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Abstract

Background: Malaria control in Liberia depends upon universal coverage with pyrethroid-impregnated long-lasting
insecticidal nets (LLINs). Despite regular mass distribution, LLIN coverage and usage is patchy. Pyrethroid resistance in
malaria vectors may further reduce LLIN efficacy. Durable Wall Lining (DWL), a novel material treated with two non-
pyrethroid class insecticides, was designed to be installed onto the surface of inner walls, and cover openings and
ceiling surfaces of rural houses.

Objectives: Aim: To determine the malaria control efficacy of DWL.
Primary objective: To determine if DWL has an additional protective effect in an area of pyrethroid resistance.

Secondary objectives: To compare surface bio-availability of insecticides and entomological effectiveness over the
study duration.

Design: A cluster randomized trial.
Participants: Children aged 2-59 months.
Control arm: 50 houses per 20 clusters, all of which received LLIN within the previous 12 months.

Active arm: 50 houses per 20 experimental clusters, all of which received LLINs with the previous 12 months, and
had internal walls and ceilings lined with DWL.

Randomisation: Cluster villages were randomly allocated to control or active arms, and paired on 4 covariates.
Main outcome measures: Primary measure: Prevalence of infection with P falciparum in children aged 2 to

59 months.

Secondary measure: Surface bioavailability and entomological effectiveness of DWL active ingredients.

Results: Plasmodium falciparum prevalence in active clusters after 12 months was 34.6% compared to 40.1% in con-
trol clusters (p =0.052). The effect varied with elevation and was significant (RR=1.3, p=0.022) in 14 pairs of upland
villages. It was not significant (RR=1.3, p=0.344) in 6 pairs of coastal villages. Pooled risk ratio (RR) was calculated in

SAS (Cary, NC, USA) using the Cochran—-Mantel-Haenszel (CMH) test for upland and coastal cluster pairs. DWL efficacy
was sustained at almost 100% for 12 months.
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include large gable and eve openings.

448745

Conclusions: Findings indicate that DWL is a scalable and effective malaria control intervention in stable transmis-
sion areas with pyrethroid-resistant vectors, where LLIN usage is difficult to achieve, and where local housing designs

Trial registration ClinicalTrials.gov identifier: NCT02448745 (19 May 2015): https://clinicaltrials.gov/ct2/show/NCT02
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Background

Controlling malaria vectors in sub-Saharan Africa is a
daunting task, and is now made more difficult with the
development of pyrethroid resistance. The slow pace of
bringing new insecticides to market requires new think-
ing around insecticide delivery to target indoor-biting
Anopheles mosquitoes. One such proposal is the use of
durable, insecticidal wall liners (DWL) [1]. DWL could
provide several advantages over long-lasting insecticidal
nets (LLINs) and indoor residual spraying (IRS). Like
IRS, DWL covers surfaces where mosquitoes rest, but
insecticide-impregnated plastics overcome the prob-
lem of deterioration of indoor wall surfaces. Like LLINS,
DWL can be deployed to intercept host-seeking mosqui-
toes, but is installed well away from sleeping children,
thereby reducing their contact with the active ingredi-
ents. Currently, the evidence for DWL for malaria control
is limited to assessments of the feasibility of installation
at small scales as well as hut trials [1-6].

The forerunner of DWL, insecticide-treated plastic
sheeting (ITPS), was first developed in emergency set-
tings where insecticidal materials were needed for dis-
placed persons [7, 8]. In this setting, LLIN usage is often
hampered by lack of shelter, so providing shelter that
doubled as a malaria control product was an attractive
innovation. Early ITPS trials in Afghanistan [7, 9] and
Sierra Leone [8] demonstrated efficacy against Anopheles
mosquitoes. In the case of the Sierra Leone study, instal-
lation of ITPS was associated with a marked reduction in
malaria incidence [8]. Subsequently, ITPS was tested in
more politically stable settings with disappointing results.
A trial of ITPS treated with a carbamate insecticide
found no benefit over background LLIN usage [10]. Simi-
larly, limited efficacy was observed in trials using ITPS
treated with a pyrethroid [11], and no additional protec-
tion was observed when organophosphate treated ITPS
was installed in houses, together with LLINs [6].

