
Video-tracked Anopheles
arabiensis entry and exit
behaviour at washed
and damaged pyrethroid-
treated bednets
J. E. A. Parker1, C. Kakilla2, K. Nelwin2, C. Kroner3, R.

Logan1,4, H. M. Ismail1, C. Towers3, A. Manjurano2, D.

Towers3 and P. J. McCall1

1Department of Vector Biology, Liverpool School of Tropical Medicine, Liverpool, UK
2National Institute of Medical Research, Mwanza, Tanzania
3School of Engineering, University of Warwick, Coventry, UK
4Parasitology Department, Heidelberg University Hospital, Heidelberg, Germany

 JEAP, 0000-0002-5780-6297; CK, 0000-0001-9837-6564;
KN, 0009-0002-0242-3982; CK, 0009-0004-8803-7197;
RL, 0000-0002-4323-3213; HMI, 0000-0002-9953-9588;
CT, 0000-0001-8296-5540; AM, 0000-0001-7583-6425;
DT, 0000-0002-2618-1626; PJMC, 0000-0002-0007-3985

Insecticide-treated nets (ITNs) are the most effective method
for malaria prevention in Africa. Using near-infrared video
tracking in a laboratory environment, we recorded and assessed
bednet entry and exit by a northern Tanzanian population of
Anopheles arabiensis at a human-occupied untreated net and a
PermaNet® 2.0 ITN. Both had 12 holes, each 10 cm in diameter,
punctured at specific locations, and the ITN was washed 20
times to further simulate the wear and tear of ageing. Washing
reduced the insecticide content of ITNs by 61%, which then
showed similar rates to the untreated nets for net entry (39%
entered untreated net and 41% entered ITN; p = 0.84) and exit
(37% and 43%, respectively; p = 0.67). Regardless of treatment,
approximately 40% of mosquitoes entered nets within 20 s of
first appearing in the field of view and reached the volunteer’s
skin within 5 s of entering the net. Mortality rates post-exposure
were significantly higher (p = 0.048) at ITNs (26.6%; 95% CI
13.4%–39.7%) than at untreated controls (6.4%; 95% CI 1.8%–
14.6%). The washed and aged ITN provided little additional
personal protection for the sleeper over an untreated net. Simple
adjustments to materials and design that could extend the
effective lifespan of ITNs are discussed.
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1. Introduction
Insecticide-treated nets (ITNs) are the most effective method of malaria prevention and control
available for use in Africa [1]. Central to the reductions in malaria transmission sustained over 15
successive years to 2015, they remain the primary method of choice for malaria control even though
their efficacy has been diminished by the emergence of pyrethroid resistance, which has already
impacted ITN performance in Africa [2]. The threat of resistance to pyrethroids, the insecticide class
used by all ITNs to date, has dominated ITN research, driving efforts to identify novel chemical
treatments for bednets that would be effective where pyrethroid resistance occurs at a high level [3].

However, even with effective insecticidal treatment, today’s ITNs are far from ideal, and resistance
to insecticide is not the only factor compromising performance. Ideally, ITNs are excellent vector
control tools with two modes of action: the pyrethroid treatment on the net fibres induces excito-repel-
lency or causes paralysis, eventually leading to mosquito knockdown and death, while the intact net
provides a physical barrier that prevents mosquito entry and access to the host. The durability of any
particular net refers to its ability to retain sufficient physical integrity and insecticide load to provide
such protection for at least 3 years [3].

The poor durability of mass-produced ITNs has been a concern for as long as ITNs have been
manufactured commercially, and the view that ITN quality has continued to deteriorate in recent
years, despite repeated concerns, is now widespread; many commercial mass-produced ITNs are of
questionable quality, i.e. they barely achieve or even fail to satisfy World Health Organization (WHO)
standards as measured by wash resistance of the insecticide treatment and durability of the net fibre
[3–6].

When pyrethroid resistance appeared in African malaria vectors, attention focused on the identifica-
tion of novel chemicals for use as effective ITN treatments to replace the existing nets across Africa,
thus averting a ‘doomsday’ scenario likely to result from the loss of efficacy of the only treatment
available for use with ITNs [3].

Little attention was paid to net durability or the quality of the net fibre, which does not appear
to have improved much after decades of use [7]. Affordable bednets are intentionally made of
thinner fabrics because heavier nets with thicker fibres create undesirably hot conditions in the poorly
ventilated interiors of traditional houses. Hence, when it comes to net quality, there is a necessary
trade-off between net strength and net weight, resulting in lighter-weight nets in which the early
appearance of holes has had to be tolerated.

