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Abstract 

 

Long-lasting Insecticidal nets (LLINs) are a fundamental component of malaria control 

strategies, yet they accumulate physical damage and lose insecticide over time. However, the 

impact of this deterioration on bioefficacy and bloodfeeding is poorly described. There is 

growing evidence that the operational lifespan of LLINs is less than the expected three years 

in some settings. Consequently, there is a need to assess the durability of LLIN products to 

determine the appropriate timescale of distribution. The emergence of pyrethroid-resistance 

in sub-Saharan Africa has motivated the development of LLIN designs that contain the 

synergist piperonyl butoxide to restore susceptibility. The aim of this study was to quantify 

the durability of LLINs with and without piperonyl butoxide in operational conditions.  

The nets assessed in this study were provided from collections performed as part of a 

randomised control trial to compare pyrethroid-only and pyrethroid-PBO nets. Each cluster 

received a pyrethroid-PBO net ( ‘Olyset Plus’ or ‘PermaNet 3.0’) or pyrethroid-only equivalent 

(‘Olyset Net’ or ‘PermaNet 2.0’). Samples were assessed at baseline, 12 months, and 25 

months post distribution. The chemical content of pyrethroid and PBO of nets was assessed 

using high-performance liquid chromatography. The number, size, and location of holes on 

each net was assessed visually. Bioefficacy was assessed by exposing pyrethroid-resistant 

Anopheles to samples using WHO cone and wireball bioassays. To evaluate the impact of hole 

location on protective effect, behavioural experiments with free-flying pyrethroid-resistant 

Anopheles around human-occupied holed nets were conducted. Bloodfeeding success, 1hr 

knockdown, and 24hr mortality were compared for nets with no hole, hole in the top, or hole 

in the side.  

Pyrethroid content remained relatively stable across timepoints. However, the PBO content 

of both Olyset Plus and PermaNet 3.0 declined over the same period, falling by 55% (P<0.001) 

and 58% (p<0.001) respectively after 25 months. Both PBO nets were highly effective against 

pyrethroid-resistant An. gambiae when new but declined over time. After 25 months, 24hr 

mortality was 22.92% for Olyset Plus and 46.6% for PermaNet 3.0. There was a strong 

correlation between PBO content and  mortality. There was no difference in any physical 

durability metric between any of the LLIN products evaluated, at any timepoint. In 

behavioural assays, holes on the top of the net had a much greatly risk of bloodfeeding 
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compared to holes on the side (30.65% compared to 4.13%, P=0.021) after one hour. There 

was no difference in bloodfeeding success between Olyset Plus and Olyset Net (p=0.076). Very 

few bloodfed mosquitoes survived the assay with Olyset Plus, with 96.1% of all bloodfed 

mosquitoes dying after 24 hours despite very low morality for those that did not bloodfeed 

(<5%). Finally, when attempting to escape the net after bloodfeeding, mosquitoes were twice 

as likely to get out of a net with a hole on the top than on the side.  

These findings indicate that pyrethroid-PBO bed nets were highly effective against pyrethroid-

resistant mosquitoes in Uganda when new but efficacy declined sharply over time. For both 

Olyset Plus and PermaNet 3.0, this rapid reduction in bioefficacy correlated with a steep 

decline in PBO content. Given that pyrethroid-PBO nets are becoming widespread, this finding 

is highly concerning and requires further investigation in other settings. Moreover, the rapid 

reduction in bioefficacy indicates a distribution cycle shorter than three years may be 

prudent. Physical integrity outcomes were very similar for the PBO nets and their pyrethroid-

only equivalents. Current WHO durability assessment guidelines consider all holes equally 

when evaluating serviceability for use, yet here it was observed that holes on the top of the 

net were a 10x greatest risk for mosquito entry and bloodfeeding compared to the side. 

Consequently, guidelines for assessing survivability should be updated to appropriately 

weight holes on the top.  
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Chapter One: Introduction 

1.1 Background 

1.1.1 Global importance of malaria 

Malaria is one of the world’s oldest recognised diseases, with genetic, archaeological, and 

written evidence of malaria impacting a number of ancient cultures (Neghina et al. 2010, 

Gelabert et al. 2017,). Today, malaria remains a leading causes of morbidity and mortality 

globally, with an estimated 241 million cases and 627,000 associated deaths occurring 

worldwide in 2020 across the 85 countries where it is endemic (WHO 2020, WHO 2021b). It 

is estimated that in 2020 approximately half of the world’s population were at risk of malaria.  

In 2020, sub-Saharan Africa accounted for approximately 95% of all global malaria cases, with 

Nigeria (27%), the Democratic Republic of the Congo (12%), Uganda (5%), Mozambique (4%), 

Angola (3.4%), and Burkina Faso (3.4%) accounting for the majority of cases (WHO 2020). The 

high intensity of malaria transmission in sub-Saharan Africa compared to other regions is 

associated with the presence of highly anthropophilic mosquito vectors and climates 

favourable to this species. In many respects, malaria is a disease of poverty with countries 

and communities in sub-Saharan Africa often lacking access to wealth and resources that 

would fund interventions and allow for the general economic development associated with 

reducing public health impact. Malaria is the most common cause of infection-associated 

morbidity in Africa and is often cited as a core contributor to slow economic development in 

the region. Young children are particularly susceptible to developing severe malaria 

symptoms, with children under the age of five representing the vast majority (77%) of malaria 

deaths (WHO 2020). Additionally, pregnant women are at greater risk of infection, with 20% 
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of all low-birthweight babies in sub-Saharan Africa the result of Plasmodium infection during 

pregnancy (Bardají et al. 2008, Bauserman et al. 2019).   

The onset of malaria is associated with recurrent fevers and chills, which may be mild and 

mistaken for other infections that cause flu-like symptoms (Bartoloni and Zammarchi 2012). 

However, if left untreated there is a high risk of progressing to severe anaemia and ultimately 

death within a matter of days (Sypniewska et al. 2017).  However, while acknowledging the 

clear moral imperative to avert malaria mortality there is a growing awareness that afebrile 

cases, which would be expected to account for the vast majority of cases, also have important 

implications for health and society in endemic countries (Lindblade et al. 2013).  These 

afebrile cases may not result in treatment seeking behaviour, yet the recurrence of these 

infections is associated with chronic fatigue, impaired cognitive function and school 

performance in children, and concurrent bacterial infections (Bousema et al. 2014, Chen et 

al. 2016). Consequently, malaria transmission has profound social implications beyond 

mortality and has been identified as an important impediment to socioeconomic 

development in sub-Saharan Africa. Hereafter the term ‘chronic malaria’ is used to refer to 

these sub-clinical cases that do not result in treatment seeking behaviour but have an 

insidious effect.  

 

 

 

 

 



 

14 
 

1.1.2 Life cycle 

Malaria is the result of infection with protozoan parasites of the genus Plasmodium, though 

only a small number cause disease in humans (Howarth 1988, Meuwissen and Ponnudurai 

1988). The primary cause of malaria worldwide is infection with parasite Plasmodium 

falciparum, accounting for approximately 95% cases in 2020 (WHO 2021b). Four other 

Plasmodium species together account for the remaining  5% of overall malaria infections each 

year; P. vivax (the dominant parasite outside of sub-Saharan Africa), P. ovale, P. knowlesi, and 

P. malariae (Price et al. 2020, WHO 2020).  

The Plasmodium life cycle involves a complex series of stages in both vertebrate and 

invertebrate hosts (Tuteja 2007, Howick et al. 2019)(Figure 1.1). The invertebrate component 

of this life cycle, mosquitoes from the genus Anopheles, are the vector that transmits infection 

from one human to the next through their bites (Ross 1898). In brief, when an Anopheles 

mosquito infected with Plasmodium sporozoites bites a human, these sporozoites develop 

into merozoites that invade red blood cells and reproduce (causing the recurrent fevers 

associated with malaria)(Venugopal et al. 2020). The sexual stage gametocytes that burst 

from red blood cells are then ready to be ingested by mosquitoes and restart the cycle.     

Development of the Plasmodium parasite in the midgut and salivary glands of infected 

Anopheles mosquitoes to the infective stage takes a number of days. This period of time is 

referred to as the Extrinsic Incubation Period (EIP). Typically, the EIP for P. falciparum is 

assumed to be 12-14 days however there is a growing evidence base that it is influenced by 

biotic and a biotic factors (Ohm et al. 2018, Childs and Prosper 2020).  The EIP is important 

for malaria control programmes as it is the minimum period of time an Anopheles mosquito 

must survive to become infectious (Paaijmans et al. 2012, Stopard, Churcher and Lambert 
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2021). If malaria interventions can reduce the numbers of mosquitoes that live long enough 

to become infectious, the number of infectious bites individuals receive will be reduced 

(Smith et al. 2021).  

Figure 1.1 Life cycle of Plasmodium spp. parasite in human and anopheline hosts (Harvard 

University press) 
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The high malaria morbidity and mortality in sub-Saharan Africa is directly associated with the 

presence of highly efficient mosquito vectors of infection. Malaria vectors in sub-Saharan 

Africa are primarily An. gambiae, An. coluzzii, An. funestus, and An. arabiensis (Wiebe et al. 

2017). They are highly specialised for tracking and bloodfeeding on humans (Dekker et al. 

2002, Hawkes et al. 2017, Meza et al. 2019). These species thrive in the rural and agrarian 

landscapes meaning their densities are typically low in urbanised areas however the growing 

awareness of the suitability of urban landscapes for An. stephensi is an emerging issue  

(Coetzee 2004, Sinka et al. 2010, Sinka et al. 2020).  
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1.2 Interventions to reduce human malaria prevalence 

1.2.1 Overview of malaria control strategies 

Global malaria control strategy is a complex integration of multiple approaches which target 

either the Plasmodium parasite itself or limit exposure to the bites of mosquito vectors to 

reduce malaria morbidity and deaths. Due to the highly adaptive nature of both Plasmodium 

parasites and Anopheles vectors, malaria control strategy is constantly adjusting to maintain 

levels of protection (Hemingway et al. 2016).  

1.2.2 Case management  

The most direct malaria intervention is effective case management of individual patients with 

potential malaria symptoms (Galactionova et al. 2015). Effective diagnosis and clearing of 

Plasmodium parasites from the patient limits the risk of onwards transmission, preventing 

future malaria cases. The development of rapid diagnostics tests (RDTs) which detect 

Plasmodium-specific antigens in the blood to diagnose plasmodium infection allow malaria to 

be quickly differentiated from other infections in low-resource settings. Standard treatment 

for RDT positive malaria cases is with artemisinin combination-therapy (ACT), a combination 

of a fast-acting (artemisinin) and a slow-acting (amodiaquine, mefloquine, pyrimethamine, 

lumefantrine, or piperaquine) anti-malaria compound (Van der Plujim et al. 2021). The use of 

two different drugs in combination helps to slow the rate at which the Plasmodium parasite 

develops resistance (Ouhi et al. 2021).  
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1.2.3 Mass drug administration 

In addition to treating individual malaria cases, strategies that target Plasmodium infection 

on a population level have been implemented in a number of settings. Seasonal Malaria 

Chemoprevention (SMC) is the pre-emptive administration of antimalaria drugs to children 

prior to and during the rainy months of a year when the abundance of malaria vectors is 

highest. SMC was endorsed by the WHO in 2012 (WHO 2012), yet despite the success of small 

pilot programmes large scale implementation was slow due to shortages of drugs. However, 

a recent large scale observational  study in west and central Africa estimated a 57% and 42% 

reduction in hospital deaths in The Gambia and Burkina Faso respectively due to SMC (Baba 

et al. 2020). Mass drug administration (MDA) is the deployment of antimalaria drugs to every 

member of a defined population within a geographic area in order to reduce Plasmodium 

prevalence (Webster et al. 2014). A key benefit of MDA is that it targets both symptomatic 

and chronic malaria infection, clearing Plasmodium infection from those that may not 

otherwise have sought treatment. In addition to being deployed seasonally as part of routine 

malaria intervention strategies, MDA may be deployed as part of an emergency response 

during malaria epidemics, or in settings with very low malaria transmission as a final push 

towards elimination. However, a 2021 Cochrane review of 13 studies that investigated the 

impact of MDA for malaria control concluded that MDA has no impact on health outcomes in 

areas where more than 10% of the population is infected with Plasmodium parasites (Shah et 

al. 2021). Additionally, the same review concluded that in areas where <10% of the population 

are infected, MDA causes infections to drop quickly but rebounds to original levels within 

approximately four months.  
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1.2.4 Vaccines for malaria 

Following pilot programmes in Ghana, Kenya, and Malawi, in 2021 the WHO recommended a 

vaccine for the first time as a malaria control intervention (WHO 2021a). The RTS,S/AS01 

vaccine contains proteins normally secreted by the sporozoite stage of Plasmodium parasites, 

triggering an immune response that primes the individual for future Plasmodium infection 

(Dimala et al. 2018). This vaccine is intended to be administered to children from the age of 

five months, as a schedule of four doses.  Vaccines are not intended to be an alternative to 

more established malaria control approaches, instead supplementing case management and 

vector control as part of an integrated strategy. Initial findings from randomised control trials 

are promising, with a 30% reduction in severe childhood malaria for one year after 

administration (Tinto et al. 2019). An associated modelling study estimated that 5.3 million 

cases and 24,000 deaths could be averted if this vaccine were deployed throughout sub-

Saharan Africa to regions where Plasmodium population prevalence was >10% (Hogan, 

Winskill and Ghani 2020). However, the WHO highlights that further studies are needed to 

assess efficacy in different settings and quantify longevity of the protective effect. The RTS,S 

vaccine is currently the only vaccine approved for malaria control however there are a 

number of other products in development.   
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1.2.5 Control of malaria vectors 

Malaria vector control (sometimes referred to as vector management) are strategies that 

reduce human prevalence by interrupting transmission of Plasmodium in mosquito 

populations. Malaria transmission by mosquitoes can be reduced through a number of 

approaches, from directly protecting individuals from potentially infectious bites to efforts to 

reducing mosquito lifespan and thereby preventing the parasite from developing in the 

mosquito to its infectious stage.  

Historically, malaria transmission in sub-Saharan Africa was dominated by An. gambiae which 

seeks  hosts indoors, targeting humans as they sleep at night.  This led to the development of 

vector control tools that prevent indoor biting and kill those that attempt to. The primary 

method of preventing indoor biting remains insecticide treated nets (ITNs) and indoor 

residual spraying. However, there is evidence that some degree of outdoor biting occurs and 

has become more import for malaria transmission due to successes in preventing indoor 

biting techniques (Russell et al. 2011, Govella and Ferguson 2012, Sougoufara, Ottih and 

Tripet 2020,) 

The first two decades of the 21st century saw a profound reduction in estimated malaria 

cases, falling from approximately 1.5 million annual cases in 2000 to 0.65 million in 2020.  The 

dramatic reduction in malaria cases in the past two decades have been linked, in large part 

but not exclusively, to mass distributions of insecticide treated nets (Strode et al. 2014, Bhatt 

et al. 2015, Pryce, Richardson and Lengeler 2018). The massive scale up in ITN distributions in 

this century has been funded by billions of dollars of global aid, with approximately two billion 

bed nets were delivered across Sub-Saharan Africa between 2004 and 2020. Insecticidal bed 

nets (ITNs) interrupt the transmission of Plasmodium parasites by reducing the number of 
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infectious bites individuals in an endemic area will receive (Strode et al. 2014)(Figure 1.2). 

Designed to be hung over sleeping spaces, insecticidal bed nets provide a physical and 

chemical barrier against bloodfeeding by Anopheles mosquitoes as their occupant’s sleep. The 

protective effect of an LLIN is a combination of two mechanisms, a physical barrier through 

densely weaved fabric and a chemical barrier through impregnated insecticide. The physical 

barrier forces the host-seeking mosquito to make contact with the insecticide, then impedes 

access to the sleeping individual while the insecticide takes effect (Parker et al. 2015). The 

chemical effect of the insecticide intoxicates the mosquito on contact, preventing blood-

feeding through paralysis followed by death.  

 

Figure 1.2 A family sleeps within an ITN to protect against host-seeking Anopheles 

mosquitoes (image credit: The Carter Center/L. Gubb)  
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Indoor Residual Spraying (IRS) is the application of insecticide to households (and sometimes 

surrounding structures) to target mosquitoes that rest on them.  Deploying IRS to households 

is considered to be more challenging than distributing ITNS due to the need for well trained 

staff to prepare the household for spraying and deploy the insecticide (Tangena et al. 2020). 

To minimise the impact of cross-resistance with the pyrethroid insecticides used in bed nets, 

11 insecticides with a variety of modes of action are approved for use in IRS (Global Fund, 

2022). Currently, the WHO recommends IRS only be targeted to areas of low to moderate 

endemic transmission rather than deployed widely on a country scale (WHO, 2018). Due to 

the widespread use of insecticidal bed nets for malaria control, evidence for the beneficial 

impact of IRS on malaria outcomes is invariably assessed in addition to bednets rather than 

in isolation. A systematic review of IRS for preventing malaria, conducted by Choi et al. (2019), 

concluded that pyrethroid IRS provided zero to marginal protective effect compared to ITNs 

only in terms of clinical malaria incidence (OR: 1.07), parasite prevalence (OR: 1.11), or 

anaemia prevalence (OR: 1.12). However, evidence for the benefit of non-pyrethroid IRS was 

stronger, with clinical incidence overall lower with IRS though highly variable between 

insecticides and locations.  While IRS is often described as a major part of vector control 

strategy for malaria, in practice only a very small minority of individuals are protected by the 

technique, with only 2.6% of the worlds at risk population estimated to be protected by IRS 

in 2020 (a substantial decline from the 5.8% protected by IRS in 2010)(WHO 2021b).  

An emerging tool for vector control is the use of endectocides. Endectocides are systemic 

drugs administered to hosts which are toxic to insects. The benefit of endectocides is that 

they are safe, long-lasting (remaining toxic months after administration), relatively 

inexpensive and easier to administer. However, the public health impact and cost 

effectiveness of endectocides is not well documented. Additionally, there is concerns of 
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endectocides compounds entering ecosystems, with documented examples of degradation 

of soil and impact on non-target invertebrates.  
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1.3 Insecticide treated nets for malaria control  

1.3.1 Evidence of bed net efficacy in reducing malaria outcomes 

Studies conducted prior to the emergence of insecticide resistance in sub-Saharan Africa 

provide strong evidence that use of bednets is associated with reductions in malaria 

prevalence. Of the 663 million clinical cases (credible interval 542–753 million) estimated to 

have been averted between 2000 and 2015, ITN distributions were responsible for 68% of this 

reduction (Bhatt et al. 2015). A comprehensive meta-analysis of 23 randomised control trials 

estimated the impact of pyrethroid bed nets on malaria morbidity and mortality (Pryce et al. 

