

positive value
2 Proportions analysed on a logit scale

on insecticide content (but not on the integrity of the
LLINs). Perhaps counterintuitively, resistant mosqui-
toes are more easily deterred from entry than sensitive
mosquitoes (Additional file 2: Fig. S9). The effects on
pre-prandial and on post-prandial killing are stronger
at lower insecticide content with sensitive mosquitoes
compared to resistant mosquitoes (Fig. 5). With sensi-
tive mosquitoes (but not resistant ones) there is satura-
tion of both mortality and deterrent effects well below
the target insecticide content for PermaNet 2.0. This is
consistent with the effect of resistance being to require
more insecticide to achieve the same physiological effect.
Holed LLINS are less effective in killing mosquitoes (even

in experimental settings where holes and insecticide
content are independent), so the curves for holed LLINs
are consistently to the right of those for intact LLINs for
killing effects, while holes make the human host more
available to mosquitoes. At target insecticide content,
there is little difference in effects between intact LLINs
and LLINs with substantial holed area on sensitive mos-
quitoes (Fig. 5), but damage to LLINs is more impor-
tant when the mosquitoes have acquired pyrethroid
resistance.

The analysis of counterfactuals suggests that increas-
ing use of LLINs—regardless of their physical or insec-
ticidal condition—would be the most promising way
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Table 5 LLIN target insecticide content levels and scaling factors

LLIN brand Insecticide Target active agent content Scaling factor (y) (95% Cl)
(mg/m?)

DawaPlus 2.0 Deltamethrin 80 1.00 (0.98-1.01)
DuraNet Alphacypermethrin 261 1.04 (1.02-1.07)
Interceptor Alphacypermethrin 200 0.68 (0.67-0.69)
LifeNet Deltamethrin 340 0.99 (0.94-1.05)
NetProtect Deltamethrin 68.1 0.83 (0.82-0.84)
Olyset Net Permethrin 1000 0.35(0.35-0.36)
*PermaNet 2.0 Deltamethrin 55 1

PermaNet 3.0 lower side panels Deltamethrin 85 2.32(2.24-2.40)
PermaNet 3.0 upper side panels Deltamethrin 85 2.09 (2.02-2.16)
PermaNet 3.0 top panel Deltamethrin and PBO 121 1.02 (0.99-1.05)

* Reference LLIN brand

12.5
In(Concentration + 1) (mg/sq.m)

Fig. 4 Lethality in cone tests and calibration of active ingredient content. The lethality and calibration curves are shown only for four specific LLIN
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to achieve greater impact in most of the study settings
(Table 6 and Table 7). The direct effect of preventing
chemical or physical decay accounts for a much smaller
proportion of the loss over time in effect on VC. For
susceptible mosquitoes, 65-96% of the residual trans-
mission as measured by VC could be prevented by
achieving 100% usage of nets. In all countries, the cred-
ible intervals did not overlap zero. In contrast, 5-62%
of residual VC could be prevented by maximizing phys-
ical integrity of nets, —50-80% could be prevented by
maximizing insecticidal activity and —3-72% could be
prevented by minimizing attrition of the LLINs. The

credible interval for these estimates overlapped zero in
most cases except for physical integrity in Malawi and
Zambia, insecticidal activity in Benin and attrition in
Angola, Kenya and Malawi. Similar trends in the anal-
ysis of counterfactuals were observed for pyrethroid
resistant mosquitoes (Table 6). The impact of prevent-
ing LLIN insecticide decay was larger than the impact
of preventing physical decay for five out of eight LLIN
brands. For Olyset Net, DuraNet and PermaNet 3.0, the
direct impact of preventing physical decay was gener-
ally larger (yet the impact of preventing physical decay
was not significantly different from zero for DuraNet
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Fig. 5 Predicted entomological effects of holed and intact LLINs. a Pyrethroid resistant mosquitoes. b Pyrethroid sensitive mosquitoes. The vertical
black line corresponds to the target active agent content for PermaNet 2.0. The continuous lines correspond to intact LLINs and the dashed lines to
LLINs with a holed area of 50 cm? The effect size, on the vertical axis is the proportion by which availability of humans to mosquitoes is reduced, or
killing of mosquitoes increased, when the LLIN is in use

Table 6 Proportion of residual vectorial capacity of susceptible An. gambiae s.I. prevented by improving LLIN durability
properties, by country

Country LLIN brand Sem. Intact scenario Target content scenario Maximum use scenario Maximum survival scenario
Angola 1 2,40.05(—0.82t0043) 0.00(—091t0042) 0.82 (0.62t0 0.91) 0.73 (04210 0.87)