There are multiple questions about how insecticidal net treatments might affect a mosquito’s ability
to enter a damaged or aged ITN, how they bloodfeed after entering, and how they eventually manage
to exit and their fate thereafter. Recent reports estimate that an average of 68% of households in
endemic areas of sub-Saharan Africa own at least one ITN [8], but how many of those nets that are
still in use have retained their physical integrity and/or insecticidal load to prevent bloodfeeding or
to be considered fit for purpose is not known. We report here on a study using video tracking to
explore whether the damage typically seen in older nets increases vulnerability to mosquito entry,
as measured using a PermaNet® 2.0 bednet (Vestergaard, Lausanne, Switzerland), a first-generation
deltamethrin-treated standard ITN, still widely in use across Africa today.

2. Material and methods
2.1. Mosquitoes
Wild mosquito larvae were collected in the agricultural area of Nsola Village, Magu, Mwanza District,
Tanzania (2°29'57.6"S, 33°28'05.2"E), and reared to adults in National Institute for Medical Research
(NIMR) insectaries in Mwanza, at 28°C (±4), 80% (±10) humidity, and a 12:12 light:dark period,
synchronized with local hours of sunrise and sunset. Adult mosquitoes were fed ad libitum on 10%
glucose solution and used in testing at 3–5 days post-emergence.

Prior to testing, individual mosquitoes were identified morphologically within a clear plastic
aspirator, using the key of Gillies and Coetzee [9]. Only female mosquitoes from the Anopheles gambiae
species complex were used. These were eventually identified as A. arabiensis by the PCR analysis [10] of
mosquitoes recaptured after test completion.
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2.1.1. Image capture, recording and analysis

Capture, recording and analysis of all images were made using the equipment previously described
in detail [11–13]. The main components of this system, which used paired Fresnel lenses on either
side of the bed and bednet, were as follows: two Baumer HXC40NIR with near-infrared sensitivity,
2048 × 2048 pixel resolution (Lambda Photometrics, UK); 12.5 mm imaging lens (F1.4, Kowa LM12HC;
Multipix, UK); high-power infrared LED (850 nm, Thorlabs, UK); Fresnel lenses (1400 × 1050 mm,
NTKJ Co., Japan); personal computer (i7, 3.4 GHz, 8 GB RAM, 20 TB storage; Lambda Photometrics)
and StreamPix 5 (Norpix, Canada), all were recorded as uncompressed .seq files, at 50 frames per
second and a colour depth of 8 bit greyscale.

Video recordings were analysed by sequential image subtraction to identify mosquito positions
and tracking algorithms to connect the mosquito positions into trajectories (the algorithms are fully
described in [13]). In turn, each position within a trajectory is classified into one of the four behavioural
modes (swooping, visiting, bouncing and resting) using the algorithms originally defined in [11].

2.1.2. Bioassay procedure

All bioassays were conducted in a dedicated test room at the NIMR, Mwanza, Tanzania. The tracking
system was operated from a computer located outside the bioassay room (area 6 m× 4 m and height 3
m), within which mosquitoes were allowed to fly freely. A metal-framed single bed was placed in the
centre of the room, with a bednet suspended in position supported by an internal frame of carbon fibre
rods (4D Modelshop, UK). The smaller head and foot sides of the bednet and bed were positioned to
abut with the Fresnel lenses, a constraint imposed by both the bed length and the tracking system’s 2 m
maximum depth of field. This setup proved advantageous because it prevented mosquito flight outside
the Fresnel lenses. Hence, all activity perceived within the net when viewed through the short head
and foot ends of the net could only have occurred inside the net (see figure 1b).

2.1.3. Bednets

We tested the PermaNet 2.0 bednet after 20 washes and with 12 holes cut to simulate wear and tear
[14] and tested an untreated polyester net (Coghlan’s, USA) as a control. Nets were hand washed

Figure 1. Example of tracked flights of five mosquitoes outside and inside a human-baited bednet. The image shows the broad spatial
region occupied by the mosquitoes and the activity of mosquitoes on the outside net surface (pale blue tracks on the roof and top left
side) and inside the net (red tracks). The volunteer’s head is visible left of the centre, and the dark vertical line in the centre of the
image shows the division between the images from the two cameras. Track line colours illustrate the time of activity (blue = early in
the test and red = late in the test). The inset figure shows how the net fitted between the Fresnel lenses, ensuring that all mosquitoes
seen framed within the head or foot end of the net were actually inside the net.
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according to the procedures described in WHO guidelines [14] with some adjustments according to
local resource availability. As Savon de Marseille was unavailable at the location, Palmer’s Olive Oil
Butter was substituted as an equivalent fragrance-free olive oil-based soap (Palmer’s, USA). Water was
not tested for hardness. Nets were line-dried outdoors, with 1 day’s regeneration time between each
wash.