2018). The authors concluded that compared to no nets, pyrethroid bed nets reduce child 

mortality by 17% and reduce the incidence of clinical malaria by approximately half. When 

comparing pyrethroid nets to untreated nets, the benefit of insecticides is clear with child 

mortality reduced by 33% and clinical malaria by cases reduced by 23% compared to 

untreated nets. At a population level, they concluded that pyrethroid nets reduce P. 

falciparum prevalence by approximately 10% compared to untreated nets.  
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1.3.2 Personal Protection 

When a susceptible Anopheles mosquito approaches a bed net, it picks up a dose of 

pyrethroid insecticide which causes it to lose motor coordination and results in paralysis. The 

combination of this chemical effect and protective barrier prevent biting on the occupant 

inside. In addition to a direct insecticidal effect, there is evidence that pyrethroids provide 

personal protection by inciting an irritant (‘excito-repellent’) response in the mosquito on 

contact, resulting in avoidance behaviour away from the net. Studies in experimental hut 

trials conducted before the emergence of insecticide resistance in sub-Saharan Africa provide 

evidence of a deterrent effect of bed nets. An early investigation in The Gambia in 1991 

observed fewer Anopheles mosquitoes entered huts with a baited pyrethroid net than a hut 

with a baited untreated net (Lindsay et al. 1991), with the deterrent proportional to the 

concentration of pyrethroid. However, where these mosquitoes are diverted to is not well 

described.  

The physical barrier of a bed net provides a degree of protection against the bites of 

Anopheles mosquitoes, even if no insecticide is present. Historical data indicates that 

untreated nets reduce P. falciparum by approximately 51% compared to no nets (Clarke et al. 

2001). However, robust modern data on this comparison is not available as randomised 

control trials with no net would not be ethically permissible (or necessary) given the strong 

evidence of the protective benefit of bed nets.  However, there is some evidence that both 

susceptible and pyrethroid-resistant Anopheles mosquitoes can bite directly through the 

netting of a bed net (treated or untreated) if the host is pressed against the net (Hauser, 

Thiévent and Koella 2019). 
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1.3.3 Community protection 

Community protection is the indirect benefit of insecticidal bednets to those nearby which do 

not sleep under one. As mosquitos that are knocked down or killed by one net cannot go on 

to bite individuals at another house, non-users gain a level or protection. Additionally, there 

is evidence that even when a mosquito survives interaction with a pyrethroid bed net their 

longevity is reduced (reducing the probability that they will survive long enough to become 

infectious) with laboratory based experiments conducted by Barreaux et al., (2022) observing 

that mean survival time of An. gambiae post exposure reduced from 18 days to 15 days.   

The quantitative impact of community protection is difficult to mathematically disentangle 

from personal protection, as a randomised control trial with an untreated group would be 

ethically untenable. The existence of the community protection of insecticidal bed nets is 

supported by studies that measure malaria outcomes against individual and community level 

net use. Investigations in the Democratic Republic of Congo (Levitz et al. 2018), Liberia 

(Stebbins, Emch and Meshnick 2018), and a meta-analysis of case data across 17 sub-Saharan 

countries (Larsen et al. 2014) indicate that high net use in a population provides a protective 

benefit for an individual even if they themselves do not use a net. Given the challenges in 

investigating community protection in the field, in-silico modelling exercises that compare 

human simulated populations with treated and untreated bed nets can provide insight. 

Transmission modelling by Unwin et al. (2022) supports the concept of community protection, 

estimating that when 80% of a population sleep under a pyrethroid net the remaining 

population were exposed to 30% less infectious bites per year (than if nobody slept under a 

net). They predict that the impact of community protection scales positively with coverage. 

However, they note that community effect is highly dependent on the susceptibility of 
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mosquitoes to insecticide, with the level of indirect protection greatly reduced when 

mosquitoes are resistant.   
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1.3.4 LLIN coverage and use 

Initial bed net distributions involved the use of a simple cotton net that was dipped in 

insecticide, proving a physical layer of protection and an insecticidal effect against 

mosquitoes, albeit for only a matter of months before the insecticide was depleted and 

required retreating. Gradually, these self-treated bed nets have given way to Long-lasting 

Insecticidal Nets (LLINs), designed with their own internal reservoir of insecticide intended to 

continually regenerate surface levels to maintain insecticidal effect over multiple years. By 

providing longer lasting protection than standard ITNs, LLINs are intended to maintain 

consistent levels of protection in the years between distributions.  

Initially LLINs were targeted to the most vulnerable groups in a population, such as children 

under the age of five and pregnant women. However, with the acknowledgment that bed 

nets may have community protective effects and consistent funding for national malaria 

control programmes, the WHO now recommends that all individuals in endemic areas are 

given access to an LLIN. While providing every individual with access to  a bed net may not be 

logistically feasible due to the constraints of geography and demography, the WHO sets the 

target of providing access to 80% of at-risk individuals (WHO, 2013). Furthermore, the WHO 

recommends that national distributions of LLINs occur every three to five years however the 

specific timeline of a country’s distribution programmes will be dictated by financial and 

logistical considerations.  

The period from 2000 to 2017 represented a massive scale up in bed net distributions in sub-

Saharan Africa. The numbers of nets distributed each year rose every year during this period, 

resulting in a record 56.3% (95% CI: 54.1–58.8) of at risk individual having access to a bed net 

in 2016 (with a total net crop of 380 million) (Bertozzi-Villa et al. 2021). However, this 
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achievement would represent a plateau in net coverage, decreasing to 51.0% (95% CI: 48.8–

54.8) in 2019, for a total net crop of 337 million. Coverage metrics for 2020 are shown in 

Figure 1.3. This reversal in coverage is typically attributed to stalling support for vector control 

programmes, with stable levels of global funding made available for national control 

programmes despite growing populations and development of more expensive vector control 

tools. Consequently, despite the great strides forward compared to 2000, coverage levels in 

sub-Saharan Africa remain below WHO targets. In 2020, only five out of forty African countries 

(for which data are available) were predicted to reach the target of 80% coverage (Benin, 

Mali, Niger, Togo, and Uganda). Additionally, Bertozzi-Villa et al. estimate that as national 

coverage levels exceeded 50%, allocation tended to become less efficient with regions already 

at high coverage receiving more nets and regions with lower coverage continuing to have 

poor access (typically those where the population is more diffuse and difficult to reach).  

Figure 1.3 Estimated access and use rate of insecticide treated nets across sub-Saharan Africa 

in 2020. Note variability in metrics both between and within countries. (Adapted from 

Bertozzi-Villa et al. 2021) 
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An unavoidable weakness of bed nets as a vector control tool is they require their user to 

choose to use them. The owner of a net must perceive it to be useful and choose to keep it 

draped over their sleeping space each night despite the frequent finding from sociological 

surveys that nets are perceived to trap heat, resulting in discomfort. However, a 2021 meta-

analysis of net coverage and use concluded that use of LLINs was typically high, with owners 

generally using a net if they had one, with 87.1% of those with access self-reporting that they 

used it on a regular basis (Bertozzi-Villa et al. 2021). However, estimating true rates of net use 

is difficult as it is documented that net owners tend to over-report the frequency at which 

they use their nets, with a meta-analysis of different survey methods estimating that self-

reported use is 8% higher than objectively measured use (Krezanoski, Bangsberg and Tsai 

2018).  
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1.3.5 LLIN retention 

Current WHO guidance to national malaria control programmes (NMCPs) on distributing LLINs 

recommends nets are replaced every three to five years. However, there is strong and 

consistent evidence that LLIN retention time across sub-Saharan Africa is well short of three 

years. Bertozzi-Villa et al., (2021) calculated that across the 40 countries assessed, median 

retention time was just 1.64 years. Only Cameroon, Guinea, and Niger, and were found to 

have median retention times at or above three years, with Mozambique and South Sudan 

amongst the poorest at only one year (though the modelling approach used set one year as 

the minimum value, meaning it could possibly be lower). These findings indicate that even 

where mass distributions are carried out every three years, large proportions of the 

population have no personal protection from the bites of Anopheles mosquitoes for extended 

periods of time. This is particularly alarming given that the use of alternative vector control 

techniques such as IRS have declined (WHO, 2021) meaning in many cases an LLIN is the only 

line of defence against mosquito bites.  Previous studies that investigate the motivations 

behind a net owner’s decision to discard their net report that owners chose to throw their 

net away when it is perceived to be too torn (Batisso et al. 2012, Gnanguenon et al. 2014, 

Koenker et al. 2014 ). However, this perceived physical damage may not bear any relationship 

with the personal protection of that net, with users instead highlight the visual element.  
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1.4 Emergence of Insecticide resistance 

1.4.1 Overview of insecticides for malaria control 

Pyrethroids are a class of fast-acting synthetic insecticides derived from pyrethrum, a 

naturally occurring insecticide found in the flowers of Chrysanthemum species plants (Ensley 

2018). Pyrethroid insecticides have a number of characteristics that make them useful for 

mass deployment in insect control, including favourable safety profile for humans, high 

specificity for invertebrates, and rapid paralysing effect on target species even at low 

concentrations (Hougard et al. 2003, Briët et al. 2013).  Furthermore, a key advantage of 

pyrethroids in terms of widespread use is their good ecological safety profile (compared to 

other insecticides used historically for insect control such the organochloride DDT) with low 

toxicity to birds and mammals however pyrethroids do have high toxicity to fish if water is 

polluted (Zaim, Aitio and Nakashima 2000, Kolaczinski and Curtis 2004). Additionally, as 

pyrethroids are degraded by sunlight and air they have low environmental persistence 

(Spurlock and Lee 2008, Tang et al. 2018).   

The target site of pyrethroid insecticides are the voltage-gated sodium channels (VGSCs) of 

mosquito neurons, which play a critical role in moderating the neurochemical signals that 

coordinate a mosquito’s organ function and movement (Silva, Santos and Martins 2014). 

When these VGSCs open to allow sodium ions to enter into the nerve cell, the resulting action 

potential (movement of charged ions) across the membrane creates an electrical signal that 

activates surrounding cells. Pyrethroid insecticides work by interfering with the activity of 

these VGSCs. When pyrethroids bind to open sodium channels, they prolong opening thereby 

blocking incoming signals and preventing coordination of the mosquito’s nervous system. The 

result of this loss of nerve function is paralysis (‘knockdown’) and death. 
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There are two broad categories of synthetic pyrethroid insecticides: type I and type II (Ensley 

2018). Both Type I and Type II target the VGSCs causing persistent opening and onset of 

paralysis, which may result in death. Type I pyrethroids make the nervous system 

hypersensitive to incoming stimuli, resulting in the rapid firing of mosquito neurons. Examples 

of type I pyrethroids include allethrin and permethrin.  Type II pyrethroids differ from type I 

by the addition of a cyano group. The mode of action of type II pyrethroids is less well 

understood than Type I but it is thought that they may bind to different secondary target 

sites.  Examples of type II pyrethroids include cypermethrin and deltamethrin.  Prior to 2017, 

synthetic pyrethroids were the only class of insecticides approved for use in insecticidal nets 

(ITNs and LLINs). However, the WHO has given an interim recommendation for the use of 

pyrrole insecticides for use as a secondary active ingredient in pyrethroids nets (WHO 2017b).   

A growing challenge in vector control programmes is the highly adaptive nature of vector 

populations (Killeen and Ranson 2018). The progress in reducing malaria morbidity and 

mortality achieved in the past two decades is threatened by the widespread rise of pyrethroid 

resistance in An. gambiae populations (Hemingway et al., 2016)(Figure 1.4). Pyrethroid 

insecticides are the primary active ingredient in all WHO prequalified LLINs, yet mosquito 

populations throughout sub-Saharan Africa are now less susceptible to these compounds 

than ancestral population. Due to the growing frequency of target site mutations and 

metabolic resistance, An. gambiae mosquitoes are less likely to die as a result of a 

bloodfeeding attempt and more likely to achieve onwards transmission by biting a second 

individual (Moyes et al. 2020).    
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Figure 1.4 Predicted mean mortality of Anopheles gambiae (s.l.) After 1hr exposure to 0.05% 

deltamethrin across western and eastern sub-Saharan Africa, from 2005 to 2017. Note 

declining mortality with time, indicating growing pyrethroid resistance. (Adapted from 

Hancock et al. 2020) 
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1.4.2 Target site resistance 

The widespread deployment of pyrethroid insecticides for malaria control and crop pests has 

created a selective pressure for mosquitoes that are less susceptible to their action. The 

emergence of target site mutations in sodium channels that limit binding by pyrethroids are 

now widespread in sub-Saharan Africa (Moyes et al. 2020). In An. gambiae, Single Nucleotide 

Polymorphisms (SNPs) at the L1014 locus result in amino acid substitutions that change the 

structure of the VGSCs. Two resistance alleles have been identified as this locus; the 

substitution of leucine with phenylalanine (L1014F, historically associated with West Africa) 

and the substitution of leucine with serine (L1014S, historically associated with East Africa). 

These alterations at the target site for pyrethroids are associated with An. gambiae tolerating 

increased exposure without being paralysed, referred to a ‘knockdown resistance’ 

(kdr)(Reimer et al. 2014).      

 

 

1.4.3 Metabolic resistance  

Metabolic resistance in mosquitoes is the overexpression of detoxifying enzymes that evolved 

to break down steroids, fatty acids, and foreign compounds into nontoxic products for 

excretion. The genetic mechanisms of metabolic resistance vary between settings, involving 

mutations across multiple gene families. Given the varied genetic background between 

different mosquito strains and individuals, it is difficult to conclusively link phenotypic 

resistance to specific genetic mutations. Thus, metabolic resistance is not as well described 

as not as well described as target size resistance.  
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Metabolic resistance to pyrethroids is associated with over-expression of three groups of 

enzymes: Cytochrome P450s, glutathione S-transferases (GST), and esterases.  Cytochrome 

P450s are a superfamily of enzymes found across taxonomic kingdoms that are responsible 

for oxidising and clearing steroids, fatty acids, and foreign compounds. Polymorphisms in 

copy number variation (CNV), the duplications or deletions of genomic sequences, of genes 

associated with P450s have been linked to metabolic resistance. In laboratory experiments 

with An. gambiae the upregulation of genes associated with the expression of the 

Cytochrome P450s, Cyp6m2 and Cyp6p3, have been linked with resistance to pyrethroids (Edi 

et al. 2014). The importance of these genes is supported by (Lucas et al. 2019) which identified 

high levels of CNVs in Cyp6m2 and Cyp6p3 amongst wild populations in regions where 

phenotypic resistance is widespread.  

The fitness costs of metabolic resistance to pyrethroids have been documented in both Aedes 

and Anopheles mosquitoes, though they are poorly characterised thus there are substantial 

knowledge gaps on the extent to which energy demanding over-expression of metabolic 

proteins negatively effect on life-history traits (Gleave, Mechan and Reimer 2022). However, 

there is emerging evidence that these metabolic changes have a deleterious effect on the 

reproductive output of malaria vectors under laboratory conditions. The GST mutation L119T-

GSTe2 in An. funestus is associated with reduced lifetime fecundity but longer longevity 

(Tchouakui et al. 2018). It is reported that GSTs protect mosquitoes against oxidative stress, 

which may account for the increased longevity associated with over-expression. Over-

expression of Cyp6P9 in An. funestus was associated with reduced fecundity (Mugenzi et al. 

2019, Tchouakui et al. 2020) and slower larval development (Tchouakui et al. 2021). 

Tchouakui et al., 2021 hypothesise that over-expression of Cyp6P9 results in decreased 

locomotive performance in larvae, resulting in poorer feeding in larval habitats compared to 
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larvae that lack this mutation. Laboratory based assessments indicate that pyrethroid-

resistant An. gambiae reverts back to susceptibility in the absence of selection pressure by 

pyrethroids, estimated at 15 generations or 1.3 years in a typical malaria endemic-setting 

(Machani et al. 2020).   
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1.4.5 Impact of pyrethroid resistant vectors on malaria outcomes 

Despite the unprecedented gains for malaria control at the beginning of this century, the 

second decade of this century has seen stalling progress (Noor and Alonso 2022; Rosenthal 

2022). There is widespread concern that growing pyrethroid resistance is undermining the 

global gains in reducing morbidity and mortality (Hemingway et al. 2016; Ranson et al. 2016; 

Killen et al. 2018). However, while the decrease in susceptibility of wild populations to 

pyrethroids across sub-Saharan Africa is not in doubt, the impact of pyrethroid resistance in 

a mosquito population on clinical malaria outcomes is difficult to assess. The link between 

pyrethroid susceptibility and malaria transmission is complicated by the sub-lethal effects of 

insecticides and fitness costs of resistance, both of which place pressure on mosquito 

populations even if they survive immediate contact (Viana et al. 2016; Tchouakui et al 2020; 

Gleave et al. 2021). Additionally, limited but growing evidence of outdoor biting by Anopheles 

mosquitoes allows vectors to circumvent indoor based insecticides (Sougoufara et al. 2020,  

Musiba et al. 2022, Sangbakembi-Ngounou et al. 2022).   

Laboratory based research on An. gambiae with both target site and metabolic mutations 

indicate that even when LLINs have little immediate effect on contact, a resistance mosquito 

may still suffer delayed mortality several days later. Viana et al., (2016) observed that the life 

span of pyrethroid resistant An. gambiae s.s. was cut by 25-60% (across different exposure 

regimes) following exposure to deltamethrin. This reduction in lifespan would be expected to 

impact malaria transmission, with mosquitoes less likely to survive the Extrinsic Incubation 

Period needed to become infectious 
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Malaria modelling studies conducted alongside experimental hut trials by Churcher et al. 