To extend the ITPS concept to permanent communi-
ties, insecticidal materials were developed to cover walls
and reduce entry by mosquitoes while maintaining air-
flow. These materials are distinct from ITPS and are
referred hereafter to as DWL. DWL can be deployed by
homeowners in a variety of ways, and can be thought of
as household improvement, a mosquito control approach

with a longstanding body of research [12, 13]. Using
DWL to prevent mosquito entry is a logical application
of its properties, yet few studies have been conducted to
test this idea, and much of the research to date has lim-
ited DWL installation to walls without covering eaves [3,
4]. Notably, the very first study of a rudimentary DWL in
1990 used insecticidal eave coverings made from locally
available burlap, and this resulted in reduced indoor bit-
ing [12]. Another similar application of DWL in Mozam-
bique tested 3 different DWL screening materials, which
were shown to be effective in reducing indoor biting
[14]. By covering eaves and gables, entry by host-seeking
Anopheles gambiae sensu lato (s.l.) and Anopheles funes-
tus was reduced. More recent research into the efficacy
of covering eaves with DWL suffered from lack of con-
sistency in installation and showed no effect [5]. Finally,
a related approach is the use of eave tubes, where locally
available bricks and plaster close the eaves, and insecti-
cide-treated tubes are installed [15, 16]. This creates an
area of focused human odours emanating from the house
where host-seeking mosquitoes come in contact with
insecticide. In Céte d’Ivoire, a cluster randomized trial of
eave tubes resulted in a dramatic reduction in indoor bit-
ing and malaria cases [16].

Although the use of insecticidal materials as eave and
wall coverings is not comprehensively studied, the exist-
ing data suggests that DWL deployed to intercept mos-
quitoes during entry through eaves and to cover walls
will kill mosquitoes during both host-seeking and indoor
resting phases of blood feeding. Mosquitoes attempting
to enter a DWL-protected house may: (1.) fail to enter
due to the mechanical barrier on the eaves; (2.) enter the
house through openings, but receive a dose of insecti-
cide during an exploratory period; or (3.) enter the house,
bite an occupant and rest on the insecticidal wall cover-
ing, thereby receiving a lethal dose of insecticide. Cover-
ing indoor surfaces with insecticidal materials exploits
resting behaviour following a blood meal; contact with
insecticidal materials on walls and ceilings is likely in the
hours following engorgement. DWL deployed as a wall
covering and eave covering, with minimal places of entry,
function similarly to LLINs by preventing biting and
exposing mosquitoes to insecticides during host-seek-
ing; the treated surfaces function like Indoor Residual
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Spraying (IRS) by placing insecticide on indoor surfaces
where mosquitoes are likely to rest.

Before the current study was implemented, a deltame-
thrin-impregnated shade cloth DWL similar to that used
in Mozambique [14] was found to be ineffective against
pyrethroid-resistant mosquitoes in Liberia [17]. In
response to this failure, a second prototype DWL prod-
uct was developed using a combination of fenpyroxi-
mate and abamectin. Together, these 2 insecticides were
expected to provide an effective approach against pyre-
throid resistant An. gambiae s.I. When fenpyroximate
abamectin DWL is provided in combination with pyre-
throid LLINS, three insecticide classes are delivered to
mosquitoes within the same house, potentially providing
a means of shifting the age class of indoor biting malaria
vectors, killing significant numbers of infectious mosqui-
toes, and thereby reducing malaria incidence.

Aim

To determine the efficacy of DWL with novel insecticides
as a malaria control measure in an area where malaria
vectors are resistant to pyrethroids, and transmission is
high to moderate.
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Primary objective

To determine if second generation DWL with a novel
insecticide has an additional protective effect against
malaria in an area where pyrethroid LLIN ownership is
common, but pyrethroid resistance and poor usage rates
hamper their efficacy. This will be measured by P. falcipa-
rum prevalence in under 5 s.

Secondary objectives
To compare the surface bio-availability of two new active
ingredients in DWL over the duration of the study.