Benin 5 1,2036 (—=0.29t0 0.66) 0.80 (0.55 to 0.90) 0.65 (0.551t0 0.74) 0.24 (10 0.39t0 0.53)

Kenya 1,2,3,4,56,7 2,4,6,80.11(—001t00.22) —0.52(—0.801t00.30) 0.89 (0.86 t0 0.90) 0.26 (0.16 t0 0.36)

Malawi 2,3,4,5,6 2,4,60.29 (O 11t0042)  0.16(—0.04t00.32) 0.72 (067 t0 0.77) 0.39(0.24t0 0.51)
Mozambique 56 2,4,60.06(—033t00.31) 007 (—0.34t00.33) 0.96 (0.94 t0 0.97) 0.03 (—041100.25)

Senegal 1,4,56,8 12,34,56013(=0.17t00.26) 0.09 (—0.19t0 0.21) 0.92 (0.91 t0 0.93) 0.03 (—=0.27 10 0.16)

Zambia 56 2,40.62(0.23t00.79) 0.26 (—0.24t00.52) 0.81(0.74t0 0.86) —0.03(—062t00.31)

Numbers within parentheses are 95% credible intervals. Cells highlighted in green have credible intervals entirely above zero. LLIN brands are coded as 1 =DawaPlus
2.0, 2=DuraNet, 3 =Interceptor, 4 =Netprotect, 5=0Olyset Net, 6 = PermaNet 2.0, 7 =PermaNet 3.0 and 8 =LifeNet. Sem.= semester (6 month period)

Table 7 Proportion of residual vectorial capacity of resistant An. gambiae s.l. prevented by improving LLIN durability
properties, by country

Country LLIN brand Sem. Intact scenario Target content scenario Maximum use scenario Maximum survival
scenario

Angola 1 2,4—002(—051t0027) 0.22(—0.17t0045) 0.63 (042 t0 0.76) 0.54 (0.28 t0 0.69)
Benin 5 1,20.24(—0241t00.52) 0.36 (0.01 t0 0.56) 0.61(0.52t0 0.67) 020( 0.29 to 0.46)
Kenya 1,2,3,4,56,7 2,4,6,80.07 (—0.021t00.15) 0.08 (—0.01t00.17) 0.80 (0.78t0 0.82) 21(0.13t00.27)
Malawi 2,3,4,5,6 2,4,6022 (O10toO3W) 0.28 (0.18t0 0.37) 0.60 (0.57 t0 0.63) 0.30 (O19t0038)
Mozambique 56 2,4,60.02(—0.13t00.15) 0.17 (0.04t0 0.27) 0.83 (0.80t0 0.85) 0.03(=0.11t0 0.14)
Senegal 1,4,56,8 1,2,3,4,560.10(—0.04t00.17) 0.08 (—0.02t0 0.15) 0.86 (0.85 t0 0.87) 0.03 (— 0.10t0 0.10)
Zambia 5,6 2,40.65 (046 t0 0.77) 0.34(0.14t0 047) 0.57 (0.50t0 0.63) —0.01(=030t00.19)

Numbers within parentheses are 95% credible intervals. Cells highlighted in green have credible intervals entirely above zero. LLIN brands are coded as 1 =DawaPlus
2.0, 2=DuraNet, 3 =Interceptor, 4 =Netprotect, 5= Olyset Net, 6 =PermaNet 2.0, 7=PermaNet 3.0 and 8 =LifeNet. Sem.=semester (6 month period)
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and PermaNet 3.0 in any of the studies). However, this
analysis does not allow for the indirect effect of either
kind of decay on LLIN use or attrition (Fig. 1).

Discussion

LLINSs can lose effect over time because of attrition, non-
use, physical damage, and loss of insecticidal effect, and
these factors are not independent. They interact causally
in ways that are not entirely obvious (Fig. 1). This paper
is the first to pool data from multiple field studies of
these factors to examine trends in durability across LLIN
brands and countries. The primary conclusion is that
while factors related to the classic three elements of LLIN
durability (attrition, physical integrity, insecticidal activ-
ity) may contribute to non-use of LLINS, it is the (non-)
use of LLINs that has the strongest effect on reducing
VC.