(2016) indicate that pyrethroid resistance in Anopheles populations is associated with 

increased malaria risk, with mortality in bioassays being a good predictor of bloodfeeding 

success in huts. They demonstrated that pyrethroid-resistant mosquitoes were less deterred 

from entering huts and observed that probability of blood-feeding only increased when a high 

proportion of mosquitoes are resistant. Overall, the transmission dynamic models predicted 

that higher frequency of pyrethroid resistant mosquitoes has a positive correlation with the 

number of clinical cases. In the model, this simulated impact on malaria outcomes occurs as 

the result of increased bloodfeeding probability alongside decreased probability of dying due 

to contact with the net, thereby resulting in an increase in mosquitoes that survive to become 

infectious (with the effect most pronounced in areas of high net coverage).  
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1.4.6 Next generation tools for targeting pyrethroid resistant mosquitoes  

A key difficulty in addressing pyrethroid resistance in malaria vector populations is the lack of 

alternative insecticidal chemistries available. Synthetic pyrethroid insecticides were widely 

used in agricultural pest control before being adapted for use in malaria control strategies. A 

lack of suitable candidate chemistries with the same attributes as pyrethroids, that do not 

have cross-resistance with pyrethroids, has led to the interim solution of supplementing 

pyrethroids with a second chemistry (WHO 2017a, Toe et al. 2018). The synergist piperonyl 

butoxide (PBO) was quickly identified as a potential partner compound.  Developed to 

maintain the effectiveness of agricultural control programmes following resistance to 

pyrethroids in crop pests, PBO enhances the potency of pyrethroid insecticides despite having 

no insecticidal activity of its own. When PBO enters the body of a mosquito it inhibits the 

activity of Cytochrome P450 enzymes preventing them detoxifying or sequestering pyrethroid 

compounds, increasing the susceptibility of resistant mosquitos (Hodgson and Levi 1999; Edi 

et al 2014)). However, it should be noted that only metabolic resistance mechanisms are 

inhibited by PBO meaning target site alterations still provide a protective effect against 

pyrethroids. Nonetheless, pyrethroid LLINs supplemented with PBO were given an interim 

endorsement for use in the field in 2017 (WHO 2017a).  

LLINs containing piperonyl butoxide (PBO-LLINs) have been deployed in a number of countries 

with moderate-high pyrethroid resistance to determine their effectiveness in reducing 

malaria prevalence compared to pyrethroid-only LLINs.  An 18 month randomised control trial 

(RCT) comparing PBO-LLINs and standard LLINs in Uganda identified a 25% reduction in 

parasite prevalence in children 2-10 years old after six months, which was sustained to the 

end of the trial period (Staedke et al. 2020). Similarly, a RCT in neighbouring Kenya observed 

a 33% reduction in malaria prevalence with PBO-LLINs in children 2-10 years old after six 
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months, falling slightly to a 26% reduction after 12 months (Minakawa et al. 2021). A 2021 

systematic review of PBO-LLINs concluded that they had improved epidemiological and 

entomological outcomes compared to standard pyrethroid LLINs for up to 25 months in areas 

where resistance was moderate to high (Gleave et al. 2021). Additionally, the authors 

highlighted that there was little evidence of increased entomological efficacy of PBO-LLINs in 

areas where pyrethroid resistance was low. Importantly, this review stressed the lack of 

durability data for PBO-LLINs, with a need to build up an evidence base of the physical and 

chemical durability of these nets in the field.  
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1.5 Assessing the durability of long-lasting Insecticidal Nets 

1.5.1 Purpose of durability assessment 

In order for national malaria control programmes to make informed decisions on what LLIN 

products are suitable for use in their setting and on the appropriate time between national 

distributions, they require context-specific information on the operational lifespan of nets. As 

LLIN designs vary in active ingredients, fabric used, and the mechanism by which insecticide 

is stored and released from the fibres, one LLIN product may perform better in a given setting 

compared to another.  For this reason, it is recommended that programs distribute multiple 

LLIN products at each distribution to provide comparable data on which designs perform best 

within that setting. 

Current WHO guidelines expect that LLINs retain their biological activity for at least 20 washes 

(under laboratory conditions) and provide protection for at least three years when used 

appropriately. Consequently, national mass distributions are typically conducted at three year 

intervals (WHO 2013a). However, there is a growing evidence base that the operational 

lifespan is below three years in many settings and is not uniform either within or between 

countries (Gnanguenon et al. 2014, Toé et al. 2019, Lorenz et al. 2020, Bertozzi-Villa et al. 

2021). In response to emerging evidence that the operational lifespan is poorer than expected 

and variable between settings, WHO Pesticide Evaluation Scheme (WHOPES) guidance was 

developed to provide a universal framework by which the durability of LLIN products could 

be assessed. These guidelines lay out clear targets by which the quality and performance of 

LLIN products can be assessed at timepoints after distribution, with full WHO 

recommendation reserved until large-scale evidence is accumulated indicating these targets 

are met.  
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1.5.2 Definition of durability  

The broad description of a durable bed net design is one that is retained by its owner, 

maintains insecticidal effect against susceptible Anopheles mosquitoes for three years, and is 

sufficiently physically robust to prevent excessive holes which a mosquito may enter through 

(WHO 2011). This WHOPES LLIN durability assessment framework provides a clear 

methodology for monitoring and evaluating the survivorship, chemical integrity, bioefficacy, 

and physical integrity of LLIN products.  

1.5.2.1 Survivorship 

Survivorship is defined as the proportion of nets distributed that are still present in a 

household and suitable for use, monitored at timepoints after distribution. The causes of nets 

no longer being present in a household are not well described. Owners may choose to discard 

their nets if they perceive them to no longer be useful (which may bear no relationship with 

the personal and community effect of that net) (Batisso et al. 2012, Gnanguenon et al. 2014). 

However, it should be noted that survivorship is complicated by movement of individuals 

between households. As survivorship is defined as a specific enumerated net remaining in a 

specific household, a net that was taken with its owner when they moved to a different 

household in indistinguishable from a net that was thrown away for the purposes of 

survivorship (Guglielmo et al. 2021). Consequently, while survivorship is important to 

measure, it is difficult to disentangle the physical priorities of an LLIN product from  

socioeconomic factors and human behaviour. The inverse of survivorship is ‘attrition’ which 

is the proportion of  nets distributed that are no longer available for use. Nets that appear to 

have never been used are excluded from survivorship and attrition calculations.  
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Net survivorship is highly variable between settings, meaning that the attrition rate with a 

given LLIN product is context-specific to the country in which it was assessed. In a three-year 

cross-section study in Tanzania, Lorenz et al. (2020) observed that only 54% of nets 

distributed were still present after three years. Furthermore, they observed that survivorship 

varied between LLIN Products after three years; with 45% of PermaNet 2.0 and 58% of Olyset 

Net still present. In Kenya, 86.4% of Olyset Net LLINs and 91.2% of Olyset Plus LLINs were still 

present after three years (Gichuki et al. 2021). In a cross-section study in a semi-arid region 

of Ethiopia with the LLIN PermaNet 2.0, 67% of nets were no longer present in households 

after two years (Solomon et al. 2018).  In a particularly extreme example, a randomised 

control trial in the cascades region of Burkina Faso, just 12% of Olyset Net LLINs were still 

present in households after three years (Toé et al. 2019). Evidently, the assumption of a three-

year service life is not supported by this observations.  

The loss of nets across the course of a durability trial may confound the reporting of durability 

outcomes (Toé et al. 2019, Batisso et al. 2012, WHO 2011). When nets are thrown away, they 

are unable to be assessed for chemical or physical integrity and therefore censored from the 

final dataset. This phenomenon is known as survivorship bias, which is a common confounder 

in randomised control trials (RCTs) (Keiding et al. 2019, van Eekelen et al. 2021). If nets were 

discarded at random then there would be no confounding effect however if the decision to 

discard is associated with the outcomes being assessed, then the data may be distorted. For 

example, if a net owner chose to discard their net due to the perception that it was too 

physically torn then that net is censored from the data and physical integrity outcomes are 

downwardly biased as a result (the equivalent in a RCT of a pharmaceutical product would be 

the most seriously ill patients dying and the health outcomes of the remaining cohort 

improving on average as a result).   
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1.5.2.2 Chemical Integrity  

Chemical integrity is the quantity of active ingredient(s) remaining in sampled nets at 

timepoints after distribution (expressed as a proportion of the total net in g/kg or mg/m2). It 

is expected that the chemical content of insecticidal nets will be lost over time with routine 

use such as washing and handling thus LLINs are designed with a sufficient reservoir of 

insecticide that the content available to the mosquito will remain sufficient across multiple 

years of use. Previous investigations of the chemical integrity of LLINs across a number of 

settings (including Tanzania, Burkina Faso, and Benin) have observed that pyrethroid levels 

tend to remain relatively stable over time (Lorenz et al. 2014, Massue et al. 2016, Toé et al. 

2019, Lorenz et al. 2020, Ngufor et al. 2020 ). However, current methods for assessing the 

chemical integrity of LLINs using High-Performance Liquid Chromatography (HPLC) can only 

measure the total insecticide content of a homogenised sample from a net thus cannot 

quantify the amount of insecticide that is on the surface and is bioavailable to a mosquito that 

contacts it. To address this, techniques that use mass spectroscopy to quantify surface 

chemistry are under development but are not yet available for use. Additionally, chemical 

assessment of LLIN products is complicated by the development of novel designs with 

multiple active ingredients. If the active ingredients within an LLIN product bleed out of the 

fibres at different rates, as has been observed for the pyrethroid-pyriproxyfen net Olyset Duo 

(Toé et al. 2019), then the result may be variable ratios of compounds at the surface of the 

net across time which complicates the interpretation of durability data.  
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1.5.2.3 Bioefficacy 

LLIN Bioefficacy is the insecticidal effect of a net against An. gambiae mosquitoes. Square 

pieces (30cm x 30cm) are cut from nets sampled from the field and tested in benchtop assay 

to assess the extent to which bioefficacy has been retained relative to a brand new sample of 

that LLIN product. The key bioefficacy outcomes of the WHOPES durability guidance are 

knockdown after one hour (the proportion of mosquitoes incapacitated) and 24 hour 

mortality (the proportion of mosquitoes dead)(WHO 2011).  These outcomes are assessed 

using WHO cone bioassays (Figure 1.5), a benchtop setup where mosquitoes are held in close 

proximity to a net sample for three minutes(WHO 2013a).  

 

Figure 1.5 Example of WHO cone bioassay. Note that the mosquito is avoiding contact with 

the insecticidal net by resting on the untreated cotton wool.  
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Current guidance outlines thresholds that nets are expected to meet to be considered 

effective, defined as knockdown >95% or killing >80% of susceptible An. gambiae (WHO 

2013a, WHO 2013b). As LLIN products with mosquito repellent properties may not achieve 

these thresholds despite functioning as intended (due to mosquitoes avoiding the net 

surface) it is recommended that a confirmatory assay with rodents as bait is performed to 

assess blood-feeding inhibition. This assay of a bed net sample’s blood-feeding inhibition, the 

WHO Tunnel Test, consists of two chambers with a holed net sample obstructing the 

connecting tunnel between them. The rodent is restrained in one chamber and mosquitoes 

released into the other, the net is assessed based on the proportion of mosquitoes that are 

prevented from crossing through the net to bloodfeed on the bait overnight. If a net in the 

tunnel prevents >90% of susceptible mosquitoes from bloodfeeding and/or kills >80% then it 

is considered to have passed. However, in practice the WHO Tunnel Test is not widely used 

due to ethical considerations regarding the welfare of the animal used, which may suffer both 

psychological and physiological distress due to confinement, dehydration, and biting by 

mosquitoes. As a result, obtaining approval for these experiment from Research Ethics 

Committees is a major barrier to their use. Additionally, the use of non-human bait to assess 

the behaviour of the highly anthropophilic An. gambiae limits the interpretation of result in 

terms of bloodfeeding inhibition on human occupants. Consequently, there is a need for 

alternative bioassay methods for assessing the performance of LLINs with repellent 

properties.  
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The bioefficacy of LLINs after three years in operational conditions against pyrethroid-

susceptible An. gambiae females (as measured in benchtop exposures) is highly variable 

between settings. In a retrospective study of the bioefficacy of the permethrin LLIN Olyset 

Net nets sampled in Tanzania, 100% of nets sampled after three years passed the WHO 

bioefficacy criteria outlined above after three years (Massue et al. 2016). However, in a 

subsequent randomised control trial in the same country with the same product, 75.0% of 

Olyset nets sampled passed (Lorenz et al. 2020). Additionally, the pass rate for the Olyset Net 

sampled after three years in randomised control trials in Burkina Faso and Kenya was only 

58.3% and 42.0% respectively (Toé et al. 2019, Gichuki et al. 2021).  

In a retrospective study of the bioefficacy of the deltamethrin LLIN PermaNet 2.0, 90.0% of 

nets passed the bioefficacy criteria after 32 months (Anshebo et al. 2014). Furthermore, a 

randomised control trial conducted in Zanzibar reported that 100% of PermaNet 2.0 nets 

sampled after 36 months passed the bioefficacy criteria (Haji et al. 2020).  Finally, in  a 

randomised control trial in Tanzania, 85% of PermaNet 2.0 nets sampled after three years 

passed bioefficacy criteria (Lorenz et al. 2020). The variability in bioefficacy outcomes 

between durability studies for the same LLIN product in different settings highlights the 

context dependence of these results and that they are not readily comparable between 

countries.  
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1.5.2.4 Gaps in WHO bioefficacy assessment guidelines 

Current WHO durability guidelines for evaluating the bioefficacy of sampled nets do not 

include a methodology for assessing performance against pyrethroid resistant mosquito 

colonies. As the current guidelines predate the widespread emergence of pyrethroid-

resistance in sub-Saharan Africa, it is not required that nets demonstrate bioefficacy against 

pyrethroid-resistant mosquitoes regardless of resistance levels in the setting that net was 

used. Given the challenges of pyrethroid resistance for vector control programmes, 

developing a methodology for demonstrating efficacy against them should be a high priority. 

Developing such guidelines is complicated by variation in the strength of phenotypic 

resistance, limiting direct comparisons between studies with different resistant colonies. To 

address this gap, some existing durability studies that have assessed bioefficacy against 

pyrethroid resistant populations have taken the initiative to collect wild mosquitoes from the 

study site and rear them for use in testing, thereby making the findings informative of 

performance in that context (Toé et al. 2019). 

A further gap in durability monitoring guidelines of LLINs sampled from the field is the lack of 

methodology for assessing ‘next-generation’ products with secondary AIs supplementing 

pyrethroids. For products where the pyrethroid is supplemented by piperonyl butoxide (such 

as ‘Olyset Plus’ and ‘PermaNet 3.0’) a similar methodology to the current guidelines may be 

appropriate (albeit with pyrethroid-resistant mosquitoes) but for emerging products with 

completely with different mechanisms of action additional assays are required. For example, 

the dual AI LLIN ‘Interceptor G2’ (IG2) supplements pyrethroid with the pyrrole class 

insecticide  chlorfenapyr which is designed to be much slower acting and inflict mortality days 

after exposure.  It would appear self-evident that the 1hr and 24hr bioefficacy outcomes 

outlined above would be inappropriate to fully assess the performance of IG2, with a longer 
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time delay such as 72hr or 96hr mortality providing additional insight. As dual-AI LLIN 

products become more common and varied, it could be argued that a single universal 

methodology for assessing the performance of all LLINs is no longer appropriate, with 

guidelines instead tailored to classes of products with specific approaches to interrupting 

transmission (such as distinguishing between products designed to restore susceptibility to 

pyrethroid resistant mosquitoes and products with slow-acting insecticides).      

1.5.2.5 Physical integrity  

Physical integrity is the condition of the fabric of bed nets sampled from the field. As holes 

accrue in nets over time as a result of handling and use, these gaps in the fabric may provide 

an entry point for mosquitoes to bite the occupant (Figure 1.6). Thus, even if a net retains 

sufficient chemistry to ultimately kill mosquitoes that approach, the mosquito may be able to 

obtain a bloodmeal before it dies. Consequently, it is important to monitor the extent of 

physical damage on nets to identify LLIN products which are the least susceptible to physical 

damage.  

A recent meta-analysis by Wheldrake et al., (2021) identified mechanical damage as the 

primary cause of hole formation (63.14% of all holes), as opposed to burning or animal 

damage (though 27.87% of holes occurred due to rodents). Furthermore, mechanical damage 

was responsible for 81.50% total damage by area.  They outlined a general pattern of damage 

accumulation, with small holes occurring due to abrasion with rough materials (such as straw) 

and these smaller holes later catching on an anchor point as the net is moved to cause a tear.  
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Figure 1.6 A heavily damaged LLIN sampled from a household in western Uganda (photograph 

taken by Amy Lynd, reproduced with permission). 

 

Current WHO durability guidelines quantify net damage using proportionate Hole Index 

(pHI)(WHO 2011, WHO 2013b). The pHI system takes an approximation of total damaged area 

on a net and categorises it into bands of ‘serviceability’, with nets identified as either ‘good’, 

’damaged’, or ‘too torn’  (with ‘too torn’ indicating that a net is unsuitable for use). The total 

damage on a net is approximated by observing each hole and comparing it with body parts to 

estimate its size, summing these estimated values for all holes on the net, as described in 

Table 1.1. This methodology for approximating hole size is intended to accelerate the process 

of assessing physical integrity, as the number of nets and holes assessed may make direct 

measurement onerous.   
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TABLE 1.1. WHO GUIDANCE FOR ESTIMATING THE SIZE OF HOLES IN LLINS 

Hole 

category 
Reference to body part 

Estimated 

diameter (cm) 

Estimated 

area (cm2) 

1 ‘smaller than a thumb’  0.5–2 1 

2 ‘larger than a thumb but smaller than a fist’ 2-10 23 

3 ‘larger than a fist but smaller than a head’ 10-25 196 

4 ‘larger than a head’ > 25 578 

 

 

Holes less than 0.5cm (category one) are not considered in the calculation of pHI. The hole 

index is then calculated using the following calculation: 

Hole index = (number of size 1 holes x 1) + (number of size 2 holes x 23) + 

                                  (number of size 3 holes x 196) + (number of size 4 holes x 579) 
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Once the Hole Index has been calculated for a net, this approximation of hole area is 

categorised into the following categories: ‘good’ = <64cm2, ‘damaged’ = 65-643cm2, ‘too torn 

> 644cm2. These categories are extrapolated from a small number of early behavioural studies 

with pyrethroid bed nets that observed that the bloodfeeding inhibition against susceptible 

An. gambiae decreases from 100% when fully intact to between 69-75% when total damaged 

area is 96cm2 (Curtis, Myamba and Wilkes 1996, Malima et al. 2008),  and that bloodfeeding 

inhibition is greatly diminished when total damaged area is greater than 1000cm2. However, 

a recent evaluation of methods for evaluating hole size indicated that the WHO estimates of 

hole area tend to overestimate the size of holes on nets by approximately 100% due to most 

holes in practice tending to be being elliptical rather than a circle (Vanden Eng et al. 2017).  