Methods

Trial design

To test the efficacy of DWL in a region with high malaria
transmission throughout the year, a paired, randomized
controlled trial was conducted in 40 clusters in Bomi
County, Liberia (Fig. 1). Candidate clusters were iden-
tified from census data. The GPS data in each of the
3 districts was plotted as open circles at 1:80,000 and
examined for relatively isolated villages or groups of
villages. The number of occupants and their age was
recorded. If villages had less than 60 under 5 s, the map
was searched for nearby villages and these were added

Assessed for eligibility (n = 361) |
Enrollment
_| Excluded (n=319)
| Not meeting inclusion criteria (n = 319)
i Declined to participate/other (n = 0)
[ Randomized (n = 42) |
I L 1
e Alloce_lted to LLINs c_)nly (n =_21) AIIocgted to DL inst.allation _(n =21)
Received allocated intervention Received allocated intervention
(n=20, size: mean (SD) = 43.1 (12.0) (n=20, avg cluster size = 43.0 (12.2)
Did not receive intervention due to product Did not receive intervention due to product
shortage (n=1, size = 57) shortage (n = 1, size = 59)
v v
Follow-up
Lost to follow-up (n = 0) Lost to follow-up (n = 0)
Discontinued intervention (n= 0) Discontinued intervention (n= 0)
v v
Analysis Analysed (n=20, size: mean (SD) = 43.1 (12.0) HrElEE £n=20,_5|z.e: mean (SDZ: cen@za)
- o _ Upland n = 14, size: mean (SD) = 46.2 (17.3)
Upland (n = 14, size: mean (SD) = 47.7 (15.0) Coastal n = 6, size: mean (SD) = 41.6 (9.5)
Coastal (n = 6, size: mean (SD) = 46.2 (17.3) ’ ’ T
Fig. 1 Flowchart of study design—Bomi County, Liberia. Initially, 42 clusters were identified, each housing approximately 50 children and with
houses were spatially clustered. Participants were recruited in the 42 clusters for the baseline epidemiological survey. Two of the 42 clusters
subsequently became insecure and had to be removed. The remaining 40 clusters were matched based on P, falciparum prevalence, population
size, LLIN usage and district. Following random allocation to continued use of LLINs or use of LLINs plus DWL installation, 20 clusters were selected
to receive DWL. Analysis was conducted for all 40 clusters, and also separately for 28 upland clusters, and for 12 coastal clusters, to determine any
regional specific difference




Giesbrecht et al. Malaria Journal (2023) 22:15

to form a cluster with 2 or more villages. Each of these
villages was matched back to the raw data and the indi-
viduals under 5 years old were counted. If the village
had between approximately 60 and 100 children under
5, it was selected as a cluster. The study census data was
compared to a 1:90,000 Liberia Institute of Statistics and
Geo-Information Services (LISGIS) map of Bomi vil-
lages and health centres. Where selected clusters were
found on district or county borders, Google Maps satel-
lite view was searched to look for major population cen-
tres on the other side of the border. If these were found,
the cluster was excluded. Clusters less than 1 km away
from another cluster or close to large population centres
were excluded. Villages along main roads were generally
avoided since settlements tend to be scattered along the
road. A few villages along major roads were considered
to be fairly discrete population centres and were included
as clusters. From this census data, 42 clusters were iden-
tified that each housed approximately 50 children and
where houses were spatially clustered. Participants were
recruited in 42 clusters for the baseline epidemiological
survey. Two of the 42 clusters proved to be subsequently
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insecure or non-accessible due to the early stages of an
Ebola outbreak, and were removed.

Participants

All children aged 2 months to 59 months, with con-
senting parents, living in the selected clusters (villages)
spread across upland and coastal areas of Bomi County,
were deemed eligible for inclusion.

Intervention

Selected clusters (Fig. 2, Table 1) were randomly assigned
to receive DWL in addition to whatever LLINs were
already being used, or to act as controls, where no inter-
vention was provided other than the LLINs already in
use.