Following use in the test, the insecticide residue on the nets was quantified as previously described
[15] with some modifications. Briefly, an area of 8.04 cm2 net sample was cut from each net panel in
triplicate for treated nets and only one replicate on untreated nets. The active ingredient was extracted
from the net samples by heating with an extraction solution containing 10% 1-propanol in heptane
containing 100 μg dicyclohexyl phthalate (DCP) as an internal standard at 85°C for 45 min. After
heating the samples, 1 ml of the extraction solution was removed and evaporated under nitrogen. The
residue was resuspended in 1 ml of acetonitrile, and samples were filtered through Polytetrafluoro-
ethylene (PTFE) 0.2 m filters with 17 mm diameter. A Hypersil Gold C18 Reverse-Phase column was
used at 21°C to separate and analyse 10 μl of the extract on an Agilent 1100 series High Performance
Liquid Chromatography (HPLC). The active ingredient was detected and quantified using an isocratic
separation condition using 70% acetonitrile and 30% water with a flow rate of 1 ml/min and an
absorbance wavelength of 226 nm. A standard curve of authentic deltamethrin standards was used to
quantify deltamethrin concentrations detected in treated net extracts [15].

A total of 12 circular holes, 10 cm in diameter, were cut at six locations in each net, as shown in
figure 2a. When the net was fitted, one side was intentionally left untucked at the base, leaving an open
gap of 2 cm between the bottom of the net and the bed. The other three sides were tucked under the
mattress. The exact positions of the holes are shown in figure 2c,d. By limiting the number of holes on

(a)

(b)

(c)

Figure 2. Location of holes introduced into test bednets. (a) Schematic showing the location of twelve 10 cm holes in the bednet, and
the untucked edge on one long side of the net. (b) Positions of holes on the bednet roof. Holes on the roof were displaced 4 cm from
the roof centre (arrow 1), with a 15 cm gap between hole pairs (arrow 2). The holes were 10 cm away from the edge of the net (arrow
3). The dotted line indicates the centre of the net. (c) Positions of holes on the bednet side walls. Holes on the side of the net were
positioned 10 cm from the top/ bottom edges of the net (arrows 1 and 3) with a 20 cm gap between hole pairs (arrow 2).
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opposite sides of the net, their position relative to the volunteer was known. For example, in figure 2a,
holes on the left side of the net are adjacent to the volunteer’s feet, while holes on the right side of the
net are adjacent to the volunteer’s head. When viewed through the camera (figure 2b) holes on the left
side of the net were referred to as being at the ‘foot end’ of the net, and those on the right side were at
the ‘head end’.

Hole locations were chosen to explore the relative hazards of net damage at different heights
from the ground and in different locations relative to the volunteer’s body. Since mosquitoes show
preferences for different net surfaces [11], it was expected that holes in ‘high contact’ net locations
would admit more mosquitoes than those in less-preferred areas. The untucked net side was included
to investigate the risk posed by a loose hanging net.

2.1.4. Test procedure

Each test used five female mosquitoes, sugar starved for 11 hours prior to testing. At 1 hour before
the test, the cup containing the mosquitoes was transferred to the room, placed at eave height. Thirty
minutes later, half an hour prior to the test, the volunteer entered the room and lay under the net. The
mosquito release position was located at the upper right-hand of zone 2, as shown in figure 3a, outside
the field of view of cameras.

To start the test, the observer stationed outside the room pulled a string to remove the net cover
and inverted the paper cup, releasing mosquitoes. Mosquitoes were allowed to fly and seek hosts
unhindered and unaided within the room for 2 hours, and all flight activities around the ITN were
recorded on video.

At the end of the test period, mosquitoes were collected using a battery-powered aspirator (Spider
Vacuum, SK Depots, UK), recording where they were collected (inside or outside of the net) and
whether they had blood-fed. Mosquitoes were then provided with 10% sucrose solution on a cotton
pad and held for 24 hours to assess post-test mortality.

2.1.5. Data analysis

With a few exceptions, all data were analysed using linear mixed models (lme4 in R [16]), using
explanatory variables of net treatment, and the sex of the volunteer. Volunteer identity was included as
a random effect.

A few variables were analysed using other methods, as described in the following sections.