 

The interaction between holes in an insecticidal net and the host-seeking behaviour of 

Anopheles mosquitoes is not well described, with the WHO outlining the impact of hole 

location on net entry a priority to be addressed by future durability monitoring guidelines. 

Currently, the guidance states that the location of each hole (top or side) should be reported 

but this information is not factored into any of the reported outcomes. 
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1.6 Behaviour of host-seeking An. gambiae around LLINs 

1.6.1 Mosquito detection of humans 

Mosquitoes require sense organs to navigate their environment in order to locate food, 

mates, oviposition sites, and bloodmeal sources. A number of previous investigations have 

identified that olfactory chemical cues are the primary means by which female mosquitoes 

identify appropriate bloodmeal hosts (Raji and DeGennaro 2017), supplemented by thermal 

and visual cues as the mosquito approaches the target. The malaria vector An. gambiae has 

evolved a strong preference for humans (anthropophiliy), which contributes to their high 

capacity to transmit Plasmodium infection in human populations.  

It has been observed in a number of studies that a potent initial cue to activate host-seeking 

behaviour is carbon dioxide (CO2), detected by the maxillary palps , which induces sustained 

flight towards the source. The ubiquitous presence of CO2 in animals’ breath makes it a poor 

indicator of specific hosts thus a combination of cues are used. Even when rendered 

completely unable to detect CO2 (by inactivating the genes associated with development of 

the olfactory neurons that are sensitive to changes in CO2 concentration) host-seeking is 

diminished but not completely stopped (McMeniman et al. 2014). The host-seeking of An. 

gambiae is greatly enhanced by the detection of human odour, a complex mixture of volatile 

compounds, including lactic acid, ketones, sulphides, ammonia, and carboxylic acids that 

together form a distinct signature that distinguishes us from other animals (Zwiebel and 

Takken 2004). In isolation, lactic acid has been shown to be a strong attractant for 

Anophelines, with the addition of lactic acid to animal odour making it attractive to An. 

gambiae and An. coluzzii (Dekker et al. 2002).  
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Once the mosquito has navigated along the concentration gradient of CO2 and human odours 

towards its approximate source (such as into the home of a sleeping human) it uses heat to 

identify host bodies. There is evidence from laboratory studies that at close range An. 

gambiae is attracted to land on objects that are 370C, indicating that their thermal receptors 

have evolved to identify humans (McBride 2016). Additionally, visual cues are thought to 

contribute to the host seeking behaviour of An. gambiae however it’s mechanism and 

importance are not well described. However, more recent behavioural experiments indicate 

it is the combination of these cues that motivates An. gambiae to land on human, as 

demonstrated by the weak response to exposed human skin in bloodfeeding assays where 

the hosts breath cannot reach the mosquito (Webster, Lacey and Cardé 2015).  
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1.6.2 Behaviour of An. gambiae around insecticidal nets 

While informal observations of mosquitoes clustering around the top of bednets were noted 

since the earliest years of their use, explicit investigation of the spatial dynamics of host-

seeking activity has occurred only relatively recently. Semi-field experiments conducted by 

Lynd and McCall (2013) using untreated nets coated in an adhesive observed that 74-87% of 

pyrethroid-susceptible An. gambiae mosquitoes (3-7 day old unfed females) released were 

caught on the top of the net when occupied by human bait (clustering towards the head and 

chest). In contrast, when nets were unoccupied the mosquitoes caught were much more 

evenly distributed over the net surface. While the use of adhesives meant only initial contact 

could be quantified, preventing subsequent behaviour from being expressed, this initial 

finding supported the hypothesis that mosquitoes are attracted to the top surface of the net 

by a rising plume of chemical attractants expelled by the occupant. These initial findings were 

supported by subsequent experiments by Sutcliffe and Yin (2014) using human-baited 

untreated nets arrayed with sticky panels, also observing that initial contact by pyrethroid-

susceptible An. gambiae was strongly focused on the top of the net. Given the limitations 

imposed by using adhesives and that untreated nets may not be representative of behaviour 

around insecticidal nets, Parker et al. (2015), conducted infrared video tracking experiments 

to observe the behaviour of pyrethroid-susceptible An. gambiae s.s around the deltamethrin 

LLIN PermaNet 2. Parker et al. observed that total activity across one hour sessions was 

strongly focussed on the roof of human occupied nets, with 78.3% of activity on the roof with 

an LLIN and 74.7% with an untreated net (Figure 1.7). Additionally, they hypothesise that An. 

gambiae are unable to visually detect the presence of the LLIN, given evidence of similar 

approach velocities between an LLIN and no LLIN in wind tunnels, instead speculating that 

navigate towards the host using chemical cues. A lack of visual detection when navigating 
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around LLINs would have implications for damaged nets, suggesting An. gambiae mosquitoes 

would not perceive them and navigate accordingly.  

 

Figure 1.7 Mosquito flight tracks around an unbaited and baited LLIN. Each coloured track 

represents a single mosquito, note concentration of activity on top panel of net in baited (host 

present) image. Adapted from Parker et al. 2015.  

 

 

No host 

Host present 
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1.6.3 Interaction between An. gambiae and holed LLINs 

LLINs provide a physical barrier against the bites of host-seeking Anopheles mosquitoes yet 

the consequences when holes develop in this barrier are not well understood. Following the 

WHO identification in 2011 of mosquito entry into holed LLINs as a priority knowledge gap to 

be addressed, the earliest study to comprehensively investigate mosquito entry into damaged 

nets was conducted by Randriamaherijaona and colleagues (2015). Using release recapture 

experiments in experimental huts Randriamaherijaona et al. assessed bloodfeeding inhibition 

and insecticidal effect of pyrethroid nets (PermaNet 2.0) with different extents of physical 

damage (with total holed area ranging from 15cm2 to 22,500cm2). They observed that the 

probability that an An. gambiae female would bloodfeed on occupants increased 

exponentially with the total holed surface area on the net. Interestingly, bloodfeeding success 

was independent from insecticidal outcomes with no difference in bloodfeeding rates 

between susceptible and resistant mosquitoes. However, this study did not investigate the 

impact of the location of these holes on bloodfeeding success. Investigations of the impact of 

hole location on mosquito entry into LLINs is a slowly emerging topic. As quantifying 

bloodfeeding success requires human participants to potentially expose themselves to bites, 

many laboratory based studies chose to instead visually monitor hole entry as a proxy for 

bloodfeeding.  

A 2017 investigation by Sutcliffe et al., used video recording to compare the probability that 

4-8 day old unfed An. gambiae females would pass through equally sized holes on the top and 

side of an untreated net. In addition to confirming prior findings that mosquito activity was 

heavily focused on the top of the net, they observed that mosquitoes arriving near a hole on 

the top were 20% more likely to pass through than when at a hole on the side. Taken together, 

they concluded that holes on the top were a much greater risk for hole entry with a hole on 

https://parasitesandvectors.biomedcentral.com/articles/10.1186/s13071-017-2419-7#auth-Sanjiarizaha-Randriamaherijaona
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the side. They developed a model which estimated that a 1cm diameter hole in the top is 

equivalent to a 70cm diameter hole in the side. While these findings certainly challenge the 

current WHO guidance that all holes are weighted equally in terms of assessing physical 

damage, regardless of where they are located on the net, the use of an untreated net rather 

than an insecticide treated net limits interpretation in terms of an LLIN in operational 

conditions 

The mosquito behaviour studies outlined above conducted their investigations at standard 

insectary conditions (27°C ± 2°C, and 80% relative humidity) however there is emerging 

evidence that the patterns of mosquito behaviour around an LLIN is influenced by 

temperature. Sutcliffe and Yin (2021) observed that overall mosquito activity around an 

untreated net in a ‘warm’ 27–30°C room was lower and less focussed on the roof than in a 

‘cool’ 23–25°C room.  
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1.7 Aims and objectives  
 

The aim of this study is to investigate the physical and chemical changes of LLINs with time in 

operational use. While it is established that LLINs generally become physically damaged and 

lose insecticide from the fibres over time, the implications of this for their protective effect is 

poorly described.  Furthermore, given recent advancements in characterising An. gambiae 

behaviour around bednets, this study aims to investigate if the location of holes on a net 

impacts the risk that mosquito will bloodfeed on the occupant and successfully escape to 

survive the encounter. Additionally, given the development and growing deployment of ‘next-

generation’ PBO-LLINs designed to combat insecticide resistance in vector populations, this 

study will address these aims for this new LLIN class.  

 

 

 

 

 

 

 

 

 

 



 

61 
 

To address these aims, the following objectives were devised. 

1) Quantify the chemical content of both conventional pyrethroid-only LLINs and their 

‘next-gen’ PBO equivalents at timepoints after distribution to the field. 

2) Quantify the bioefficacy of both conventional pyrethroid-only LLINs and their ‘next-

gen’ PBO equivalents at timepoints after distribution to the field against 

a. Pyrethroid-susceptible An. gambiae 

b. Pyrethroid-resistant An. gambiae 

3) Quantify the relationship between chemical content and bioefficacy 

4) Quantify total damage to LLINs across timepoints to: 

a. Investigate differences between LLIN products 

b. Investigate spatial trends in the location of damage on the nets 

c. Quantify the relationship between total damage and bioefficacy 

5) Investigate the relationship between hole location and personal protection of LLINs 

6) Compare the personal protection of pyrethroid-only and pyrethroid-PBO LLINs 
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Chapter Two:  Chemical content and bioefficacy of Long Lasting 

Insecticidal Nets treated with and without piperonyl butoxide across 

two years of operational use in Uganda 
 

Statement of contribution 

The findings presented in this chapter were made possible by the contributions of a number 

of individuals. While the preparation of net samples and all subsequent assessments were 

performed by myself, these samples were sent to me by field collections made by colleagues 

at the Infectious Diseases Research Collaboration in Kampala, Uganda. The collections were 

performed alongside a larger randomised control trial into the epidemiological and 

entomological impact of the addition of PBO to pyrethroid bed nets.  

 

2.1 Introduction 

2.1.1 Background 

Long Lasting Insecticidal Nets (LLINs) are the cornerstone of global malaria control strategy, 

forming a physical and chemical barrier against the bites of Anopheles mosquitoes (Churcher 

et al., 2016). Progress in interrupting malaria transmission in sub-Saharan Africa in the past 

two decades has been attributed in large part to mass distributions of LLINs (Bhatt et al. 2015, 

Pryce, Richardson and Lengeler 2018). To achieve high levels of coverage, the World Health 

Organisation (WHO) recommends that countries distribute nets through both national 

programmes and antenatal services (WHO, 2013). The pyrethroid insecticides in LLINs are 

intended to maintain sufficient concentrations for at least three years, thus distributions are 

typically planned to occur at three-year intervals. However, recent durability studies suggest 

that in some countries the operational lifespan of LLINs is less than three years (Gnanguenon 

et al. 2014, Toé et al. 2019, Lorenz et al. 2020, Bertozzi-Villa et al. 2021). To sustain the impact 

of malaria control, National Malaria Programmes (NMPs) must identify LLIN products that are 
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durabule within the cultural and environmental context of their country (WHO 2011, WHO 

2013). However, existing WHO LLIN durability assessment guidelines were not intended for 

the growing diversity of net classes that have been designed in response to growing 

pyrethroid resistance in mosquito populations. To allow NMPs to evaluate the performance 

of LLIN products in their country, there is a need to adapt the current WHO guidelines to 

include testing against pyrethroid-resistant mosquitoes.   

LLINs interrupt the transmission of Plasmodium parasites by reducing the number of 

infectious bites individuals will receive (Churcher et al., 2016). The chemical effect of the 

insecticide intoxicates the mosquito on contact, inhibiting motor function to prevent blood-

feeding and eventually death (Rehman et al., 2014). Additionally, there is evidence that 

pyrethroids provide their protective effect inciting an ‘excito-repellent’ effect, resulting 

avoidance away from the net (Lindsay et al. 1991, Faulde and Nehring 2012). However, it 

remains unclear if this repellency undermines the broader community protective effect by 

diverting mosquitoes towards unprotected individuals.  

The WHO currently only recommends the use of pyrethroid and, more recently, pyrrole 

insecticides for use on LLINs (WHO 2017).  However, the continued use of LLINs for controlling 

malaria transmission in sub-Saharan Africa is threatened by the widespread rise of pyrethroid 

resistance in Anopheles vectors across the region (Churcher et al. 2016, Hemingway et al. 

2016,Ranson and Lissenden 2016). The development of target site alterations and metabolic 

resistance enables mosquitoes to tolerate exposure, increasing the chance they will obtain a 

bloodmeal and survive the encounter (Irish et al. 2008, Asidi et al. 2012, Strode et al. 2014).  

While there is evidence that pyrethroid LLINs retain a degree of protection against pyrethroid 

resistant mosquito populations by imposing fitness costs that reduce lifespan and 
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reproductive success, stalling progress in reducing infection has motivated the development 

of LLIN classes (Alout et al. 2016, Viana et al. 2016,). Due to the limited alternatives to 

pyrethroids, efforts to maintain the impact of LLINs have focused on secondary chemistries 

that increase the susceptibility of pyrethroid-resistant mosquitoes. Piperonyl butoxide (PBO) 

is a synergist that inhibits the Cytochrome P450 enzymes of the mosquito metabolism that 

neutralise pyrethroids (Darriet and Chandre 2011). In 2017, the WHO announced an interim 

recommendation of pyrethroid LLINs containing PBO in areas of moderate pyrethroid 

resistance (WHO, 2017). While evidence on the efficacy pyrethroid-PBO LLINs is still emerging, 

a 2021 Cochrane review concluded that they reduce blood-feeding and increase mortality in 

moderately resistant An. gambiae populations compared to conventional pyrethroid-only 

nets (Gleave et al., 2021). However, the same review emphasised that the durability of these 

new designs incorporating PBO under operational conditions has not yet been assessed. In 

order for pyrethroid-PBO LLINs to obtain full WHO recommendation, it must be demonstrated 

that they maintain their insecticidal effect for the full three-year distribution cycle.  

2.1.2 Assessing LLIN durability 

LLINs distributed to endemic areas are acknowledged to lose insecticide content as a result 

of routine operational use (WHO, 2011; WHO, 2013). As nets are washed and handled, the 

insecticide at the surface is depleted and gradually regenerated by the internal reservoir 

within or on the fibres (Gimnig et al. 2005).  Pyrethroid LLINs are designed with sufficient 

insecticide content to regenerate for at least three years of appropriate use, with an 

expectation that they will be replaced before this time (WHO 2013). However, while there is 

evidence from multiple settings that pyrethroid levels remain high in conventional pyrethroid-

only LLINs over the timescale of a distribution cycle, the durability of the secondary active 
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ingredients (such as PBO) is not established. To assess if the expectation of a three-year 

lifespan is met, WHO LLIN durability guidelines outline defined bioefficacy benchmarks that 

allows insecticidal performance to be compared between timepoints (WHO 2011, WHO 

2013). Physical condition is not considered in the assessment of bioefficacy. However, there 

is growing evidence to suggest the bioefficacy of pyrethroid-LLINs in operational conditions 

varies substantially between products and may fall short of three years.  

To date the number of full three-year durability studies for pyrethroid-only LLIN is limited. 

The variability in bioefficacy after three years between different studies and LLIN products 

highlights that each durability trial has limited interpretation beyond the context in which it 

was conducted. The differing environmental and socio-economic conditions in which LLINs 

are used would be expected to impact bioefficacy outcomes after three years. Consequently, 

for national malaria programmes to identify the optimal LLIN products for their context, 

durability studies must continue to be performed in different countries and settings.  

The WHO LLIN durability assessment guidelines were not designed to assess the growing 

diversity of LLIN classes that have been developed in response to pyrethroid resistance. 

Currently, LLINs being assessed are only required to demonstrate efficacy against fully 

pyrethroid-susceptible mosquitoes. Consequently, to assess the durability of ‘next 

generation’ products with a second chemistry supplementing the pyrethroid such as 

pyrethroid-PBO LLINs, there is a need to expand the WHO durability guidelines to include 

testing against pyrethroid-resistant mosquitoes.  
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2.1.3 Uganda LLIN evaluation project 

In Uganda, the country with the highest malaria burden in East Africa, progress in controlling 

transmission has stalled (Lynd et al. 2019). Despite national programmes from 2015 to 2017 

to distribute pyrethroid LLINs and deploy indoor residual spraying (IRS) with pyrethroids, 

cases did not decrease. The declining efficacy of conventional control strategies coincides 

with emerging evidence of both high levels of knockdown (kdr) resistance and moderate 

levels of metabolic resistance in mosquito populations throughout the country (Lynd et al. 

2019, Njoroge et al. 2021). In an effort to resume progress towards elimination, in 2017 the 

Ugandan Ministry of Health initiated a mass distribution of pyrethroid-only and pyrethroid-

PBO LLINs. As each district received either LLINs with or without PBO, this mass distribution 

presented an opportunity to perform an evaluation of PBO LLINs on a national scale. The 

Long-Lasting Insecticidal Net Evaluation Uganda Project (LLINEUP) is an international 

collaboration between research institutions and the Ugandan Ministry of Health to assess the 

impact of the distribution of PBO-LLINs in Uganda on epidemiological, entomological, and 

durability outcomes. The LLINEUP project aims to provide insight into the efficacy of the 

addition of PBO to pyrethroid LLINs in interrupting malaria transmission compared to 

pyrethroid-only LLINs.   
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2.1.4 Aim 

This chapter constitutes the bioefficacy and chemical durability component of the LLINEUP 

(Long-Lasting Insecticidal Net Evaluation in Uganda Project), a large field study covering 

approximately half of Uganda’s land mass to evaluate the efficacy of pyrethroid/PBO LLINs.  

The aim of this chapter is to compare the chemical integrity and bioefficacy of LLINs with and 

without-PBO in the Uganda PBO trial. The durability of Olyset Duo and PermaNet 3.0, both 

dual-AI pyrethroid+PBO LLINs, will be assessed with comparison to their pyrethroid-only 

equivalents LLINs from the same manufacturer (Olyset and PermaNet 2.0 respectively). The 

purpose of this chapter is not to directly compare Olyset Plus and PermaNet 3.0 but to assess 

how the performance of each products changes over time.  
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2.1.5 Objectives 

The objectives of this chapter are to quantify the chemical integrity of LLINs sampled at 

timepoints following distribution in a cluster randomised durability trial in Uganda. These 

objectives are derived from the WHO durability guidelines (WHO 2011, WHO 2013b).  