DWL was manufactured as a custom prototype by
Vestergaard Frandsen SA. This prototype was a non-
woven polypropylene impregnated with fenpyroximate
and abamectin which are chemicals previously used in
horticulture, but have not been applied to mosquito con-
trol. The non-woven material had no additional surface
treatments. Fenpyroximate is a NADH-coenzyme Q

11°W 10.9°W

30 km

10.é”W
Fig. 2 Map of the study area in Bomi County, Liberia. Control clusters are shown in grey, Active clusters are shown in red, pairing is shown with
black lines. The division between upland and coastal regions is shown with dashed orange line. Administrative boundaries were used to select
villages; no clusters were selected in the central administrative district. Inset: map of region, main map area shown as an orange rectangle
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Table 1 Epidemiological effect of DWL in 20 paired clusters Bomi County, Liberia. Paired clusters with their corresponding village
names and cluster numbers are shown along with whether they were randomized to receive DWL or not

Q\y Q\fo 0»\59 &6
Q"l« Y 04'1« Q"L
e \a bq& p N bq& 3 es&
. o & & & & Q°°\e & ?°°\0
' Pair ] Q& 0"0 Q(Q' @Q\ Q‘e @Q\ Q(e' V‘\‘?‘
Village Name Number DL Installed Region ) ® & O & O ) O

Big Geveh 1 No 0.468 0.431 0.303 0.427
Madina Levekai Yes 0.418 0.538 0.565 0.302
Junk-Sonodee ) No 0.800 0.632 0.457 0.629
Suehn Yes 0.780 0.278 0.214 0.243
Boakai 3 No 0.200 0.304 0.216 0.106
Kpakla Yes 0.400 0.320 0.417 0.206
Zuwah 4 No 0.357 0.571 0.370 0.275
Sumo Yes 0.500 0.241 0.404 0.225
Nyandehun Gwenpolu 5 No 0.242 0.292 0.517 0.391
Nyalowahun Yes 0.286 0.206 0.613 0.185
Gbai 6 No 0.727 0.633 0.519 0.767

Small Geveh Kanela Yes 0.613 0.517 ~ 0.386| . 0.450 n

Folley ; No 0.625 0.536 S 0639 0308 9

Gbojay Yes 2 0.647 0.214 7 0491 § 0310 ¢

Ngardor g No g_ 0.333 0.273 8 0.724 g 0.259 g

Kissi Yes 0.453 0.283 o 0.675| ¢ 0.204|

Besao . No 0373 0.565 & 0.500| & 0155 &
Damah Yes 0.286 0.292 0.438 0.244
Zarmeyan 10 No 0.520 0.606 0.214 0.471
Zui Yes 0.695 0.551 0.545 0.418
Budding 11 No 0.647 0.750 0.370 0.600
Dependent Yes 0.574 0.475 0.694 0.321
Bola 13 No 0.549 0.634 0.308 0.190
Beajah Yes 0.439 0.722 0.485 0.276
Zalakai 14 No 0.440 0.563 0.385 0.174
Barmore Yes 0.281 0.280 0.379 0.296
Bugbay 15 No 0.222 0.381 0.125 0.080
Dean Yes 0.167 0.353 0.462 0.263
Kpagbula 16 No 0.191 0.333 0.125 0.162
Vortor-Tombekai-Karnikoma Yes 0.220 0.170 0.321 0.073
Weajor 17 No 0.313 0.167 0.459 0.091

Gbanga-Kpah Yes 0.235 0.500 < 0.355| |, 0.111 .

Gomai Krusaw 18 No _ 0.236 0.189 § 0.262 E 0.100 g

Dagweh Yes 2 0.171 0.100 ¥ 0.265| & 0.042| &

Kalagban Bonah No 3 0.303 0.578 ] 0.558| & 0162| 9

19 o - 53 -

Bogbeh Yes 0.375 0.471 & 0.565| & 0.226] &

Saah Charlie 20 No 0.256 0.600 °‘ 0417| = 0238 <
Wolokai Yes 0.200 0.091 0.205 0.133
Nyama-Farnila 27 No 0.347 0.091 0.442 0.158
Menkor-Peeyan Yes 0.220 0.209 0.547 0.204
N 1706 1305 1624 1682

Mortality after exposure to
Abamec;mFenpv':oximate at 24 h % (SD) 925(9.7) 13.0(13.0)
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reductase inhibitor (IRAC 21a), while abamectin acts on
the glutamate-gated chloride channel (IRAC 6). Chemi-
cals with these modes of action have not been widely
used to control malaria mosquitoes.