2.1.5.1. Activity by net region

For the analysis of the activity in different spatial regions of the net, data were scaled to account
for the differing sizes of the regions and analysed using linear mixed models (lme4 package in R
[16]). Volunteer identity was used as a random effect, and the net type and area name were input as
explanatory variables.

2.1.5.2. Net entry, exit, bloodfeeding and mortality

Proportion data (proportion entering, exiting, bloodfeeding and mortality) were analysed in SAS
Studio University Edition (SAS, USA) using generalized estimating equations (glimmix package).
Volunteer identity was included as a random effect. The exit rate was scored as the proportion of
mosquitoes that entered the net and managed to exit.

Entry location and timing were assessed by manual examination of tracks produced by the tracking
software. The use of small mosquito groups allowed accurate assessment of entry time in most entry
tracks (69 of 72 cases) and all exit tracks (31 of 31 cases). The location of net transit was ambiguous in
three entry tracks (all exit tracks were clearly visible). If cases were ambiguous, the data points were
excluded from the analyses of entry timing and location trends.

2.1.5.3. Net contact ‘per mosquito’

Contact with the net was analysed in its original form (i.e. total contact accrued by all five mosquitoes
throughout the 2 hour recording). For ease of interpretation, it was also presented in ‘per mosquito’
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format with two values calculated differently: the first assumed all five mosquitoes responded to the
host and made equal contact with the net, i.e. total contact divided by 5 to generate a value of contact
per mosquito. The second recognized that not all of the five mosquitoes released will have approached
and contacted the net equally and used the maximum number seen together in view at any one time
(i.e. the number known to have responded) and divided the total contact by this value. For example, in
the latter metric, if only three mosquitoes were viewed in the frame at the same time, the higher contact
time value would be calculated by dividing the total contact time by 3.

2.2. Ethical considerations
All participants who volunteered to act as sleepers within the nets were recruited from the local
population. All were adults (9 women and 10 men) and all provided written informed consent before
participation. Seventeen volunteers took part in two tests (one with a treated net and another with an
untreated net). In the case of the 18th test, two different volunteers were used for treated/untreated
owing to volunteer dropout. NIMR policy does not automatically insist on the provision of anti-malar-
ial prophylaxis for volunteers. Instead, all volunteers sleeping under ITNs were monitored daily for
signs of fever for 2 weeks post-exposure. If sickness was detected, the individual was referred to a
nearby health facility with the cost of treatment borne by the project.

3. Results
3.1. Identification of mosquito species
A subsample of 100 female mosquitoes used in the assays was tested by PCR to determine A. gambiae
species complex identity. All but one were identified as A. arabiensis. The remaining mosquito was PCR
negative and considered to be a species outside the A. gambiae species complex.

Non-Contact Flight

Untreated Net

(a) Region Key
Key to activity level (s/m2)

x £ 100

100 < x £ 200  

200 < x £ 300  

300 < x

Treated Net

Figure 3. Variation in swooping flight activity in different regions around the bednet. Swooping flights make no contact with the
bednet surface. To present flight activity in a way that is comparable between spatial regions of markedly different sizes, flight activity
is presented here as seconds per square metre. Regions represent different airspaces above (regions 1 and 2) and adjacent to (regions 3
and 4) the bednet. Since this recording was made in two dimensions, airspace values are given in square metres.
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3.2. Insecticide content of washed nets
HPLC tests showed that PermaNet 2.0 washed 20 times to simulate ageing contained 21.5 mg/m2

deltamethrin (s.d. ±3.7) and confirmed that untreated control nets had 0 mg/m2 (s.d. ±0). For PermaNet
2.0, this represented a 61% decrease from the advertised pre-washing insecticide content of 55 mg/m2.

3.3. Mosquito entry and exit rates
Figure 1 includes examples of mosquito flight tracks approaching, entering, moving outside and inside
and exiting a human-baited bednet.

Of the 36 tests conducted, at least one mosquito entered the net in 29 tests; entries were observed
in 15 treated net tests and 14 untreated net tests; a total of 37 mosquito entries were counted with
untreated nets and 35 in washed PermaNet 2.0. Entry success rates did not differ significantly between
treated and untreated nets; a mean of 39% (95% CI: 25%–53%) of mosquitoes successfully entered an
untreated net, compared with 41% (95% CI: 23%–59%) at a treated net (generalized estimating equation
(GEE) test statistic: F1, 16 = 0.04, p = 0.84). That is, of the five mosquitoes released, an average of two
gained entry to the holed nets within the 2 hour period of a test.