The primary objective (1) of this chapter is to assess the impact of the addition of PBO on the 

bioefficacy of pyrethroid LLINs over the distribution cycle. This will be achieved by comparing 

the performance of two pyrethroid-PBO LLIN products with their pyrethroid-only equivalents 

in WHO cone bioassays at timepoints after distribution.  

The secondary objectives of this chapter are to (2) describe the chemical integrity of 

pyrethroid-PBO and pyrethroid-only LLINs over the same time period by measuring 

insecticide content with high-performance liquid chromatography (HPLC)  
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2.1.6 Study site and context 

This durability investigation was conducted using nets from a cluster randomised trial to 

evaluate the efficacy of pyrethroid LLINs containing the synergist piperonyl butoxide (with 

comparison to pyrethroid-only LLINs). The protocol for this trial has been published previously 

(Staedke et al. 2019). The study area covered approximately half of Uganda’s land mass, 

included a range of sociological and ecological environments. Uganda’s healthcare system is 

decentralised across 112 health districts that have local decision-making powers and a 

general hospital, further divided into health sub-districts (HSDs) that contain a health centre 

and each serve approximately 100,000 people. A total of 104 HSDs from both Western and 

Eastern Uganda were included in the trial.  

Prior to the commencement of the study, a sensitisation programme was undertaken by 

Uganda’s Ministry of Health to engage stakeholders at district and community level. 

Community leaders were consulted on their inclusion in the trial and leaflets were distributed 

on the purpose and proper use of LLINS.  Household level surveys were conducted to estimate 

the numbers of nets required in each HSD. In line with WHO guidance, the number of nets to 

be allocated to a household was the total number of individuals divided by two (rounded up) 

(WHO, 2013).   

Due to interim WHO guidance (since revoked) advising against the co-occurrence of Indoor 

Residual Spraying (IRS) with pirimiphos-methyl (‘Actellic’) and pyrethroid-PBO LLINs, areas of 

the country where pirimiphos-methyl IRS was due to be deployed were not included in the 

study [20]. 
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2.2 Methods 

2.2.1 LLIN description 

Four LLIN products were distributed and assessed in this study, all of which have obtained 

WHO pre-qualification. This consisted of two pyrethroid-PBO nets (Olyset Plus and PermaNet 

3.0) and two pyrethroid-only nets (Olyset and PermaNet 2.0). All nets were of the ‘special’ 

size, measuring 180cm long x 170 width x 170 height. The chemical specifications of each net 

included in the study are shown in Table 2.1. 

Table 2.1. Specifications of LLIN products assessed in study. The target dose 

was defined as the amount of chemical per kg of fabric  

Product 

name 

Manufacturer Weave Insecticide target 

Olyset Net Sumitomo Chemical Ltd. Polyethylene  

(150 denier) 

Permethrin:   

      20g/kg (± 5.0) 

Olyset Plus  Sumitomo Chemical Ltd. Polyethylene  

(150 denier) 

Permethrin:    

      20g/kg (± 5.0) 

PBO: 

      10g/kg (± 2.5g/kg) 

PermaNet 

2.0 

Vestergaard Frandsen polyester  

(100 denier) 

Deltamethrin: 

     1.4g/kg (± 0.35) 

PermaNet 

3.0 

Vestergaard Frandsen Polyester  

(roof: 100 denier,  

 Sides: 75 denier) 

Deltamethrin:  

     4.0g/kg (± 1.0) roof 

     2.1g/kg (± 0.525) sides 
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Unused ‘baseline’ nets were obtained by randomly sampling from the shipment of nets 

intended for distribution in the field. 

 

2.2.2 Sample size 

 

Table 2.2. Sample size of nets used for each outcome .  

Outcome Timepoint 

PermaNet 

2.0 

(n) 

PermaNet 

3.0 

(n) 

Olyset  

Net 

(n) 

Olyset  

Plus 

(n) 

Total 

 

Chemical integrity 

(HPLC) 

Baseline 5 5 5 5 20 

12 Month 38 35 34 31 138 

25 Month 29 30 30 30 119 

 

WHO Cone assay 

 

Baseline 5 5 5 5 20 

12 Month 7 7 7 7 28 

 25 Month 7 7 7 7 28 

 Baseline - - 5 5 10 

WHO Wireball assay 12 Month - - 7 7 14 

 25 Month - - 7 7 14 
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2.2.3 Chemical Analysis 

To assess the chemical content of each net, the insecticide was extracted into solution and 

quantified using high-performance liquid chromatography using the methods outlined below.  

 

2.2.3.1 Net processing 

Two 25x25cm samples, cut from the top panel, were used to calculate the chemical content 

of each net. Each 25x25xm net sample was carefully unwrapped from its aluminium packing 

and placed into a die cutting machine (Sissix, UK) which cut out five 5cm diameter circles from 

the netting (the WHO durability guidelines no not specify the method by which these pieces 

should be cut thus a haberdasher style cutting press was identified as a straightforward yet 

reliable means of obtaining consistent samples). A separate cutting board was used for each 

LLIN product to prevent cross-contamination and each cutting board wiped down with 70% 

ethanol between every individual sample. All net cuttings were visually inspected for cutting 

errors. The remains of the net piece from which they were cut were then carefully repackaged 

in the same labelled aluminium foil piece.   

The sum of the five net cuttings (total surface area 78.53cm2) were then weighed together, 

which was noted in an excel sheet. Following this, all five samples were placed into an 

Eppendorf tube (labelled with the net ID and LLIN product)  and stored at 3-50C until assessed 

for chemical content. 
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2.2.3.2 Insecticide extraction 

To prepare net cuttings for chemical content assessment, the insecticide must first be 

released from the net fibres into solution. To dissolve the sample, an extraction solution was 

prepared containing 900ml of heptane and 100ml of 1-propanol, as per the methods of 

Ngufor et al., 2022. Following this, 100mg of dicyclohexyl phthalate (DCP) was dissolved in 

the extraction solution to act as an internal standard at the analysis stage. Once prepared, 

the bottle containing the extraction solution was labelled with the date and stored at 3-50C 

(and used within 4 weeks of preparation).  

A Gibson pipette was used to transfer 5ml of the extraction solution to each Eppendorf tube 

containing a net sample. The tube was then capped with tinfoil and the lid closed tightly to 

minimise evaporation. Negative controls were prepared by transferring 5ml of the extraction 

solution into Eppendorf tubes containing no net sample 

The insecticide extraction process was performed by placing each prepared Eppendorf tube 

into a heat block set at 850C for 45 minutes, vortexing for three seconds every 15 minutes. To 

allow these extracted samples to be stored indefinitely, heptane and propanol were 

evaporated off. A Gibson pipette was used to transfer 1ml of extracted solution from each 

sample into a glass vial, with the vials then placed in a heat block set at 600C for 10 minutes 

to evaporate. These evaporated samples were then placed into a fridge at 3-50C, where they 

could be stored indefinitely if needed until chemical analysis.  
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2.2.3.3 Preparing samples for chemical analysis 

Evaporated samples were removed the fridge and resuspended in 1ml of acetonitrile. The 

resuspended sample was then vortexed for one minute and transferred to a labelled 

Eppendorf tube. Immediately before chemical analysis, the contents of each Eppendorf were 

transferred to a 300µl glass insert chromatography vial using a 200µl syringe with a 0.2µM 

filter. DCP controls were not filtered.  

2.2.3.4 Preparing internal standards 

As chemical analysis estimates the quantity of a compound by comparing light absorbance to 

that of a known quantity of the same compound, internal standard must be prepared which 

have a specific concentration of the given insecticide to be assessed. Given the LLIN products 

to be analysis in the study, internal standard were prepared for permethrin, deltamethrin and 

PBO. This was done by first weighing 10mg of the given insecticide into an Eppendorf tube 

and adding 1000ul of acetonitrile (the medium in which compounds are suspended in 

chemical analysis). Serial dilutions were then performed to prepare concentrations of the 

insecticide at 1000µg, 500µg, 250µg, 125µg, 62.5µg per ml (Figure 2.1). A Gibson pipette was 

then used to transfer 200µl of each concentration into a labelled glass vial. Additional four 

‘blank’ vials contain only acetonitrile were prepared, to be used for calibrating absorbance (as 

these blanks are used to set relative absorbance level to zero, to which other compounds can 

then be compared).     
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Figure 2.1. Diagram of serial dilutions performed to prepare insecticide standards for HPLC. 

 

2.2.3.5 High performance Liquid Chromatography set-up and analysis 

The HPLC analysis was performed on an Agilent 1100 Series machine (Aglient, California US). 

The insecticide content the samples was determined by injecting 10µl aliquots from each 

chromatography vial through a reverse-phase Hypersil GOLD C18 column at room 

temperature. A mobile phase of 70% acetonitrile/30% water was used with a flow rate of 

1ml/minute. Chromatographic peaks for each sample were observed at a wavelength of 

226nm   

Quantities of Permethrin, Deltamethrin, and Piperonyl Butoxide in each sample were 

calculated by comparison to standard curves of each compound (PESTANAL®, analytical 

standard, Sigma-Aldrich, Missouri US) and corrected against internal standard DCP. HPLC data 

were analysed using OpenLAB software v2.1 (Aglient,  California US). The weight of each 

sample before extraction was then used to calculate insecticide content (in grams per 

kilogram). The chemical content of each net was calculated as the average of the two samples 

assessed. 
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2.2.2 Bioefficacy 

To assess bioefficacy, pyrethroid-resistant Anopheles mosquitoes were exposed to the net 

samples using standard WHO bioassays as outlined in the methods below: 

2.2.2.1 Mosquito characterisation 

All mosquitoes used are 3-5-day old unfed females, reared in a temperature and humidity-

controlled insectary. Two different mosquito strains were used in the cone bioassays; Kisumu 

and Busia. Kisumu is a pyrethroid susceptible strain of An. gambiae established at LSTM in 

1975 from field collections conducted in what is now Kismu county (formerly Kisumu district), 

in Western Kenya. Busia is a strain established in November 2018 from mosquitoes collected 

in Busia, Eastern Uganda. Wild populations from Eastern Uganda been previously 

characterised as possessing resistance to pyrethroids through both target site alterations 

(Vgsc-1014F/S) and intermediate levels of metabolic mutations (Cyp4j5 and Coeae1d) (Lynd 

et al., 2019). To maintain the frequency of alleles associated with pyrethroid-resistance, Busia 

was selected with 0.05% deltamethrin every 3rd generation. Both phenotypic and genotypic 

characterisation were conducted on the same generation (G35).  

The phenotypic resistance status of the Busia strain was assessed using WHO tube bioassays. 

The purpose of this assay is to confirm that a mosquito colony is resistant to pyrethroids by 

exposing them to paper treated with a WHO specified dose for a set amount of time. To 

ensure quality and comparability, insecticide papers are provided by the WHO. The 

concentration of pyrethroid determined by the WHO (discriminating dose) is that which 

systematically gives 100% mortality against susceptible strains after 1 hour of exposure. Any 

mosquito strain for which 24hr mortality is systematically <80% is considered to be resistant.  
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To characterise mosquitoes for this study, Busia was exposed to a range of insecticides in the 

WHO tube assay. Insecticides used were as follows: permethrin (0.75%), deltamethrin 

(0.05%), DDT (4.0%), and α-cypermethrin (0.05%). Mosquitoes were exposed to the 

insecticide for one hour, with the number of mosquitoes dead after 24 hours  recorded. 

Additionally, to investigate the extent to which ‘Busia’s’ susceptibility can be restored by PBO, 

the tube assays were repeated with the inclusion of prior exposure to PBO papers for one 

hour before insecticide exposure. 

Genotypic characterisation was assessed by quantifying the frequency of single nucleotide 

polymorphisms (SNPs) linked to target site (Vgsc-L1014S, Vgsc-L1014F) and metabolic 

resistance (Cyp6P4 and Cyp4J5) in east African An. gambiae by Weetman et al., (2018). The 

protocol for detecting resistance-associated alleles was developed by Amy Lynd (unpublished 

internal SOP, 2020), utilising  Locked Nucleic Acid (LNA) probes.  A total of 92 3-5 day old Busia 

females were sampled for genotypic analysis. DNA extraction as achieved using “Nexttec” 

extraction plates (as per manufacturer’s instructions), using two mosquito legs.  Mosquito 

legs were placed in 20μl of 1x STE buffer (Sodium Chloride-Tris-EDTA, Fisher Scientific) then 

incubated for 30 minutes at 950C. Probes were ordered from Integrated Data Technology 

(eu.idtdna.com/site/order/qpcr/primetimeprobes/lna). Reactions were prepared in optical 

PCR tubes and run on an AriaMX qPCR machine. Reaction conditions were 950C for three 

minutes, followed by 40 cycles of 950C for five seconds and 600C for 30 seconds (for a total 

runtime of 52 minutes). Results were analysed on AriaMX software (v1.5).   
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2.2.2.2 Sampling preparation 

Two 25cmx25cm pieces from the top of each individual bed net assessed were used to 

evaluate bioefficacy. These were the same net pieces from which cuttings were made for 

chemical assessment.  

2.2.2.3 WHO Cone bioassay 

To test the bioefficacy of nets collected in the study, WHO cone bioassays were performed 

on net samples using the protocol outlined in WHO durability monitoring guidelines (WHO 

2011, WHO 2013).  In the WHO cone assay, mosquitoes are held in a plastic cone (10cm 

diameter by 7cm height) against a bed net for three minutes. To secure cones to the net 

pieces, two Plexiglas panels with cut-outs the same diameter as the cones are used as 

substrates (Figure 2.2). The netting and the rim of a cone are sandwiched between the 

Plexiglas panels and screwed together. The full assembly is then mounted at a 45-degree 

angle to maximise the contact time between the mosquito and the net (Okumu et al., 2014). 

Figure 2.2 Example of WHO cone bioassay. Testing backboard is angled at 45 degrees to 

discourage avoidance from the net.  
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As per standard insectary rearing and testing conditions, ambient conditions in the testing 

room ranged from 27 ± 2 °C and 80 ± 10% relative humidity. Prior to testing beginning, 

mosquitoes are placed in the testing room for one hour to acclimatise. To commence a cone 

test, seven mosquitoes are transferred into the cone through the open top using a mouth 

aspirator. Once transferred, the hole is immediately plugged with cotton wool and a timer 

stated. After three minutes have passed, the mosquitoes are removed from the cone with a 

separate aspirator (to avoid contamination of the aspirator used for putting mosquitoes into 

the cone) and transferred to a paper cup labelled with the time, date, and sample ID. The 

mosquitoes were then offered sugarwater and left in the same room to recover. Knockdown 

and mortality were then scored at 1 hour and 24 hours post-exposure respectively.  

The bioefficacy of an LLIN product under operational conditions is assessed by calculating the 

proportion of nets that meet WHO bioefficacy criteria at each timepoint. Individual nets are 

expected to achieve either 80% mortality or 95% knockdown against pyrethroid susceptible 

An. gambiae s.s. mosquitoes. An LLIN product is considered to have passed overall if 80% of 

nets of that type met these criteria at all timepoints up to 36 months. Chemical and physical 

integrity are not included in bioefficacy criteria.  
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2.2.2.4 WHO Wireball bioassay 

Given previous literature indicating that WHO Cone bioassays are insufficient to assess the 

bioefficacy of LLIN products containing insecticides with high contact irritancy (Abdel-Mohdy 

et al 2009) , such as the permethrin in Olyset Net and Olyset Plus, supplemental WHO wireball 

assays were performed on the same nets used in WHO cone bioassays. However, while the 

same nets were evaluated in both the cone and wireball, different samples from that net were 

used due to the destructive nature of chemical analysis. Consequently, in WHO wireball 

assays samples from the sides of the net were used as these pieces were still fully intact. The 

use of side pieces meant that PermaNet 3.0 could not be meaningfully compared as there is 

no PBO on the side panels.  

The WHO wireball bioassay is a method for exposing mosquitoes to a piece of netting 

(insecticide treated net, ITN or long lasting insecticidal net, LLIN). The netting sample is 

wrapped around a metal frame, creating a fully enclosed area (Figure 2.3). By surrounding 

the frame on all sides with the netting, it is assumed that mosquitoes released inside cannot 

avoid contact by flying away from the net surface. The current WHO methodology for the 

wireball assay describes two different acceptable frames which can be used to affix the net; 

either a 15 cm x 15cm x 15 cm cube or a sphere made up of two intersecting circles 15 cm in 

diameter. Here the cube variant was used.  
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Figure 2.3 Image of cube variant of WHO wireball assay in use. Image shows netting material 

wrapped around the metal cube frame and secured in place with elastic bands. Mosquitoes 

are released into the cube by a ‘sleeve’ of excess material.  
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As in the cone bioassay, seven 3-5 day old females were released into the wireball for three 

minutes then assessed for 1hr knockdown and 24 hour mortality. As before,  ambient 

conditions in the testing room ranged from 27 ± 2 °C and 80 ± 10% relative humidity. These 

wireball assays were performed with the same pyrethroid-resistant ‘Busia’ strain. 

The purpose of this secondary testing was to  give LLIN products that performed poorly in the 

WHO Cone assay a second chance to demonstrate performance using an assay where there 

were no surfaces on which the mosquito could rest to avoid contact (such as the cone itself 

in the WHO Cone assay). While the WHO Tunnel test is recommended as a secondary assay 

for assessing nets with high contact irritancy, the current study could not undertake this 

technique due to the ethical issues surrounding the use of smalls mammals as bait.  
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2.2.3 Data Analysis 

Data analyses were conducted using R (version 3.6.0), all graphs were produced using the 

ggplot2 package (version 3.2.1). Associations between outcomes and variables of interest 

were quantified using Generalized Linear Mixed Models (GLMMs) using the ‘lme4’ package 

(version 1.1-21). To account for unexplained variation between separate pieces from 

individual nets and between clusters, the net ID (a unique identifier for each net distributed) 

and HSD number were each included in the models as a random effect. Additionally, both the 

temperature and relative humidity of the testing room were included in initial model fitting 

but accounted for such little variance in the final model that they were removed for simplicity. 