Installation of the DWL was conducted by groups of
10 to 12 installers who were selected by village leader-
ship and who were provided with non-cash incentives
during the installation period (Additional file 1: Table S1:
Installation progress in clusters receiving DWL in Bomi
County, Liberia as of December 10, 2014). Houses in
which DWL was installed, shared similar structural char-
acteristics and were built out of local material (See Figs. 3
and 4). Personal protective equipment and meals were
provided by the study until installation was complete.

Community consultations with village leadership were
conducted before study activities commenced and con-
tinued throughout the study period. Verbal and written
consent was obtained before participation in the survey,
including entry of houses for DWL installation and epi-
demiological surveys. Consent forms were written in
simple English, which is the trade language in the area,
and village leadership were involved in coordination and
translation of the consent process. Treatment or testing
for malaria was not conditional on participating in the
trial.

Outcomes

Outcome measures

Comparison of epidemiological effectiveness between
study arms was to be based in the first instance on preva-
lence of infection with P. falciparum in children 2 months
to 59 months of age, determined by cross-sectional
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household malaria indicator surveys conducted in all
clusters every 6 months, for a total of two years post-
installation (base line). Surface bioavailability and ento-
mological effectiveness of the new active ingredients in
DWL through the study period was measured as a sec-
ondary outcome.

Epidemiological outcomes

In April 2014, a baseline epidemiological survey of chil-
dren under 5 years of age was conducted in 40 clusters.
Age, sex, tympanic temperature were recorded and chil-
dren were tested for P, falciparum infection with SD Bio-
line Pf rapid diagnostic test (Abbott Rapid Diagnostics,
Gyeonggi-do, Korea). All positive cases were treated with
artesunate amodiaquine (Sanofi, Paris, France) following
a positive test. The epidemiological survey was repeated
after DWL installation at 12, 18 and 24 months after
baseline until study completion in April 2016. All chil-
dren 2 months to 59 months were recruited regardless of
whether they participated in earlier surveys. Surveys at
12, 18 and 24 months following baseline were conducted
during Ebola virus disease transmission and were subject
to increased infection control protocols. This meant that
febrile (by infrared thermometer) or other symptomatic
children were excluded from the study. Between moni-
toring periods the NGO continued to support healthcare
throughout the region.

Insecticide bioefficacy and entomological effectiveness
outcome

To determine the baseline resistance profile in wild-
caught mosquitoes, WHO susceptibility testing was

bed, and recycled LLINs sewn together to make a ceiling

Fig. 3 Typical housing design in Bomi County, Liberia showing open gables and ceilings. Exterior photo shows the large gable allowing for
cross-breeze and mosquito entry. Interior photo shows interior dividing walls extending approximately 2 m above the floor, an LLIN hung above the




Giesbrecht et al. Malaria Journal (2023) 22:15

Page 7 of 12

Fig. 4 Photos of typical installation of DWL in houses in Bomi County, Liberia. Deltamethrin LLINs were present as an additional control measure in
both arms of the study. Ceilings and windows were covered with DWL using wooden strips

conducted following WHO insecticide guidelines [18].
Bioefficacy of the DWL material against An. gambiae s.1.
mosquitoes was determined by collecting larvae from
three sites in Bomi County: Bahai Town (6°42'43.2'N
10°58/30.0"W), Gbojay (6°39'31.5"N 10°41'36.5"W) and
Snowe (6°50'01.6"N 10°49’34.1"W). Larvae were reared
to adults and females were tested in WHO cone bioassays
modified from WHOPES LLIN guidelines [18]. Samples
with dimensions of 30 x 30 cm of DWL from consent-
ing households were taken at 2 m above the floor and the
resulting holes were patched. Female mosquitoes aged
2-5 days post eclosion were exposed at a 45° angle for
30 min with 10 mosquitoes per cone and placed in hold-
ing cups for 72 h. Due to the variability in assay condi-
tions and wild-caught mosquitoes, the allowable control
mortality at 72 h was extended to 20%. The mean mor-
tality was calculated for 12 samples collected at time of
installation and 129 samples collected 12 months post
installation (Additional file 2: Table S2: Insecticide resist-
ance status of adult mosquitoes exposed to WHO insec-
ticide papers in tube test).