Insecticide treatment did not significantly affect mosquito exit success (GEE: F1, 10 = 0.19, p = 0.67).
A mean of 37% (95% CI: 16%–58%, n = 14) of mosquitoes that entered the untreated net exited the net
before the end of the 2 hour test compared with 43% (95% CI: 21%–65%, n = 5) of mosquitoes at a
treated net.

untreated treated

Bouncing 21%
Bouncing 29%Visiting 18%

Resting 55%
Resting 50%

Visiting 10%

Swooping 5%
Swooping 11%

Figure 4. Activity by (mean) behaviour mode at untreated and treated nets. There were no significant differences in any behaviour
mode in treated versus untreated nets, as tested by linear mixed models (swooping LMM: F1,19 = 0.77, p = 0.39; visiting LMM: F1,18
= 3.11, p = 0.10; bouncing LMM: F1,18 = 0.04, p =0.85; resting LMM: F1,18 = 3.12, p = 0.09). Behaviour modes, as defined in Parker
et al. (2015), describe tracks with these characteristics: swooping: no contact with the bednet; visiting: relatively long periods of flight
interspersed with infrequent net contacts; bouncing: multiple rapid contacts with the bednet surface at intervals of less than 0.4 s;
resting: mosquito was either completely static for at least 0.75 s or where the movement velocity was less than 1.33 mm/s.

Table 1. Mosquito contact times at untreated or treated and washed nets (minutes). The first column ‘total’ represents contact time
accrued by all five mosquitoes over the course of the 2 hour filming period. The last two columns represent ‘per mosquito’ contact
estimates, calculated using different assumptions about the proportion of the five mosquitoes that responded to the baited net.

washed net total (min) contact per mosquito (min) contact per mosquito (max)

untreated 33.5 (19.3–47.7) 6.7 (3.9–9.5) 14.1 (6.8–21.4)

treated 21.1 (7.9–34.3) 4.2 (1.6–6.9) 8.0 (2.4–13.5)
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3.4. Mosquito bloodfeeding rate
Bloodfeeding rate, the proportion of bloodfed mosquitoes among those recaptured at the end of each
test, was not significantly affected by net treatment (GEE: F1, 16 = 2.06, p = 0.17) as 37% (95% CI:
20%–55%) of mosquitoes fed in the untreated group compared with 24% (95% CI: 13%–34%) in the
treated net tests.

3.5. Mosquito flight
Mosquito activity was visible in the field of view for significantly longer time periods in untreated net
tests compared with treated net tests (LMM: F1, 17 = 4.79, p = 0.04; untreated net activity, 52.9 min (95%
CI: 29.3%–76.6%); treated net activity, 35.4 min (95% CI: 14.7%–56.2%)). However, this difference in
activity level was not the result of any shift in behaviour modes (defined in [11]). No particular mode
was affected more than others, and the proportion of time in all four modes was similar with both
treated and untreated nets (figure 4).

Non-contact flight (‘swooping’ behaviour mode) in the air space around the bednet (figure 3) was
evenly distributed in all areas, with no significant effect of area (LMM: F3, 120 = 2.02, p = 0.12) or net
treatment (LMM: F1, 123 = 0.07, p = 0.79) on flight activity.

Flights involving brief contact with the net (‘visiting’ and ‘bouncing’ behaviour modes) were
unevenly distributed across the net with higher levels observed on the roof of the net (LMM: F3, 119 =
6.77, p = 0.0003) though net treatment did not significantly impact the time mosquitoes spent engaged
in these flight modes (LMM: F3, 122 = 0.49, p = 0.48). As shown in figure 5, higher levels of these ‘brief
contact’ flights were recorded within the net (region 4), where flights would have involved contact
with both the net and the volunteer’s body.

Resting flight was roughly evenly distributed across different areas (LMM: F3, 135 = 0.28, p = 0.84),
with no evidence of any change in activity levels resulting from net treatment (LMM: F1, 135 = 0.65, p =
0.42, figure 5).

3.6. Net contact
Net contact values calculated for the entire group and per individual mosquito are given in table 1.
Using conservative calculations to estimate the individual contact made per mosquito, it is estimated
that mosquitoes in all treatments contacted the net for over 4 min each (6.7 min (95% CI: 3.9–9.5)
untreated nets; 4.2 min (95% CI: 1.6–6.9) treated nets). Net treatment did not significantly affect the
duration of net contact (LMM: F1, 18 = 3.36, p = 0.08).