The model selection process used stepwise regression, working backwards from a maximally 

complex model to produce the most parsimonious fit. Variables that did not significantly 

increase explanatory power, as indicated by log-likelihood ratio tests (LRTs)(‘lmtest’ package 

version 0.9-37), were excluded from the final model. The p values reported are the output of 

these LRTs. Pairwise comparisons between levels within a categorical variable were 

performed using least square means with the ‘lsmeans’ package (version 2.30-0). 

Unless otherwise stated, all mean values reported here are the predicted mean values 

obtained from the appropriate statistical model. The margin of error (95% confidence 

intervals) around predicted means are calculated by model-based bootstrapping. This 

bootstrapping technique is performed by resampling the data (with replacement) using the 

‘BootMer’ package with 1000 resamples. This bootstrapping method is preferred over the 

95% CIs calculated from raw standard errors of the mean (reported by the GLMM output) as 

rather than simply averaging over the random effect (clusters) it allows the distribution of 
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means to approach a normal distribution (due to the Central Limit Theorem) providing a 

margin of error that is less skewed.  
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2.3 Results 

2.3.1 Chemical integrity 

2.3.1.1 Standard of baseline nets 

At baseline, all net samples tested met or exceeded the minimum target dose of AI as per 

their respective specifications (Table 2.3). 

Table 2.3. Mean chemical content (in g/kg) for each active ingredient in each LLIN 

product at baseline, 12 months, and 25 months post -distribution. Values in 

bracket indicate 95% confidence interval  

 

 

 

 

 

 

 

Active 

Ingredient 
LLIN product 

Timepoint 

Baseline 12 months 25 months 

Deltamethrin 
PermaNet 2.0 1.3 (0.8-1.9) 1.1 (0.9-1.3) 0.7 (0.5-0.9) 

PermaNet 3.0 5.0 (4.1-5.9) 4.2 (4.0-4.5) 3.5 (3.2-3.8) 

Permethrin 
Olyset Net 19.5 (19.9-21.1) 17.0 (16.4-17.6) 18.2 (17.6-18.7) 

Olyset Plus 16.1 (13.6-18.5) 14.5 (13.7-15.4) 17.4 (16.5-18.3) 

PBO 
PermaNet 3.0 26.8 (22.9-30.7) 15.3 (13.7-16.9) 11.0 (9.4-12.7) 

Olyset Plus 8.2 (6.7-9.8) 5.0 (4.4-5.7) 3.7 (3.0-4.3) 



 

86 
 

2.3.1.2 Deltamethrin content 

The deltamethrin content of PermaNet 3.0 decreased with each timepoint (p=<0.001, Figure 

2.4A). In the period from 0 to 25 months, mean deltamethrin content of PermaNet 3.0 nets 

declined from 4.98g/kg (95% CI: 4.08-6.01) to 3.484g/kg (95% CI: 3.19-3.78). Despite this, the 

deltamethrin content of all PermaNet 3.0 nets collected at 25 months remained within the 

target dose range (3.0-5.0g/kg). For PermaNet 2.0, mean deltamethrin content after 25 

months was not statistically different from baseline (p=0.071). 

2.3.1.3 Permethrin content 

The permethrin content of Olyset Plus varied across the sampled timepoints (p<0.001, Figure 

2.4B) however pairwise comparison indicated no overall difference between baseline and the 

final timepoint (p=0.591). Mean permethrin content in Olyset Plus at baseline was 16.08 (95% 

CI: 13.70-18.62), declining to 14.54 (95% CI: 13.64-15.35) after 12 months, then appearing to 

increase to 17.39 (95% CI: 16.53-18.22) after 25 months. A similar pattern was observed for 

Olyset Net, with permethrin content varying across timepoints overall (p<0.001) yet pairwise 

comparison indicating no difference between baseline and the 25-months (p=0.327).  
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2.3.1.4 Piperonyl butoxide content 

The PBO content of PermaNet 3.0 declined across the sampled timepoints (p<0.001, Figure 

2.4C). PBO content for PermaNet 3.0 at baseline was 26.81g/kg (95% CI: 22.80-31.07), 

declining to 15.28g/kg (95% CI: 13.74-16.71) after 12 months (p=0.001), then further to 

11.03g/kg (95% CI: 9.35-12.67) at the 25 month timepoint (p=0.001).  

A similarly sharp decrease in PBO was observed for Olyset Plus between baseline and 25 

months (p<0.001, Figure 2.4C). At baseline mean PBO content for Olyset Plus was 8.17g/kg 

(95% CI: 6.51-9.82) before declining to 5.03g/kg (95% CI: 4.37–5.74) after 12 months 

(p=0.002). From 12 months to 25 months post-distribution, PBO content further fell to 

3.66g/kg (95% CI: 2.97-4.28, p=0.013).  
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Figure. 2.4  Mean concentration of (A) deltamethrin, (B) permethrin, and (C) PBO detected in 

net samples at each sampled timepoint (measured using HPLC). Error bars indicate 95% CIs. 
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2.3.2 Mosquito characterisation 

2.3.2.1 Phenotypic resistance 

One hour exposures in WHO tube assays confirmed that the site-specific Busia strain was 

resistant to both 0.75% permethrin and 0.05% deltamethrin (by the WHO definition of <90% 

mortality)(Figure 2.5) , with mean 24hr mortality after a one hour exposure 21.76% (95% CI: 

15.94-27.58) and  73.67 (95% CI: 69.45-77.89) respectively for each pyrethroid. When the 

same process was repeated with the addition of a one hour pre-exposure to PBO, adjusted 

mortality rose to 50.41% (95% CI: 29.70-71.12) and 99.00 (95% CI: 97.04-100) for permethrin 

and deltamethrin respectively. This increase in mortality after PBO pre-exposure indicates 

that susceptibility of Busia to pyrethroids can be at least partially, but not fully, restored by 

PBO.  
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Figure 2.5. Adjusted mortality of An. gambiae strain ‘Busia’ after 60 minute WHO tube 

exposure to (A) 0.05% deltamethrin, (B) 0.75% permethrin, (C) 0.05% alpha-cypermethrin, 

(D) 4% DDT 
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2.3.2.1 Genotypic resistance 

Resistance screening of the ‘Busia’ strain used for bioefficacy testing was performed for the 

resistance variants Vgsc-L1014S, Vgsc-L1014F, Cyp6P4 and Cyp4J5 using PCR based 

approaches. The marker for  Vgsc-L1014F was not detected in any samples thus it is not shown 

here. The overall frequency of Cyp4J5 in Busia was 45.5%, with heterozygotes dominating the 

sample at 69% of all mosquitoes sampled (Figure 2.6A). Only 11.1% of Busia were 

homozygous for the Cyp4J5 mutation. For the Cyp6P4 mutation, the overall frequency was 

31.5%, with very few mosquitoes homozygous for the mutation (7.6%) and homozygous wild 

type mosquitoes slightly outnumbering heterozygotes(Figure 2.6B). Finally, Busia was at near 

fixation for the Vgsc-L1014S mutation (Figure 2.6C), with an overall frequency of 94.7% and 

no homozygous wild type mosquitoes. 
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Figure 2.6. Frequency of resistance markers (A) Cyp4J5, (B) Cyp6P4, and (C) Vgsc-L1014S for 

‘Busia’ strain An. gambiae (s.s) mosquitoes. Frequencies represent proportion of females 

assessed (n=92) 
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2.3.3 Bioefficacy 

2.3.3.1 WHO Cone bioassay: Pyrethroid resistant An. gambiae 

Knockdown for PermaNet 3.0 remained very high throughout, achieving 99.7% (95%CI: 97.26-

99.65, Figure 2.7A) at baseline and remaining stable to 12 months (p=0.441), though declining 

to 78.57% (95% CI: 63.57-93.58, p<0.001) after 25 months. PermaNet 3.0 was fully lethal 

against the pyrethroid-resistant strain when new but mortality declined with operational use, 

falling by 26.8% (95%CI: 16.28-37.33) for each year in the field (p<0.001, Figure 2.6B). In 

contrast, both mortality and knockdown with PermaNet 2.0 against the pyrethroid-resistant 

strain was very low throughout the sampled timepoints. There was no difference in 

knockdown for PermaNet 2.0 between timepoints (p= 0.278), with overall mean knockdown 

5.13% (95% CI: 2.23-9.97). Furthermore, there was no difference in adjusted mortality 

between timepoints for Permanet 2.0 (p=0.992),  with mean mortality across all timepoints 

1.92% (95% CI: 0-11.8%) 

Knockdown with Olyset Plus was 46.98% (95%CI: 18.55-79.13) when new but fell considerably 

to 3.54% (95%CI: 0.7-10.54) after two years (p=0.005, Figure 2.7A). Mortality with Olyset Plus 

in cone assays was low throughout, killing 12.19% (95%CI: 5.45-17.01) at baseline and 3.34% 

(95%CI: 0-8.71) after two years but with no significant difference between timepoints 

(p=0.226, Figure 2.7B). Knockdown for Olyset Net did not vary significantly between sampled 

timepoints (p=0.207), with mean knockdown 4.86% (95% CI: 1.30-11.36%) across all 

timepoints. Similarly, mortality for Olyset Net was not statistically different between 

timepoints (p=0.447), with mean mortality 3.60% (95% CI: 0-12.82) across all timepoints.  
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Figure 2.7 Mean (A) knockdown and (B) adjusted mortality in cone bioassays with pyrethroid 

resistant An. gambiae s.s. (‘Busia’) for each LLIN product tested at baseline, 12 months, and 

25 months in the field. 
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2.3.3.2 WHO Wireball assay: Pyrethroid resistant An. gambiae 

The performance of Olyset Plus in wireball assays was greatly improved compared to the 

same nets in the cone assay, knocking down 98.93% (95%CI: 94.43-100, Figure 2.8A) at 

baseline. After 12 months knockdown had not significantly reduced (73.92%, 95% CI: 54.88-

92.97, p=0.376) however there was an overall decline to 45.72% (95% CI: 22.84-68.62, 

p=0.021) after 25 months. Mortality for Olyset Plus against the pyrethroid resistant strain in 

WHO wireball assays at baseline was similarly improved compared to the WHO cone assay, 

killing 87.72% at baseline (95%CI: 77.68-97.76, Figure 2.8B). However, after 12 months 

mortality had declined to 44.15% (95%CI: 29.32-58.98, p=0.002) though the subsequent 

decline to 25.92% (95%CI: 11.92-39.93) at 25 months was not statistically significant (p=0.216) 

With Olyset Net in the WHO wireball assay, there was no difference in 1hr knockdown 

between timepoints (p=0.125). Overall man knockdown for Olyset Net did not vary 

significantly across timepoints (p=0.493), with mean mortality overall 11.56% (95% CI: 9.08-

14.04). A direct comparison between bioefficacy outcomes for Olyset Net and Olyset Plus in 

the WHO cone and wireball assays is shown in Appendix I, supplementary Table 1 and 2.  

The one hour knockdown of PermaNet 2.0 was improved in the WHO wireball compared to 

the WHO cone. In the wireball, mean knockdown across timepoints was 28.64% (95% CI: 

24.08-33.21) with no difference between timepoints (p=0.317).  Similarly, mortality in the 

wireball was improved compared to the cone, killing 12.09% (95% CI: 8.43-15.74) at baseline 

then decreasing to 5.90% (95% CI: 3.09-8.71) after 25 months (p=0.031) however all other 

pairwise comparisons were not significantly different (Baseline:12m, p=0.406)(12m:25m, 

p=0.431). 
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Figure 2.8. Mean (A) knockdown and (B) adjusted mortality in WHO wireball assays with 

pyrethroid-resistant An. gambiae strain (‘Busia’) for Olyset Net and Olyset Plus at baseline, 12 

months, and 25 months in the field.   
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2.3.3.4 Relationship between chemical integrity and bioefficacy 

The relationship between chemical integrity and predicted mortality for the pyrethroid-

resistant An. gambiae s.s. Busia line is shown in Figure 2.9.  

For PermaNet 3.0 in the WHO cone bioassay, mortality was dependent on both total 

deltamethrin content and total PBO content, as indicated by a significant interaction between 

the two variables (p<0.001, Figure 2.9A). Modelling indicated there is a non-linear association 

between PBO content and mortality, with mortality falling more sharply with each 

consecutive g/kg of PBO that is lost (Figure 2.9C). When the deltamethrin value was fixed at 

the mean of the data (4.42g/kg) a reduction in PBO from 25g/kg to 15g/kg resulted in 

predicted mortality falling from 98% to 90%. Furthermore, a reduction in PBO content from 

15g/kg to 5g/kg resulted in a decline in predicted mortality from 90% to 57%. Consequently, 

the model predicted that to achieve 80% mortality against this pyrethroid resistant mosquito 

strain a minimum of 11g/kg PBO was needed. 

For Olyset Plus in the WHO wireball bioassay, mortality had no statistical relationship with 

total permethrin content (p=0.583) and was instead directly correlated with total PBO content 

(p<0.001, Figure 2.9B). Modelling indicated there was a linear association between PBO 

content and predicted mortality, with mortality falling by 11.12% for each g/kg PBO that is 

lost (Figure 2.9D). The model predicted that to achieve 80% mortality against this strain a 

minimum of 7.7g/kg PBO was needed. 
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Figure 2.9. Relationship between total chemical content and bioefficacy against pyrethroid-

resistant An. gambiae s.s. (A) PermaNet 3.0 in WHO Cone Bioassays (B) Olyset Plus in WHO 

Wireball Bioassays (C) PermaNet 3.0 in WHO Cone with deltamethrin value fixed at mean 

(4.42g/kg) (D) Olyset Plus in WHO Wireball with permethrin value fixed at mean (15.45g/kg). 

 



 

99 
 

2.4 Discussion 

2.4.1 Chemical integrity 

All nets met the manufacturers specified target dose for their respective chemistries, 

confirming that all LLIN products were both legitimate and of the minimum quality.  

The pyrethroid content of the LLINs assessed was relatively stable across the two years of the 

study, with the exception of PermaNet 3.0 which declined by ~30% (yet was still within the 

manufacturer’s target range). The stability of pyrethroids over two years observed here is 

consistent with studies from a range of settings (Toe et al. 2019, Lorenz et al. 2020, Gichuki 

2021). In contrast, the PBO content of both PBO-LLINs declined more rapidly over the same 

time period, with under half of the initial content remaining after 25 months. This decline in 

PBO was also observed in a durability trial with Olyset Plus in neighbouring Kenya, which 

observed total concentration decreased by 40% after two years (Massue et al. 2021). Given 

the correlation between chemical content and bioefficacy observed here, this substantial 

decline in PBO content for PBO-LLINs raises concerns over the operational lifespan of these 

nets. However, despite this decline in PBO content it is important to note that the concurrent 

trial of epidemiological outcomes in the study site demonstrated that PBO-LLINs maintained 

superior protection over their conventional equivalents up to 25 months compared to 

pyrethroid-only LLINs (Staedke et al. 2020, Gleave et al. 2021) . Nonetheless, these data 

should raise concerns on the operational lifespan of Olyset Plus and Permanet 3.0.  

While a strong correlation between total PBO content and bioefficacy was observed for both 

PBO-LLINS, this relationship may not be causal and total chemical content quantified by HPLC 

may not be fully representative of the concentration at the surface bioavailable to 

mosquitoes. It was observed that total pyrethroid was not statistically associated with 
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bioefficacy, this of course does not imply that the pyrethroids were irrelevant but instead that 

pyrethroid levels remained sufficient throughout. However, the clear collinearity of PBO 

content and mortality against the resistant strain indicates that the poor retention of PBO in 

the nets over time had implications for bioefficacy. This raises concerns over the PBO bleed 

rate of both Olyset  Plus and PermaNet 3.0, suggesting that further development is needed 

to improve the retention of the secondary AI. Currently, there is a lack of available tools for 

quantifying the concentration of insecticide on the surface of LLINs, addressing this gap is 

important for future studies seeking to link chemical content to bioefficacy.  

All netting samples used in HPLC were taken from the roofs of nets, this was done to ensure 

a fair comparison between Olyset Plus, which has PBO throughout, and PermaNet 3.0, which 

has PBO on the roof only. One implication of this methodology is that spatial variation in 

chemical decline across the net would go undetected. Consequently, the findings of the HPLC 

analysis in this study are representative of the roof but no necessarily the sides of the net. 

Future durability studies may wish to compare netting samples from different areas of the 

net surface when conducting chemical analysis.    
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2.4.2 Bioefficacy 

Both Olyset Plus and PermaNet 3.0 were highly effective against the site-specific pyrethroid-

resistant strain when new, demonstrating that these PBO-LLIN products do indeed restore its 

susceptibility to pyrethroids. This observation is consistent with the finding from associated 

epidemiological trials that these nets reduced childhood parasitaemia in the study area where 

these nets were collected (Staedke et al. 2020). However, while both PBO-LLINs tested were 

highly effective against the pyrethroid-resistant strain at baseline their bioefficacy diminished 

with operational use (with the mortality associated with Olyset Plus and PermaNet 3.0 

decreasing to 26% and 46% respectively after two years). The diminishing differential in 

bioefficacy between PBO-LLINs and their pyrethroid-only equivalents is also consistent with 

the observation that differential impact on childhood parasitaemia narrowed over the same 

time. The steep reduction in bioefficacy with both PBO-LLINs against a study site specific 

pyrethroid-resistant strain is greatly concerning. LLINs are typically distributed with the 

expectation they will be replaced after three years yet in this context Olyset Plus and 

Permanet 3.0 had a greatly diminished killing affect after the first two years. While the 

bioefficacy values themselves are specific to the Busia strain (and its associated resistance 

mechanisms) and not necessarily representative of other pyrethroid-resistant strains, there 

is an urgent need to investigate if this downwards trend is observed in other settings against 

other pyrethroid resistant populations. Given these findings there is an argument that, within 

the Ugandan context, LLINs should be distributed on a two rather than three-year cycle to 

maintain efficacy.  

Current WHO bioefficacy criteria requires nets to achieve 80% mortality against pyrethroid 

susceptible mosquitoes but no such criterion exists for resistant mosquitoes. In part, this is 

due to the challenge of monitoring and maintaining consistent levels of pyrethroid resistance 
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in a mosquito colony over time. The pyrethroid-resistant An. gambiae colony used in this 

study was descended from mosquitoes collected in a field site in eastern Uganda. This locally 

derived colony was chosen to allow the LLINs to be tested against An. gambiae mosquitoes 

with similar resistance mechanisms to those in the study site. However, while colonies are 

subjected to regular exposures to maintain resistance conferring alleles, there is opportunity 

for the frequency of different mutations to fluctuate over the long timescales of a durability 

trial. Such fluctuations in resistance levels risk introducing a bias into comparisons of 

bioefficacy between timepoints. To address this, an alternative approach not performed here 

would have been to perform all cone bioassays in a short space of time after all nets have 

been collected. This approach would minimise variation in resistance levels between 

timepoints.  However, this may not be logistically feasible in some circumstances due to the 

large numbers of mosquitoes needed for each timepoint and may risk introducing a different 

bias due to the different amount of time nets would have to be held in storage.  