The quantification of effects on VC provides a single
metric for comparing the importance of these various
factors. The analysis of counterfactuals suggests that
increasing use of LLINs would be the most promising
way to achieve greater protection from LLINs against
malaria in most of the study settings. There is relatively
little to be gained by further improving LLIN chemi-
cal durability because the LLINs are manufactured with
active ingredient content well in excess of those at which
the entomological effects saturate, and prolonged use
in the field does not seem to lead to substantial loss of
insecticidal effect. This conclusion holds even with levels
of pyrethroid resistance observed in west African mos-
quito populations in 2006—2007 [21], which probably bet-
ter reflect current levels of resistance across sub-Saharan
Africa than do the fully susceptible mosquitoes. How-
ever, it would be useful to update the estimates of effect
for resistant mosquitoes in experimental hut studies to
reflect the increases in the frequency and intensity of
resistance [22] to test whether this conclusion still holds
under current levels of pyrethroid resistance as recent
field studies indicate a substantial impact on malaria bur-
den among users of synergist LLINs compared to stand-
ard pyrethroid only LLINs [23].

The physical durability of LLINs also appears to be
unimportant in this analysis of the direct entomological
effects of factors of decay, presumably because the (slowly
decaying) pyrethroids still have sufficient deterrent and
killing effects to counteract the effects of the physical bar-
rier decaying. However, as physical damage to LLINs is
an important driver of attrition and non-use [7, 24], then
the analysis of counterfactuals understates its overall
contribution to loss of effect. The lack of increase in hole
area in nets in Kenya from 42 to 48 months after distribu-
tion suggests that the surviving LLINs at that stage may
be a selected, well-cared-for subset. More generally, there
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is a need to extend this approach both to account for the
causal relationships between the different factors (Fig. 1),
access to alternative LLINs, whether already present in
the household or available elsewhere, and selection bias
resulting from disproportionate attrition of LLINs that
are in poor condition (see Fig. 1).

LLIN use may be affected directly by the classical
components of LLIN durability. For most of the country
studies, the analysis of LLIN cohorts provides a way of
separating out effects of attrition and use of LLINs, but
these two factors interrelate. LLIN survivorship is an
important precondition for use, but LLINs that are used
less often may decay less and survive longer because they
wear out more slowly than LLINs that are used more
often. So, LLIN attrition, on its own, is a poor measure
of programmatic success. Only LLINs that are being
used can contribute to malaria transmission control,
and LLINs that are present in households but are stored
away and remain in good condition are useless until used.
LLIN use, in addition to depending on presence, physi-
cal and chemical status of LLINs, depends on a plethora
of factors including product quality, geographically spe-
cific use practices, knowledge about their benefits, and
seasonally varying factors such as mosquito nuisance lev-
els, temperature and humidity which impact the comfort
level inside a LLIN [25-29]. Also, LLINs may be tempo-
rarily unavailable due to washing or travel.

These LLIN durability studies followed a cohort of
newly distributed LLINs continually from distribution or
shortly thereafter until the study LLINs were lost to fol-
low up, without systematically tracking physical integrity,
chemical content and use of non-cohort nets already pre-
sent in the population at cohort distribution or coming
into the population after cohort distribution. Therefore,
studies with these designs are not informative about the
influence of other (non-cohort) LLINs in the household
on use. As such data on non-cohort nets were not avail-
able, in the calculations of this pooled analysis it was
assumed that when present cohort LLINs were not used,
no alternative (non-cohort) nets were used instead, thus
potentially overestimating the gains that could be made
by increasing use. Similarly, the calculations may have
overestimated the gains that could be made by averting
attrition of LLINS, since attrition can in reality corre-
spond to replacement by new non-cohort nets.

One general finding from the prospective cohorts is
that LLINS start early to accrue damage, and holed areas
increase exponentially as they age and use declines (anal-
yses that are not possible with data from cross-sectional
surveys such as DHS, MIS and MICS, which do not gen-
erally collect data on LLIN physical integrity or chemi-
cal content). However, this does not tell us how much
the accrual of holes is a consequence of use of the LLINs.
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Nor is it clear how much damage contributes to attrition
and/or decline in use. Most studies do not cite damage as
an important reason for non-use [25], though there are
exceptions [30]. This could be because severely damaged
LLINs are repurposed or discarded, i.e. contributing to
attrition rather than non-use. Household acquisition of
additional LLINs during the study periods was not sys-
tematically recorded in these studies, but some of the
cohort LLINs were taken out of use because newer, non-
cohort LLINs became available and this has been shown
to be an important determinant of attrition rates [31-33].
Chemical decay is evidently not an important reason for
either attrition or non-use, since for the LLIN brands
included in this investigation, the insecticidal effects are
generally retained through 3 years (Fig. 3). Accordingly,
this potential effect on attrition is not included in Fig. 1.