3.7. Entry locations
Entry locations were unevenly distributed across the bednet (LMM: F7, 256 = 12.36, p > 0.0001), as
significantly more entries occurred through the hole in the roof, above the volunteer’s head (t = 6.35, p
> 0.0001; figure 6). There was a significant interaction between net treatment and entry location (LMM:
F7, 256 = 3.30, p = 0.002), with more entries at the foot end of the roof of the untreated net (t = 2.50, p =
0.01) and slightly fewer entries at the head end (t = −2.0, p = 0.0468; figure 6a).

3.8. Exit locations
Exit locations (figure 6b) were unevenly distributed across the bednet (LMM: F7, 256 = 2.17, p = 0.036),
with most mosquitoes exiting via the net’s sides at the sleeper’s upper body. The exit route was not
influenced by net treatment (LMM: F1, 263 = 0.20, p = 0.65).

3.9. Knockdown and mortality
Net treatment had a significant impact on knockdown following tests (GEE: F1, 16 = 6.08, p = 0.03),
with 19.7% (95% CI: 7.3%–32%) of mosquitoes found knocked down at the end of tests with treated
nets compared with 3.6% (95% CI: −0.6% to 7.8%) in untreated net tests. At 24 hour post-exposure, net
treatment continued to show a significant impact on mortality with 26.6% mortality (95% CI: 13.4%–
39.7%) compared with 6.4% with untreated nets (95% CI: −1.8% to 14.6%; GEE: F1, 16 = 4.58, p = 0.048).
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3.10. Mosquito behaviour
In total, 35 mosquitoes successfully entered holes in treated nets and 37 entered untreated nets. The
tracks of these flights were examined in further detail.

3.11. Time of appearance
On average, the mosquitoes that successfully entered the net did so less than an hour after they were
released into the bioassay room (untreated nets: 35.1 min (28.3–41.9), n = 35; treated nets: 34.7 min
(27.7–41.8, n = 34); means (95% CI), n = 36). Net treatment did not affect the time taken to entry (LMM:
F1, 16 = 0.01, p = 0.93).

3.12. Time from appearance to entry
On average, mosquitoes took less than 20 s from first appearing in the field of view to successfully
locating and entering through a hole in the net (delay from appearance to entry; 19.5 s (15.8–23.3) in
untreated nets; 18.0 s (14.0–22.1) in treated nets; mean (95% CI), n = 35, 34, respectively; three mosqui-
toes’ entry time could not be accurately ascertained). Net treatment did not significantly influence
entry time (LMM: F1, 65 = 0.26, p = 0.61).

3.13. Entry to ‘touchdown’ on a human host
The mean time from entry to apparent ‘touchdown’ on the human was just under 5 s. This was
unaffected by net type (untreated net: mean 4.9 s (3.8–6.0), n = 33; treated net: mean 4.9 s (3.7–6.2), n =
33; means (95% CI); LMM: F1, 57 = 0.01, p = 0.92).

Untreated Net

Untreated Net

(a) Bouncing & Visiting

(c) Resting

Treated Net

Treated Net

Region Key

Key activity density (s/m)

0 < x £ 500

500 < x £ 1000

1000 < x £ 2000

2000 < x £ 3000

3000 < x £ 6000

6000 < x

Figure 5. Variation in contact flight activity at different regions/surfaces on the bednet. Illustrating the range of bouncing, visiting
and resting times recorded for mosquitoes on the different net surfaces. Note that contact in region 4 here includes mosquitoes that
contacted the human volunteer, thus a high proportion of time spent at this region would not involve contact with the fabric of
the net.
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3.14. Exitingthe net
A total of 17 mosquitoes exited the treated nets compared with 14 exiting the untreated nets. The
duration of time spent inside the net before exit was not significantly affected by net treatment (LMM:
F1,28 = 0.00, p = 0.98): mosquitoes spent 32.2 min (95% CI: 20.1–44.3) with untreated nets compared with
28.6 min (95% CI: 14.8–42.4) with treated nets.

The first  mosquitoes  entering the  nets  did so  approximately  35  min after  release  and then
did so  with  only  brief  contact  prior  to  entry.  After  entry,  mosquitoes  stayed inside  for  28–36
min before  exiting the  net.  Even without  directly  measuring contact,  clearly,  the  majority  of  net
contact  by mosquitoes  that  entered the  net  was  made with  the  interior  of  the  net  and after  they
had landed on the  volunteer.

4. Discussion
The level of dependency on a simple physical device like an ITN, as the primary, or the only, method
available for communities to protect families from a fatal infection, is exceptional. Considering how
important ITNs had been in reducing malaria cases prior to 2015, the knowledge that today, many new
nets are barely fit for purpose and that after only a couple of years of use, most no longer provide
adequate protection to those using them [3–6], is a sobering thought and demonstrates our tolerance of
a level of quality so low that it must surely be on the borderline of acceptability.