It is important to note that the bioefficacy outputs here are not necessarily a direct indicator 

of personal protection under operational conditions. The sustained, forced interaction 

between mosquitoes and net is unrepresentative of the interaction between an An. gambiae 

s.l. mosquito and an LLIN in practice, obscuring the complex behaviours exhibited at the net 

interface.  Recent video tracking studies indicate that mosquito contact with the net surface 

is not continuous, instead consisting of numerous instantaneous encounters over the full 

duration of observation (or until the mosquito succumbs to the insecticidal effect)(Parker et 

al. 2015, 2017). Thus, three-minute benchtop bioassays with a small cutting from a net may 

be a poor indicator of the practical protection of the whole net in use.  
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One potential limitation of this work is that it did not include the WHO Tunnel Test, which is 

intended to directly assess blood-feeding inhibition as an output by using a rodent as bait. It 

is argued that the measurement of blood-feeding inhibition allows repellency to be relevant 

property in itself rather than as a confounding factor (as it is in the WHO Cone bioassay). 

However, there are ethical barriers to performing this assay as the animal inside suffers both 

the psychological stress of confinement and the physical harm of being bitten. Additionally, 

as Anopheles mosquitoes are typically highly anthropophilic the rodent bait may not provide 

a useful representation of the push/pull interactions of a repellent net and an attractive host, 

which weakens the argument for performing such a laborious experiment. Consequently, 

many institutes are unwilling or unable to perform the WHO Tunnel Test due to these ethical 

concerns and a lack of the associated animal licences required.   
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2.4.3 Use of the WHO wireball assay  

A bed net in the field may exhibit excito-repellent properties (avoidance behaviour after 

coming into proximity to an insecticide) which allow it to prevent biting without the need to 

kill thus are not captured by these benchtop assays. The discrepancy in bioefficacy between 

the WHO Cone and Wireball with the same netting sample indicate the methodologies result 

in different interaction between the mosquito and the net.  The low knockdown and mortality 

observed with Olyset Plus in the WHO cone bioassay was in stark contrast with the high 

bioefficacy observed with the same nets in the WHO wireball bioassay. This difference in 

outcomes between methodologies may be associated with the reputed excitorepellency of 

permethrin, manifesting as reduced contact with the net surface. As the wireball method 

surrounds the mosquito on all sides with netting, there is no insecticide-free surface to rest 

on and a greater insecticidal effect is observed. Consequently, future investigations with 

excito-repellent LLINs may wish to also include an assay that prevents avoidance from the 

net, such as the WHO wire-ball assay. However, it should be noted that this forced contact 

with a repellent net is not a realistic depiction of a free-flying mosquito approaching a sleeper 

under field conditions, where the mosquito may avoid contact and thus not receive a lethal 

dose of insecticide. Thus, bioefficacy outcomes in a WHO wireball is not indicative of personal 

protection from mosquito bites. Nonetheless, the WHO cone bioassay remains useful as it is 

an objective benchmark of knockdown and mortality across timepoints that is relatively 

straightforward to perform.  

There are a number of challenges in implementing the WHO wireball assay that may 

discourage its use in future studies. Importantly, there is no consensus Standard Operating 

procedure (SOP) for the WHO wireball assay meaning it is not explicitly clear how the 

experimental setup is prepared (the methodology here was interpreted from a single short 
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paragraph in the 2006 guidance for assessing bioefficacy on nets in operational conditions. 

Additionally, the wrapping of the net samples around the wireball frame required substantial 

optimisation to arrive at a practical setup due to the lack of guidance in the lone formal 

document. Importantly, the WHO wireball guidance provides a choice of two suitable frames, 

either a 15cm diameter cube or a 15cm diameter sphere, with a markedly different interval 

volume (cube = 3375cm2, sphere = 1767cm2). This investigation utilised the cube method due 

to the ease of procurement, but it remains unaddressed if there is a difference in outcomes 

between the cube and sphere methodologies. Additionally, the insertion and removal of 

mosquitoes from the wireball frame proved to be much more challenging than the WHO cone 

setup, with the large internal volume of the wireball cube  giving mosquitoes space to avoid 

the pipette used for collection (compared to the small internal volume of the WHO cone). 

Quickly removing all of the mosquitoes from the wireball proved to be challenging initially, 

requiring practice to perform efficiently and consistently to avoid adding to the exposure 

time. Future investigations may wish to consider using a mechanical aspirator to reliably 

remove mosquitoes from the wireball however this may introduce a bias between studies as 

not all labs may have access to them.  

The WHO wireball method requires standardisation, with a resolution to the unusual latitude 

of allowing the user to choose between two different physical set-ups (ball or cube) with a 

large disparity in volume. However, given the need for bioassay methods that prevent 

mosquitoes from avoiding the net (due to the need to assess bioefficacy of products with 

excito-repellent properties) the wireball has potential to be a mainstream tool in net 

durability studies. There is a need for a detailed and unambiguous SOP for conducting the 

WHO wireball, with an argument to be made for choosing the wire or cube as the definite 
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method. Additionally, there is a lack of validation of the technique, with a need to determine 

the optimal number of mosquitoes and optimal exposure time.  

 

2.5 Conclusion 

Here, it is demonstrated that both Olyset Plus and PermaNet 3.0 had superior bioefficacy 

against pyrethroid-resistant An. gambiae s.s. mosquitoes from the trial site compared to their 

pyrethroid-only equivalents.  However,  the superiority of PBO-LLINs over conventional LLINs 

in bioassays narrowed with the operational life of the net, correlating with a sharp decline in 

PBO content. The diminished bioefficacy of PBO-LLINs against pyrethroid-resistant 

mosquitoes after just two years of operational use is of great concern and there is an urgent 

need to assess the durability of these LLIN products in other settings. Within the context of 

Uganda, these findings suggest a standard three-year distribution cycle would be 

inappropriate for Olyset Plus of Permanet 3.0, with a shorter cycle of at most two years being 

more appropriate. 

This chapter also demonstrates the differential bioefficacy outcomes observed with the WHO 

Cone and Wireball assays when assessing the same net sample. Unlike the cone, it appears 

that mosquitoes in the Wireball were unable to avoid contact thus providing a more reliable 

benchmark of knockdown and mortality. The contrasting performance of the same Olyset 

Plus nets in the WHO Cone assay and the WHO Wireball bioassay highlights that LLIN products 

with excito-repellent properties should be assessed with approaches that minimise avoidance 

from the net surface. 
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Chapter Three: Physical Integrity of LLIN in operational conditions 

 

Statement of contribution 

The findings reported here were made possible by data collections performed in the field by 

colleagues at the Infectious Diseases Research Collaboration, Uganda. The outcomes assessed 

were developed through meetings with leaders of the field team and formalised in SOPs 

written by myself and Dr Amy Lynd. The socioeconomic data utilised here were collected for 

the main epidemiological trial but I repurposed this for assessing durability outcomes by 

linking households IDs from which net were collected.  

 

3.1 Introduction 

3.1.1 Background 

Long lasting Insecticidal Nets (LLINs) provide a physical barrier against the bites of host-

seeking mosquitoes, preventing the mosquito from reaching the occupant while the 

insecticide takes effect (Bhatt et al. 2015, Parker et al. 2015). However, LLINs are 

acknowledged to accumulate physical damage with routine operational use, such as washing 

and handling (Gnanguenon et al. 2014, Lorenz et al. 2014, Toé et al. 2019). These holes may 

provide access to mosquitoes, allowing them to reach the occupant inside to feed and 

potentially transmit infection (Sutcliffe and Colborn 2015, Sutcliffe, Ji and Yin 2017). Thus, 

assessing the physical durability of emerging LLIN products is important to ensuring that 

individuals protection is sustained in the years between distributions (WHO 2013a).  

Given that physical damage is thought to contribute to a reduction in protective effect over 

time, the World Health Organisation (WHO) recommends that LLINs are distributed at three 

to five years intervals to ensure adequate coverage (WHO 2013a). As new LLIN products with 

different active ingredients and textiles enter the market, the physical durability of these 
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products must be assessed in different countries to inform decision makers as to which 

demonstrate durability within their specific context. Even where a new LLIN design is a 

modification of an existing and well established product, such as the integration of a 

secondary compound, it is important that they are assessed completely on their own merits 

(rather than the assumption that a modified product with the same physical specifications 

will be equally durable). 

The WHO and Vector Control Technical Expert Group (VCTEG) have published guidelines that 

describe universal methods to assess LLIN durability. The physical condition of an individual 

net is assessed by proportionate Hole Index (pHI) which involves the designation of the total 

damage on a net into three broad categories: “Acceptable”, ”Damaged”, ”Too Torn”; with the 

latter indicating that a net has its protective effect greatly reduced due to holes. Currently, 

the guidelines recommended that hole size is estimated by approximate comparisons to body 

parts (‘thumb’, ‘fist’, ‘head’), which may be beneficial for quickly assessing a large number of 

nets but results in loss of resolution may make it more difficult to detect subtle changes over 

time. Furthermore, at present holes are considered equally regardless of where they occur 

on the net (e.g. on the top panel or at the bottom near the floor) yet recent evidence that 

mosquito activity is concentrated on the top of the net indicates that hole location may be 

relevant for the risk of a mosquito entering it (Lynd and McCall 2013, Sutcliffe and Yin 2014).  

The causes of damage and hole formation in bed nets is not well understood but is broadly 

acknowledged to be a combination of human and environmental factors (Solomon et al. 

2018). Existing studies are typically limited to a specific country or context, thus predictors of 

net damage are not readily generalisable between studies. There is a need for malaria control 

programmes to identify predictors of physical damage within their context in order to 
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maximise the protection of communities at greater risk to having damaged net, whether by 

programmes designed to improve net care or by supplemental net deliveries between 

national distributions. Generally speaking, low socioeconomic status within the context of 

sub-Saharan Africa is typically associated with poorer physical integrity outcomes. However, 

the specific causal factors of holes are difficult to identify (as this would require direct 

observation) thus the more feasible alternative is to identify socioeconomic predictors that 

correlate with the occurrence of damage.  

In 2017, the Ugandan Ministry of Health initiated a mass distribution of pyrethroid-only and 

pyrethroid-PBO LLINs. As each district in the country received either LLINs with or without 

PBO, this mass distribution presented an opportunity to evaluate the physical durability of 

PBO LLINs on an unprecedented scale. Additionally, by identifying characteristics of  

households that correlate with heightened physical damage, this study is an opportunity to 

identify key indicators of communities that need to be prioritised for more frequent or 

supplemental net distribution efforts.  

 

 

 

 

3.1.3 Aim 

The aim of this chapter is to investigate longitudinal changes in the physical integrity of PBO-

pyrethroid LLINs (Olyset Plus and PermaNet 3.0) in operational conditions in Uganda, 
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alongside their conventional pyrethroid-only equivalent LLIN products (Olyset net and 

PermaNet 2.0 respectively).  

 

3.1.4 Objectives 

The objectives of this chapter are to compare the physical integrity of LLINs sampled at 

timepoints following distribution in a cluster randomised durability trial in Uganda. These 

objectives are derived from the WHOPES LLIN durability guidelines (WHO 2011, 2013A).  

The primary objectives of this chapter are to (1) quantify the proportion of nets of each LLIN 

product in each proportionate Hole Index (pHI) category at 12 and 25 months post-

distribution, with an emphasis on the proportion of nets that are ‘too torn’ for use. The 

second primary objective is to (2) identify socioeconomic predictors of net damage. 

The secondary objectives are to (3) quantify the proportion of nets with at least one hole for 

each LLIN product, (4) quantify the total surface area of damage on each LLIN product, and 

(5) model the relationship between physical integrity and chemical integrity (using the 

chemical assessment data reported in the previous chapter). 
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3.2 Methods 

3.2.1 LLIN description 

LLIN products assessed are as previously described in chapter 2.  

 

3.3.2 Sample size 

The sample size of each outcome assessed in this chapter Is shown in Table 3.1.  

Table 3.1. Sample size of nets used for each outcome .  

Outcome Timepoint 
PermaNet 

2.0 
(n) 

PermaNet 

3.0 
(n) 

Olyset  
Net 
(n) 

Olyset  
Plus 
(n) 

Total 

Proportionate Hole 
Index/ 

Hole Area/ 
 Household indicators 

12 Month 
  

98 100 100 97 395 

25 Month 97 100 99 100 396 

Relationship between 
chemical integrity and 

hole area 

12 Month 
 

38 35 34 31 138 

25 Month 
 

29 30 30 30 119 

 

3.3.3. Hole measurement and damage categorisation 

Holes were measured on the sampled nets by colleagues from the Infectious Diseases 

Research Collaboration (based in Kampala, Uganda) at a field laboratory in Jinja, South-

Eastern Uganda.  To assess the physical integrity of the net fabric, nets were placed over a 

metal frame measuring W160 x L180 x H170 cm and any holes >0.5cm recorded (Lorenz et al. 

2014). The size of a hole was defined by its length (the longest dimension) and width 

(measurement perpendicular to length measurement). As per WHOPES guidelines. holes 

smaller than 0.5cm (in length or width) and holes that had been repaired were noted but not 

included in the final dataset (WHO 2011). For each individual hole; the horizontal width, 

vertical length, and height from the ground were entered into a row of an excel sheet, 
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alongside the household ID and HSD number. This excel sheet with all holes included was sent 

to me for cleaning, formatting and data analysis. 

Hole size was calculated using the formula for an ellipse (area=π*length*width). The total 

area of damage on a net was summed and used to categorise the net within the WHO 

proportionate Hole Index (pHI) categories; ‘Good’ (0-64cm2), Damaged’ (65-642cm2), or ‘Too 

torn’ (643cm2+)(WHO 2013). Additionally, the proportion of nets of each LLIN product with at 

least one hole was calculated for each timepoint.  

The vertical height of the hole on the net surface was measured as the distance between the 

ground and the centroid of the hole (no specific location measurements were taken for holes 

on the top surface). This height value was used to locate the hole within Top, Upper, and 

Lower sectors of an LLIN as defined by Sutcliffe and Yin (Sutcliffe and Yin 2014, Sutcliffe et al. 

2017)(Figure 3.1).   
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Figure 3.1. Diagram of ‘Top’, ‘Upper’, and ’Lower’ net sectors used to categorise hole location 

(outlined by Sutclifffe and Yin, 2014) 

3.3.4 Socioeconomic predictors 

The socioeconomic factors assessed here were integrated from baseline surveys conducted 

for the main epidemiological trial of malaria outcomes. In the main epidemiological trial, 

baseline surveys were conducted on all enrolled houses. Thus, as the households from which 

nets were collected for durability assessment were a random subset of all households 

included in the epidemiological trial, baseline sociological data is available for all households 

from which nets were sampled.  Data were obtained with permission from colleagues at the 

University of California, San Francisco and the household ID associated with each enrolled 

households used to integrate each indicator variables with the appropriate net samples.  

Household indicators included in the survey are shown in Table 3.2.  
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Table 3.2. Household Indicators included in analysis  

Household indicator Subcategories  

Fuel type Charcoal, Firewood 

Wall material Mud-pole, Unburnt bricks, Burnt bricks 

Floor material Earth-sand, earth-dung, Concrete 

Roof material Thatched, Iron 

Windows None, At least one 

Eaves Open, Closed 

 

 

 

 

 

3.3.5 Data analysis 

Data analyses were conducted using the R programming language (version 3.6.0), all graphs 

were produced using the ggplot2 package (version 3.2.1). Factors associated with outcome 

variables were identified using Generalized Linear Mixed Models (GLMMs) using the lme4 

package (version 1.1-21). To account for unexplained variation between individual nets and 

between HSDs, the net ID (a unique identifier for each net distributed) and HSD number were 

each included in all models as a random effect. Additionally, to control for differences in the 

time each HSD received their nets the distributional ‘wave’ was included as a fixed categorical 

variable. The model selection process used stepwise regression, working backwards from a 

maximally complex model. Variables that did not significantly increase explanatory power (as 

indicated by log-likelihood ratio tests, ‘lmtest’ package version 0.9-37), were excluded from 

the final model. All potential interactions between fixed effects were considered. The p values 

reported here for fixed effects are the output of these LRTs. Pairwise comparisons between 

levels within a categorical variable were performed using least square means with the 

‘lsmeans’ package (version 2.30-0).  
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To quantify the relationship between physical integrity and chemical integrity, the total hole 

area of each sampled LLIN was combined with the chemical assessment data reported in the 

previous chapter. As pyrethroid content was demonstrated to be stable for all LLIN products 

tested, this modelling focused on the total PBO content of each PBO-LLIN (PermaNet 3.0 and 

Olyset Plus). A GLM was then fit separately to the PermaNet 3.0 and Olyset Plus chemical 

assessment data with total hole (cm2) fit as a fixed effect. The appropriate curve of the linear 

relationship, if any, was defined assessing the explanatory power of polynomial terms. Model 

selection and p value reporting was performed as above.  
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3.3 Results 

3.3.1 Proportion of nets with at least one hole 

The proportion of nets of each type with at least one hole at 12- and 25 months post 

distribution is shown in Figure 3.2. The overall proportion of nets with at least one hole after 

12 months in operational conditions was 0.727, increasing to 0.829 after 25 months (OR: 

1.821, 95%CI: 1.289-2.571, p<0.001). There was no difference in the proportion of nets with 

at least one hole between the four LLIN products tested at any timepoint (p=0.306).  

 

Figure 3.2. Proportion of each LLIN with at least one hole at each timepoint. Error bars 

indicate 95% CI 
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When hole probability was separated by net sector, there was no difference between LLIN 

products (p=0.139). Due to this lack of difference in hole probability between LLIN products, 

the data was combined to investigate overall trends in hole occurrence on different parts of 

the net. At both 12 and 25 months post distribution, there was a significant difference in the 

probability of at least one hole in a given sector (Figure 3.3).  