Sample size

The sample size calculation is based on the princi-
ples of cluster randomised trials described by Hayes
and Moulton [19]. Sample size was calculated using

the n4props function in the R package CRTSize (avail-
able at https://rdrr.io/cran/CRTSize), with P. falciparum
positivity set to 30 and 40%, in experimental and con-
trol arms, respectively, number of children per cluster
set to 50, ICC=0.03, alpha=0.05 and power=0.8. The
trial is intended to show a difference between DWL plus
residual LLINs and residual LLINs alone and power cal-
culations are based on prevalence in the DWL arm being
significantly less than in the control arm.

Randomization

Sequence generation

To assign clusters into experimental and control arms
of the study, clusters were paired based on the follow-
ing covariates: malaria prevalence, population size,
LLIN usage and district. Assignment into cluster pairs
was conducted using the nbp Matching package in R
(code available at https://github.com/couthcommander/
nbpMatching). Following pairing, one cluster in each
pair was randomly assigned to a study arm by generat-
ing pseudo random numbers. The field study coordina-
tor determined the randomization sequence. The field
study co-ordinator ran the analysis and assigned the ran-
dom sequence, enrolled clusters, and assigned clusters
to interventions. Consent was sought from village com-
munity leaders for inclusion as clusters in the study. Due
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to security, supply and access constraints, one pair was
removed from the study. However, DWL was later sepa-
rately also installed in the two non-study villages, at the
request of the village leadership.

Statistical methods

To measure the effect of DWL installation on malaria
infections, a matched pair design was used, with pairs of
village clusters matched within three subregions in Bomi
County. There was no weighting by population size. Dif-
ferences in malaria prevalence between the coastal region
and the two upland regions led us to separate the analy-
sis into two segments by region (Table 1). The proportion
of P. falciparum infected children under 5 years of age in
each cluster was calculated. The pooled risk ratio (RR)
of P, falciparum infections was calculated in SAS (Cary,
NC, USA) using the Cochran—Mantel-Haenszel (CMH)
test for cluster pairs in each region within Bomi County
(upland or coastal).

Mosquito mortality was calculated by scoring dead and
alive mosquitoes at 24 and 72 h post exposure to DWL
samples and adjusting with Abbot’s formula as required
[18]. All other figures and statistics were produced in R
software V4.1.2 [20].

Results

A cluster randomized controlled trial with matched pair-
ing (Fig. 2) was conducted to measure the effect of DWL
on P. falciparum malaria in children under 5. Baseline
was April 2014, with follow up outcome monitoring time-
points in April 2015, November 2015 and April 2016.

Installation of DWL resulted in a significant reduc-
tion of P. falciparum malaria prevalence 12 months later
(Table 1) in the 28 Upland clusters of the study (RR=1.3,
p=0.022). However, this effect was not seen in the 12
Coastal clusters at 12 months (RR=1.3, p=0.344).
When calculated across all clusters P. falciparum preva-
lence in intervention clusters after 12 months was 34.6%
compared to 40.1% in control clusters (p=0.052). A dif-
ference between study arms was not observed at 18 or
24 months following the baseline survey, and reduction
in control effect coincided with a significant reduction in
bioavailability of insecticides on the DWL (Fig. 5C) after
12 months.

At baseline, the two study arms had similar parasitae-
mia (Fig. 5A), but as the study progressed, malaria prev-
alence dropped in both arms (Fig. 5B). The pooled risk
ratio (RR) of P. falciparum infections was calculated in
SAS (Cary, NC, USA) using the Cochran—Mantel-Haen-
szel (CMH) test for cluster pairs in each region within
Bomi County (Upland or Coastal).

Species diversity estimates and kdr genotyping revealed
that insecticide resistance in the predominant malaria
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vectors had not changed from the last reports in the area
(Additional file 2: Table S2) [9].

Discussion

Despite decades of mosquito control in Liberia using
LLINs and IRS, malaria prevalence remains high. The
current study demonstrates partial efficacy of DWL, an
approach to mosquito control that is tailored to a typi-
cal Liberian house design and is a hybrid of LLINs and
IRS. By covering ceilings and windows, the insecticidal
material reduced mosquito access to indoor sleeping
areas. Installing DWL as a whole house improvement is
a promising approach that may provide an effective and
appropriate mosquito control measure where LLIN usage
is low. Measuring the effect of vector control interven-
tions against malaria is challenging, due to the complex-
ity of the movement of vectors and humans. Modification
of housing is especially challenging as uptake is incom-
plete, and insecticidal materials can be repurposed or
modified in unexpected ways. In the current study, an
outbreak of Ebola virus disease occurred, which further
complicated the installation of DWL and the measure-
ment of its effect.