Attrition shows complex patterns of variation between
LLIN brands and countries and it is not possible to char-
acterize products as consistently underperforming or
over performing in terms of attrition. It is possible that
the intense study follow-up may have resulted in some
household members delaying the discarding of their
LLINs, resulting in lower LLIN attrition. Attrition in
Angola and Mozambique, where there were no repeated
follow-up visits, is among the highest. However, impor-
tant differences even for the same product were observed
among countries that used similar methodology, indicat-
ing that the variation between countries in attrition is
unlikely to be an artifact of differences in study design.
Benin (with longitudinal follow up), had LLIN attrition as
high as in Mozambique after 2 years.

The pooled analysis gives an overall impression that
patterns of use of different LLIN brands vary locally.
Local differences in knowledge, attitudes, climate, house
architecture, socioeconomic status or availability of alter-
native LLINs could all contribute to such variation. In
most countries, direct comparison of the use of differ-
ent LLIN brands was impossible because of confound-
ing with geographical region. For instance, in Senegal,
Olyset Net and LifeNet were each distributed to separate
areas, while three other products were mixed within the
same villages. Olyset Net and LifeNet showed very differ-
ent temporal use patterns from the other three products,
which had similar use patterns amongst themselves.

The lack of information on the availability and use of
alternative non-study nets might bias the results. While
the current study suggests that LLIN use is possibly the
predominant limiting factor of the impact of LLINs on
VC, this needs to be studied in designs that allow for
tracking the use of alternative nets either already present
in the household upon distribution of a new LLIN cohort,
or entering the household during the course of the study
after the distribution of the cohort being followed.

Page 13 of 15

Monitoring of all the different factors of LLIN durabil-
ity remains important for national malaria control pro-
grammes. First, monitoring serves as a check to ensure
that high quality LLINs are distributed in their countries.
Second, LLIN monitoring is intended to guide national
malaria control programmes on the optimal products for
their countries as well as the optimal strategies to dis-
tribute those products. New LLIN products designed to
address increasing pyrethroid resistance in vector popu-
lations are increasingly available. However, their perfor-
mance under field conditions has not been thoroughly
evaluated to determine their duration of effectiveness.
Last, given that specific components of LLIN durability
may affect LLIN use, continued monitoring—with input
from social and behaviour scientists—may help to further
define the most important parameters related to LLIN
durability.

One advantage of this study is that it combined data
from multiple countries using different LLIN brands to
estimate overall trends in LLIN durability and use and
how these contribute to the modeled impact of LLINs
on malaria transmission as measured by VC. The large
pooled sample size allowed for analysis of trends across
different countries and LLIN brands that would not
have been possible to do with individual country data.
However, there are several caveats to this approach.
First, the studies included were often of different design
and utilized questionnaires that incorporated different
questions or similar questions that were asked slightly
differently. The data were combined with extensive con-
sultation to ensure that they were as similar as possible.
In many cases, this resulted in other explanatory varia-
bles (e.g. washing frequency and method, bed type) being
dropped from the pooled analysis as they were only pre-
sent in some studies. Second, modeling of the effect on
VC relied on experimental hut data from 2012. Given the
recent spread and intensification of pyrethroid resistance
[22], updated data would help to refine the analysis, par-
ticularly for areas with high levels of pyrethroid resist-
ance. Updated data should also include the impact of
PBO or next generation LLINs which have increased effi-
cacy against pyrethroid resistant mosquitoes. Lastly, the
interrelations between components of LLIN durability
and LLIN use need further elaboration to guide national
malaria control programmes in developing strategies to
maximize use.

Conclusion

Both attrition and use of LLINs show substantial varia-
tion between countries, surveys, and LLIN brands, with
more variation between countries than between LLIN
brands. Given strong spatial variation in LLIN durability
components, sometimes even among geographical sites
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within countries, future durability and cost-effectiveness
studies aiming to compare LLIN products should rand-
omize product-distributions within the same study com-
munities. Low levels of use may reduce the potential
impact of LLINs on transmission substantially, and vari-
ation in use may have a larger impact than variation in
attrition per se. The entomological effects of chemical
decay appear to be relatively small, while physical decay
of LLINs may well be more important as a driver of attri-
tion and non-use than as a direct cause of loss of effect of
the LLINs. To maximize the cost-effectiveness of LLIN,
emphasis should be on increasing use, though further
research is needed to better understand how specific
components of LLIN durability, as well as the timing and
size of LLIN replenishment opportunities, may contrib-
ute to (non-) use of LLINs. Future studies should collect
data on the presence, influx and use of non-cohort nets
to provide important context for LLIN durability results.
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