Untreated Net (n = 37) Treated Net (n = 35)
(a) Entries

Untreated Net (n  =  14) Treated Net (n = 17)
(b) Exits

Key: % mosquitoes passing through net at each location

0 = x

0 < x £ 10

10 < x £ 20 40 < x 

20 < x £ 40

Figure 6. (a) Entry and (b) exit locations of mosquitoes at holed bednets. The coloured rectangles mark the position of each pair
of 10 cm circular holes. The rectangle beneath each net represents instances when the entry or exit location was ambiguous or
indeterminate. One edge of the net was left untucked. Values shown are the percentage of all entries/exits that occurred in each
location.
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ITNs acquire holes rapidly in routine daily use. In Zambia [17], 94% of nets had holes after 2.5
years of daily use, while in Uganda, the proportion of nets classified as ‘too torn’ on the WHO’s
Proportionate Hole Index (pHI) scale was 0.066, with this proportion approximately doubling after 25
months to 0.125 [6]. In another Zambian study, of 33% of nets that were still in use after 30 months,
only half met the criteria for functional survival [18]. The 10 cm diameter hole sizes used in the present
study were larger than the standard hole size for WHO testing, but at 78.5 cm2 in diameter, they were
within the ranges found in field settings. Vanden Eng et al.’s study of used nets in Malawi reported
median hole sizes of 13 cm2, with quartile ranges from 3 to 101 cm2 (first quartile, third quartile) [19].
The level of artificial damage added to the nets in the current bioassay was within the bounds of what
can be found in the field, though typically large holes in nets are long and narrow, rather than circular
[1]. Nets with the damage levels used in the present study (785 cm2 total hole area) would fall into the
‘damaged’ category if classified by the pHI (category ‘damaged’ = 80–789cm2 total hole area; category
‘too torn’ = over 790 cm2 total hole area) [18]. This integrity category represents nets with reduced
efficacy, though they provide more protection than no net at all.

Over time, ITNs also lose insecticidal efficacy [19–21], as nets gather deposits of dust, sweat and
sebum, especially when washed repeatedly. Notably, the PermaNet 2.0 is reported to perform very
poorly in this respect, retaining only 18%–27% of the initial insecticide content after 20 washes [19],
a slightly greater loss in efficacy than the 39% insecticide retention after 20 washes recorded in the
present study. Newer net designs incorporate the insecticide within the fibres of the material rather
than simply coating the fibres with superficial layers of insecticide (the method used for the Perma-
Net 2.0). Recent studies report few differences in behavioural responses in A. gambiae s.l. following
exposure to a range of nets with different active ingredients regardless of how they were originally
loaded with active ingredients [9]. However, while there may be no difference in performance when
both nets are new, the rapid rate at which insecticidal efficacy is lost by a coated fibre compared with
incorporated insecticides means that the latter type of net should still be providing adequate protection
long after the older net is no longer protective.

Evaluating how the aged PermaNet 2.0 performed in comparison with untreated nets, we found
no significant differences in the entry or exit rates or bloodfeeding rates between the two bednet
types. Thus, regardless of net treatment, approximately 40% of mosquitoes entered nets approximately
35 min after release, of which 24% and 37% engorged on blood in treated and untreated nets, respec-
tively; eventually, approximately 40% of those that entered either bednet type escaped from it. With
no significant difference between any of these key measures, the results demonstrate no significant
personal protection benefits for the user of an aged PermaNet 2.0 over a user of an untreated net.
Comparison with the performance of a new unwashed PermaNet 2.0 in a previous study [11] shows
great differences in the behavioural modes to the extent that the washed net in the present study
resembles the untreated control more than the ITN. As such, a holed new net would be expected to
offer better protection than the artificially aged net used in this study.

In our tests, mosquitoes located the human sleeper rapidly on arrival at the net. On an average flight
trajectory, less than 20 s elapsed from the moment the mosquito first appeared in the cameras’ field
of view to when it located and entered the hole successfully. Mosquitoes entering the net would fly
directly to the host to feed, on average, within 5 s of entering the net. This behaviour would enable the
mosquito to avoid contact with the treated net until after bloodfeeding when the bloodmeal confers a
significant level of resistance on the otherwise susceptible mosquito [22,23].