Mosquito control interventions that improve the
whole house have been studied in a variety of contexts,
but inconsistencies in experimental design and materials
make it challenging to define a best practice for deploy-
ment of whole-house insecticidal materials. One theme
that does emerge from the limited available literature is
that covering eaves and other entry points is an impor-
tant consideration. Disaster relief agencies have tested
ITPS in Sierra Leone [8] finding that delivery of insecti-
cides on the ceiling and walls of tents resulted in reduced
malaria transmission. Hut trials in Tanzania [21] found
that both pyrethroid and non-pyrethroid DWL per-
formed poorly against resistant malaria vectors. In these
studies, the lack of coverage of eaves was cited as a reason
for the persistence of indoor biting. Variation in product
formulation may further explain some of the differences
in results between these studies and the current results.

Feasibility of DWL as an intervention has been ana-
lysed, with various approaches aimed at reducing cost
and maximizing acceptability. Recent research into the
utility of eave tubes is very encouraging [15, 16]. Eave
tubes dramatically reduce the surface area of the insec-
ticidal material, but require significant modifications to
the structure of the house. In many rural Liberian homes,
the large open gables (Fig. 3) likely makes the installation
of eave tubes very challenging. Ceiling and eave cover-
age with DWL is expected to be associated with higher
acceptability. Adaptation of a range of vector control
interventions to various local contexts is needed, as are
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Fig. 5 P falciparum prevalence is balanced at baseline, then decreases in both arms during the study period. Bioavailability of insecticide in DWL
decreases rapidly. A baseline balance in P, falciparum (Pf) prevalence between control and experimental (DWL installed) study arms in village
clusters in Bomi County, Liberia. Boxplot represents mean, interquartile range, whiskers represent range, notch represents 95% confidence interval.
B Change in proportion of P, falciparum (Pf) prevalence from baseline in April 2014 to April 2015 (12 months), and from baseline to the end of

the study in April 2016 (24 months), in each cluster by study arm. Boxplot represents mean, interquartile range, whiskers represent range, notch
represents 95% confidence interval. C Mortality of An. gambiae s.1. following exposure to fenpyroximate abamectin treated DWL, observed at 24
and 72 h post exposure in WHO cone bioassays. Bars represent mean of replicates, dots represent individual bioassays, error bars represent standard
deviation. There were no important harms of unintended effects in any of the paired clusters

comparisons of cost and acceptability of DWL to eave
tubes and other housing improvement.

Study findings indicate a significant effect on malaria
prevalence at 12 months post baseline, which was not
observed in trials of the most comparable DWL pro-
totypes. DWL was observed to be an effective malaria
control product in the Upland (inland) region of Bomi
County, but less so in the Coastal region. Differences in
effect may be due to more stable malaria transmission
characteristics inland, compared to the coastal region.
Human behaviour characteristics may also have played
a role in reducing malaria control effect in the Coastal
region, where families may be engaged in outdoor activi-
ties as night, related to fishing. This requires further
investigation.

Similar prototypes made by the same supplier have
been tested in other trials [4, 5, 21], but variation between
final finishing and production settings may differ from
the one reported here.

Mosquito genotyping revealed pyrethroid resistance
at similar levels to that reported in 2012 [9]. Entomo-
logical efficacy of the DWL was near 100% at 12 months
post installation, although mortality was delayed. The
significant drop in bioavailability of the two active ingre-
dients in DWL after 12 months usage, is responsible for
the drop in malaria control effect, not resistance to these
novel compounds. It is unlikely that either cross resist-
ance is an issue or that a de novo mechanism evolved in
this timeframe. Sublethal effects in Anopheles with the
avermectin class of pesticides, that includes abamec-
tin, have been described previously [22], which may
have reduced mosquito lifespans sufficiently to influ-
ence transmission. The implications of sublethal effects
require further investigation.