Anopheles gambiae s.l. appear to be well-equipped to respond to or evade insecticides on bednets.
Fatou and Müller [24] found that while permethrin-treated nets had no detectable repellent effect on
mosquitoes, they elicited a strong irritant response resulting in contact disengagement, allowing both
susceptible and resistant forms to pass more easily through holes in treated nets than untreated nets.
Barreaux et al. [25] recently reported that although the duration of bloodfeeding was significantly
reduced when feeding through an ITN, A. gambiae s.l. could compensate by increasing its ingested
blood flow rate by 35%.

Although this study was confined to pyrethroid-susceptible mosquitoes, many findings are equally
applicable to next-generation ITNs used against resistant populations of A. gambiae s.l. in Africa. Aged
nets have lower insecticide content and will impact less on the target population. Mechan et al. [6]
found that two next-generation ITNs, Olyset Plus and PermaNet 3.0, were effective against a pyreth-
roid-resistant strain at baseline, but bio-efficacy fell over time until they reached a point after 2 years of
operational use, when mortality rates fell to 26% and 46%, respectively. Lukole et al. [26] reported that
after 3 years in use against resistant populations, both the PermaNet 2.0 and the Piperonyl Butoxide
(PBO) net PermaNet 3 retained similar levels of deltamethrin. The rate of loss of bio-efficacy was
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slower in PermaNet 3, which, regardless of condition, remained more protective than the standard
PermaNet 2.0 nets after 3 years of use.

Which of the two consequences of ageing is more important for vector control: the increase in
physical damage or the loss of insecticide? The negative consequences of holes in nets may impact
earlier. Targeting a moderately resistant vector population in Malawi, Shah et al. [27] found that 1 or 2
years of old ITNs did not impact the incidence of malaria in children, but among ITN users, there was
an increase in protection provided by ITNs without holes compared with ITNs with holes.

In  our  tests  with  PermaNet  2.0  bednets  reported here,  the  majority  of  mosquitoes  entered
the  net  through the  holes  in  the  roof.  This  is  not  surprising,  given that  most  mosquito  activity
occurs  above the  roof  and the  majority  of  mosquito  contacts  with  the  net  occur  on the  roof
[11–13].  Sutcliffe  and Colborn [28]  reported that  the  chances  of  a  mosquito  finding a  hole  in  the
roof  of  an untreated net  were  higher  than on the  side  of  the  net,  with  a  20% higher  chance
of  entering it.  Considering the  exceptionally  high proportion of  mosquito  activity  that  occurs  on
or  above the  bednet  roof,  this  would be  a  worrying report,  were  it  not  for  the  fact  that  holes
in  the  bednet  roof  are  very rare.  Field  studies  consistently  report  few or  no holes  on the  top
of  ITNs in  regular  use;  by contrast,  the  highest  number  of  holes  found in  bednets  typically  are
in  the  lowest  quarter  of  each net  side  [6,17,29].  The lack  of  coincidence between vector  entry
preference  and location vulnerable  to  entry  is  very fortunate  from a  human point  of  view.  By
contrast,  mosquitoes  preferred to  exit  nets  from holes  closer  to  the  ground and through the
untucked edge of  the  net.  While  advice  to  net  users  to  tuck nets  into  beds  to  secure  them
remains  important,  this  study would indicate  that  in  heavily  damaged nets,  an  untucked edge is
more commonly used for  net  exit  than entry.  Using a  stronger  more  durable  fibre  on the  sides
of  the  ITN may prove to  be  a  better  feature  than ensuring that  an insecticide  at  the  sides  of
the  net  is  delivered as  effectively  as  it  is  elsewhere  on the  bednet.

4.1. Conclusion
Holes in an ITN roof and upper sides are more easily encountered and entered by the African malaria
vector A. arabiensis since these areas are more frequently approached and contacted by mosquitoes
[11,12]. Fortunately, the region most vulnerable to physical damage and insecticide loss is the lowest
part of the sides. Field studies consistently report few or no holes on the top of ITNs in regular use,
indicating that the existing net roof requires little alteration as long as it is treated with an effective
insecticide that is picked up easily by mosquitoes and that has good prospects for a long lifespan
before resistance emerges.

By contrast, the highest number of holes typically found in bednets is in the lowest quarter of each
net side [6,27,28]. An immediate solution here would be to reduce the risk of holes developing later,
either by strengthening the fibre used on the sides of the net or by using a double layer of netting in
these vulnerable areas. This simple adjustment could be made to virtually all ITN brands marketed
today.

However, as long as the choice of ITNs for large-scale deployment is determined by cost as much as,
or more than, effectiveness or longevity, better ITN designs are unlikely to become reality.
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