Coastal villages compared to Upland (inland) villages
showed a dramatic drop in overall malaria prevalence
(Table 1, Fig. 5). While DWL may have been responsible
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for this effect, additional factors, including ivermectin
mass drug administration, and a national LLIN distri-
bution in 2015 may have reached coastal villages more
readily than inland villages. It is also notable that Ebola
screening procedures excluded participants in surveys
after 12 months. Severe cases were not included in the
study, and their treatment-seeking behaviour is unknown.

Studies in Mozambique with comparable whole house
coverage showed marked decrease in indoor biting [14].
Indoor biting was reduced and malaria infections were
reduced in migrant worker camps in India where the
entire shelter was made from ITPS [23]. Reductions in
malaria infection were also observed in temporary shel-
ters in Sierra Leone where walls and ceilings were insec-
ticide treated [8]. Other house improvement approaches
currently being tested include eave barrier tubes [15]
and screening [24], with the latter showing a measurable
effect on anaemia, even with non-insecticidal screening.
The results of the current study appear to confirm the
need to cover eaves and gables when deploying insec-
ticidal materials similar to DWL. There is a compelling
need for further research into the role insecticidal mate-
rials can play as housing improvements to achieve scala-
ble means of malaria control in regions where pyrethroid
resistance threatens the progress that has been made.

Combining insecticide classes by layering a non-pyre-
throid wall liner on top of existing LLINs has been stud-
ied previously [6], but in contrast, the current results
suggest an additive effect of the two control meth-
ods. The displacement of LLIN usage by DWL usage is
problematic, however, and has been described else-
where [2]. Usage of LLINs was not controlled in this
study and many observed to forgo LLIN hanging after
DWL installation. Although the efficacy of pyrethroid
LLINs may be reduced in Liberia [17], the observed
decrease in malaria—despite lack of control over LLIN
usage between study arms—suggests that DWL as a
single intervention is partially effective at decreasing
transmission.

It is important to highlight that all children that were
followed up had been previously cleared of infection by
ASAQ treatment [25]. A drop in prevalence over the
24-month study period occured, and the majority of
infections measured after baseline are assumed to be the
result of re-infection following treatment, or new infec-
tions post weaning.

As a hybrid approach that benefits from aspects of suc-
cessful use of LLINs and IRS, whole-house deployment of
DWL is shown here to be partially effective at decreas-
ing malaria in Liberia, despite an unexpected decline
in bioefficacy. The decision to cover gables and eaves
resulted from community input, an essential component
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when developing vector control tools [26, 27], and this
likely contributed to a reduction in malaria in DWL pro-
tected houses, even after bioavailability declined. Further
research into the mechanisms of decreased house entry
and insecticide-mediated mortality of indoor biting mos-
quitoes is needed.

Limitations

The trial implementation period coincided with the larg-
est Ebola epidemic in recorded history, affecting much of
Liberia, neighbouring countries and some more distant
countries connected by air travel. The main limitation of
this, was that planned outcome monitoring in November
2015 was blocked due to Ebola lock down regulations at
that time point. Results of follow on time points indicate
that November 2015 would have been the time when
DWL insecticide efficacy would have been at its maxi-
mum, and a stronger effect may have been seen than at
12 months (April 2015). Bomi County is a post-conflict
setting with range of housing styles and a high degree
of community disruption in the past decade. Hous-
ing included row-house style camps built in rubber and
palm oil plantations as well as remote villages with more
traditional housing. Pairing and randomization did not
account for these differences. No other major limitations
occurred across the 20 pairs of clusters.

Generalisability

DWL is an extremely customisable intervention that can
be adapted to different housing types common to rural
and urban settings. It can be installed onto any surface
material, and can cover window and eve openings, gaps
and holes in wall and roof/ceiling structures, which oth-
erwise insects would fly through, as required by indi-
vidual houses, making the results of the trial highly
generalisable to different countries and housing types.

Conclusions

This trial tested the first DWL product combining two
novel none-pyrethroid active ingredients, during a major
Ebola epidemic in Liberia. DWL is a promising housing
improvement material for the control of malaria mosqui-
toes, especially where houses feature large open gables
and eaves and DWL is installed as an insecticidal barrier
to entry. If future generations of DWL have longer lasting
residual active ingredient effects, then this product may
become a useful additional tool in the IVM toolbox for
malaria control.
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