 

Figure 3.3. Proportion of nets with holes in each sector (lower 2/3rds, upper 1/3rd, top) at 

each timepoint. Aggregated across all four LLIN products. Error bars indicate 95% CIs.  
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The Relative Risk Ratios for the data as a whole across all LLIN products and timepoints 

combined are shown in Table 3.3.  

Table 3.3. Relative risk ratio of at least one hole in each sector across all nets 

collected 

Comparison Relative Risk Ratio Pairwise p value 

Lower/Top 6.806 <0.001 

Lower/Upper 4.988 <0.001 

Upper/Top 1.354 <0.001 
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3.3.2 Total surface area of holes 

There was no difference in total hole area between any of the four LLIN products tested 

(p=0.270). However, when all LLIN products were combined and only nets with >1cm2 

considered, there was an overall increase in total holed area from 12m post-distribution to 

25m post-distribution (p=0.0005, Figure 3.5), which approximately doubled from 59.33cm2 

(95% CI: 45.08 - 78.25) to 105.49cm2 (95% CI: 83.43 -136.86).  

 

Figure 3.5 Total holed area across all LLIN products combined at 12 months and 25 months 

post distribution. Nets with no holes excluded. Error bars indicate 95% CIs. 
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There was a significant difference in the total surface area of holes in each sector of the net 

(p<0.001, Figure 3.6), with the lower sector having the highest area of damage at both 12 and 

25 months post distribution. At 25 months, the total hole area on the lower part of the net 

was 4.17 times higher than in the top. There was no difference in total surface area of holes  

in each sector between LLIN products (p=0.737) indicating that the same trend was consistent 

across them.  

 

Figure 3.6. Total area of holes in each sector (lower 2/3rd, upper 1/3rd, top) for all LLIN 

products combined at 12 months and 25 months post distribution. Nets with no holes 

excluded. Error bars indicate 95% CIs. 
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3.3.3 Proportion of nets in each pHI category 

At 12 months post-distribution, the proportion of nets classified as ‘too torn’ on the pHI scale 

was 0.066 (Figure 3.7), with this proportion approximately doubling after 25 months to 0.125 

(OR: 2.017, 95%CI: 1.268-3.208, p<0.001). There was no significant difference in the 

proportion of nets that were ‘too torn’ between LLIN products (p= 0.644).  

Figure 3.7. Proportion of collected nets in each pHI category (‘Too torn’, ‘Damaged’, ‘Good’) 

at 12 months and 25 months post distribution.  
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3.3.4 Socioeconomic Indicators 

The association between various socioeconomic indicators and the total surface area of 

damage sampled from their household was assessed, along with the timepoint of collection. 

In the final parsimonious model with all non-significant predictors removed, only ‘timepoint’, 

‘windows’, and ‘eaves’ were retained. The variables ‘Region’, ’Fuel type’, ‘Wall material’, 

‘Floor material’, and ‘Roof material’ did not significantly increase the explanatory power of 

the final model (Table 3.4). 

The model estimated indicated that the presence of windows on a household was the 

strongest predictor of hole damage, with mean hole area 3.36 times higher in households 

with windows than those without when all other factors were controlled for (Figure 3.8). The 

presences of eaves was also found to be a strong predictor of total hole area, with the mean 

hole area of households with eaves 1.76 times higher than those without.   
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Table 3.4. Relationship between household indicators and total surface area of 

all holes for all LLIN products combined.  

Predictor Estimate 95% CI p 
Timepoint     
12m (reference) 1 - - 
25m 2.83 2.02-3.96 <0.001* 
    
Region    
East (reference) 1 -  
West  0.72 0.46-1.12 0.331 
    
Fuel type    
Charcoal (reference) 1 -  
Firewood 1.04 0.59-1.83 0.432 
    
Wall Material    
Mud-pole (reference) 1 - (0.903) 
Unburnt bricks 0.86 0.46-1.63 0.899 
Burnt bricks 1.24 0.73-2.11 0.702 
    
Floor Material    
Earth-sand (reference) 1 - (0.484) 
Earth-dung 1.04 0.68-1.58 0.984 
Concrete 0.84 0.47-1.47 0.786 
    
Roof Material    
Thatched (reference) 1 -  
Iron 0.57 0.29-1.13 0.138 
    
Windows    
None (reference) 1 -  
At least one 0.38 0.22-0.66 0.001* 
    
Eaves    
Open (reference) 1 -  
Closed 0.58 0.39-0.87 0.019* 
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Figure 3.9. Mean total hole area in households with and without windows. Error bars indicate 

95% Confidence Intervals.  
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Given the finding that the presence or lack of windows is a strong indicator of the physical 

condition of a sampled net, the proportionate Hole Index reported above was revisited with 

the data subset into these two categories (for all LLIN products combined). Across both 

timepoints, nets sampled from households with at least one window were 3.35 times more 

likely to be in the ‘Too torn’ category’ (95% CI: 1.86-6.01)(Figure 3.10). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Proportion of collected nets in each pHI category (‘Too torn’, ‘Damaged’, ‘Good’) 

at 12 months and 25 months post distribution.  
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3.3.4 Relationship between physical integrity and chemical content 

The relationship between predicted total PBO content and total hole area in nets sampled at 

12 and 25 months post distribution is shown in Figure 3.11.  

For Olyset Plus, hole area was predictive of total PBO content. The model predicted a weak 

linear association with the log of total hole area (estimate=-0.398, R2=0.294, p<0.001), 

resulting in a non-linear relationship on the true scale (Figure 3.11A). In practical terms, this 

represents a relatively rapid reduction in total PBO content up to 125cm2 (decling from a initial 

value of 5.82g/kg down to 3.90k/kg) but with a much more gradual reduction in total PBO 

content with each additonal unit of damage beyond this. 

A similar relationship was observed for the total PBO content of PermaNet 3.0 (Figure 3.11B), 

with the model predicting a relatively weak linear association with the log of total hole area 

(estimate=-1.0574, R2=0.231, p<0.001, Figure 3.12B). On the true scale, there was a relatively 

rapid reduction in PBO content up to 160cm2 (declining from an initial value of 16.51g/kg 

down to 11.14g/kg) with a gradual reduction thereafter. 
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Figure 3.11.  Modelled relationship between PBO content and Total hole area (combined 

surface area of all holes on a net) of (A) Olyset Plus and (B) PermaNet 3.0 (across all 12 and 

25 months net samples). Errors bars indicate predicted 95% confidence interval of the mean. 

Note difference in y axis between each LLIN product (maximum value of y axis indicates 

manufacturers target dose when new).  
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3.4 Discussion 

There was no difference in physical integrity outcomes between any of the four LLINs tested 

after 25 months in operational conditions. Thus, by these metrics PBO-LLINs nets were as 

physically durable as their pyrethroid-only equivalents.  The observation here that there was 

no difference in physical outcomes between Olyset Plus and its conventional equivalent 

Olyset Net would follow from the equal fabric density (150 denier) of the two LLIN Products, 

yet this finding contrasts with a recent study in North-Western Tanzania which observed a 

higher proportion of Olyset Plus in the ‘too torn’ category (55% compared to 33% after three 

years)(Lukole et al., 2022, in review). However, this inequity observed in Tanzania after three 

years was not evident at the two year mark thus there is agreement with the current study as 

it is possible this disparity would have emerged if extended to three years. Additionally, the 

authors of the Tanzania study highlight that this difference between PBO and non-PBO nets 

may be a survivorship bias as Olyset Plus was more likely to be retained than Olyset net even 

in poor physical condition (which they hypothesise to be due to the net users perception that 

Olyset Plus is effective in reducing biting).  

Across all LLIN products assessed, general trends in physical integrity were observed across 

time with 50cm2 of damage accumulating on the nets each year. Furthermore, it was observed 

that the majority (62%) of this damage occurred on the lower 2/3rds of the net where 

mosquito activity is expected to be low. Conversely, very little damage occurred on the top of 

the net where mosquito activity is expected to be high. However, it should be noted that 

greater mosquito activity on each part of a net is not necessarily indicative of the probability 

that a mosquito will successfully blood-feed, as the ability of An. gambiae to enter holes on 

an LLIN and successfully bloodfeed is poorly described. Nonetheless, the observation that 
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damage varies by location on the net and the implication that mosquitoes are more likely to 

chance upon top holes highlights the need for further research into mosquito behaviour 

around damaged bed nets.   

It was observed that nets sampled from households with no windows were more than three 

times more likely to be in the most severe damage category than nets from households with 

at least one window. While it is possible that this disparity is directly associated with the 

housing structure itself (such as the presence of straw), housing type may in fact be an indirect 

indicator of other household variables such as the construction of the bed frame, the 

presence of animals indoors, or the type of cooking material used in the household as has 

been observed in Benin (Gnanguenon et al. 2014). Nonetheless, there may be an argument 

to distribute nets more frequently than three years in regions where traditional housing 

remains common. It should be noted that a concurrent study found that the net attrition rate 

for this distribution was high, with adequate coverage (one LLIN for every two residents) 

decreasing from 71% at baseline to 35% after 25 months (Maiteki-Sebuguzi, C. et. al. in prep), 

indicating that LLIN attrition after distribution is an issue. If, as might be expected, households 

chose to discard damaged at a higher rate than nets in good condition, then the physical 

damage observed in the current study may be an underestimate. An important side note is 

that the estimate of roof material as a predictor of total damage was large, as is indicated in 

other previous studies, yet was not significant in the final model. This statistical 

‘overshadowing’ indicates that the predictive power of roof material is more appropriately 

allocated to the presence or absence of windows (which serves as a reminder that these 

variables are indicators and not necessarily causally associated with net damage). A key 

caveat to these interpretations is that this socioeconomic data was not intended for this 

purpose, instead meant for identifying predictors of epidemiological outcomes in the same 
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households, thus did not include factors such as bedding type and materials that may be 

important for durability outcomes.  

Given the importance of total PBO content reported previously and the concerningly rapid 

rate at which PBO content declined over time, the relationship between physical integrity and 

PBO content was investigated. It was found that total surface area of holes was indeed a 

significant predictor of PBO content, albeit a relatively weak one, especially with high levels 

of damage. The initial stages of damage accumulation (for 125cm2 Olyset Plus and 160cm2 for 

PermaNet 3.0) correlated with loss of approximately 1/3rd of PBO content. However, after this 

initial damage the reduction in PBO content was extremely gradual to the extent that even 

an highly physically damaged nets would not be an indicator of low PBO content.   

The current physical integrity outputs outlined in the WHO durability guidelines cannot be 

directly interpreted in terms of personal and community protection from mosquito bites. The 

pHI categories use cut-off values that are based on limited data, particularly for the threshold 

between ‘Damaged’ and ‘Too torn’. Though any such categorisations will inevitably be 

somewhat arbitrary, there is a need to better understand the impact of declining physical 

integrity on both mosquito blood-feeding inhibition and mortality to better inform these 

guidelines. There is empirical evidence that damage to pyrethroid LLINs reduces personal 

protection from bites but that mortality is independent from holed surface area and instead 

dependent on resistance status (Randriamaherijaona et al. 2015). Consequently, damaged 

LLINs would be expected to retain some community effect against mosquito populations that 

are susceptible to their chemistry.  Despite this, the median retention time of LLINs is well 

below three years in many settings (1.64 years across sub-Saharan Africa and 1.66 years for 

Uganda)(Bertozzi-Villa et al. 2021). Given evidence that perception of physical integrity is the 
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primary consideration in retention(Koenker et al. 2014), developing more durable LLIN 

products may have epidemiological impacts beyond what would be indicated by studies of 

mosquito behaviour, due to improved retention.  

Despite the central importance of LLINs to vector control of malaria and the long standing 

acknowledgement that bed nets accumulate damage over time, our collective understanding 

of how mosquitoes interact with damaged bednets is surprisingly poor. The relationship 

between physical damage to an LLIN and the probability that An. gambiae mosquitoes will 

successfully enter and bloodfeed is poorly described but is an emerging area of research. 

Importantly, even if blood-feeding probability on damaged LLINs were to be better elucidated 

to inform how personal protection changes with hole size and location, a large knowledge 

gap would remain regarding community protection. As onwards transmission is dependent 

on a mosquito both entering a bed net to successfully feed then escaping back out of the net 

it just entered and survive the encounter, there are important knowledge gaps that must be 

addressed regarding mosquitoes’ ability to exit damaged LLINs and survive the extrinsic 

incubation period.  Particularly, there is a need to investigate the personal and community 

protection of novel dual-AI LLINs entering the market, such as PBO LLINs. Additionally, given 

the widespread emergence of insecticide resistance in sub-Saharan Africa, there is a need to 

assess how resistant mosquitoes interact with both conventional pyrethroid LLINs and with 

novel LLIN products designed to kill them.  
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3.5 Conclusion    

Here, it is demonstrated that both Olyset Plus and PermaNet 3.0 were as physically durable 

as their conventional equivalents. Distinct trends in damage accumulation were observed 

across all LLIN products, with the majority of damage occurring in the lowest part of the net 

where little mosquito activity would be expected to occur. This disparity in where damage 

occurs, despite growing evidence that mosquito activity is strongly focused on the top of the 

net, highlights a need to reassess the current assumption of the durability guidelines that all 

holes count equally in categorising a sampled net as suitable for use.    

It was observed that the lack of windows on a household was a strong indicator of nets being 

in poor physical condition, alongside the presence of open eaves. Given that these indicators 

can be readily assessed at a glance, there is an argument that the Ugandan Ministry of Health 

should use this information to identity communities that are a priority in future distributions. 

Additionally, similar research should be conducted in other settings to identify similarly strong 

indicators that a household may need nets replaced at more frequent intervals.   
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Chapter Four:  Impact of hole location on entry rate of Anopheles 

mosquitoes into a host-baited bed nets treated with permethrin and 

piperonyl butoxide (PBO) 
 

Statement of contribution 

The experimental design, planning, volunteer recruitment and data collection in this chapter 

were conducted by myself. I received assistance in data collection from LSTM Research 

Technician Nicola Fletcher to release and recapture mosquitoes. I was one of the participants 

in this behavioural chapter. 

 

4.1 Introduction 

4.1.1 Background 

Long-lasting insecticidal nets (LLINs) are a central component of global malaria control 

strategies,  protecting against biting by Anopheles mosquitoes as their occupant sleeps to 

reduce exposure to malaria-causing parasites (Pryce, Richardson and Lengeler 2018). These 

LLINs provide both physical protection through tightly woven fabric and chemical protection 

through insecticide on the surface. The protective effect of a bed net is typically split into two 

broad categories: personal protection and community protection. Personal protection, the 

more easily quantified of the two, is the ability of a bed net to prevent bloodfeeding on the 

occupants (Lindsay et al. 1991, Sutcliffe and Colborn 2015). Community protection is the 

broader effect a net has on the surrounding human population (whether they use a net or 

not) as mosquitoes killed by a net in one household cannot go on to bite individuals in another 

household at a later time (Levitz et al., 2018; Unwin et al., 2022). Thus, in theory even a net 

that performs poorly in preventing bloodfeeding on its occupant has an important role in 

community protection if bloodfed mosquitoes die or have their lifespans reduced due to the 

interaction. However, over time LLINs become physically damaged through routine use and 
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washing resulting in holes which may provide access to mosquitoes (Gnanguenon et al. 2014, 

Toé et al. 2019). The implications of physical damage on the protection of a population and 

the resulting success of malaria control programmes is not well understood 

Host-seeking Anopheles mosquitoes are initially attracted towards potential sources of a 

bloodmeal by the elevated CO2
 levels expelled, then follow the concentration gradient of CO2

 

to its approximate source. The combination of heat and volatile chemicals from the skin 

attracts the mosquito to land on the hosts body, where it can obtain a bloodmeal. There is 

growing evidence that anopheline behaviour as they approach bed nets follows consistent 

patterns that influence the probability it will encounter holes. Early experiments using 

adhesive panels on bed nets indicated that an anophelines first contact with a bed net was 

generally on the top panel (Lynd and McCall 2013, Sutcliffe and Yin 2014). These studies 

calculated that approximately 80% of initial contact was with the top panel, with the caveat 

that the use of adhesives to assess first contact prevented any further behaviour from being 

expressed. These findings were supported by subsequent studies without adhesives, instead 

using video analysis that observed approximately 80% of activity occurring of the top surface 

(Sutcliffe and Colborn 2015, Parker et al. 2015). Furthermore, Parker et al. demonstrated that 

this concentration of activity on the top surface was sustained for the duration of the testing 

period. The consistent finding that Anopheles host-seeking activity is strongly focused on the 

top of the net would suggest that these mosquitoes had a greater chance on encountering a 

hole on the top than elsewhere however the literature of investigations of hole entry around 

bed nets remains sparse. The same video analysis of susceptible An. gambiae around 

untreated nets described above (Sutcliffe and Colborn 2015) indicated that mosquitoes had 

an increased chance of encountering a hole in the top and a 20% greater chance of  entering 

through a hole on the top once encountered. However, their use of an untreated net rather 
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than a functional pyrethroid treated net limits the insight for vector control. As the presence 

of insecticide would be expected to have implications for hole encounter and passage due to 

the repellent and incapacitating effects of insecticide on the mosquito (Abdel-Mohdy et al 

2009), studies that use insecticide-treated nets are needed (Parker et al. 2015). Importantly, 

none of these studies address the core knowledge gap for assessing the impact of holes on 

bed nets in the context of vector control, specifically if bloodfeeding success varies with hole 

location and if mosquitoes die as a result of the attempt. Finally, there is  a dearth of literature 

on the exit behaviour of bloodfed mosquitoes from the inside of a net. The fibres of a bed net 

are omnidirectional, delivering insecticide to mosquitoes that contact them from any 

direction, yet there is virtually no understanding of how much the escape attempt contributes 

to bioefficacy.  

This knowledge gap in mosquito entry into nets is further compounded by the widespread 

rise of insecticide resistance in mosquitoes, allowing them to tolerate exposure to pyrethroids 

used in LLINs (Churcher et al. 2016, Ranson and Lissenden 2016). As mosquitoes become 

better able to withstand contact with LLINs, there is concern that they will be more likely to 

succeed in entering through holes to bite the occupant and survive. As pyrethroid resistance 

is now widespread in sub-Saharan Africa, the need to assess the behaviour of pyrethroid-

resistant mosquitoes is clear.  

In response to growing pyrethroid resistance, so called ‘next generation’ pyrethroid LLINs 

supplemented with the synergist piperonyl butoxide (PBO) have been developed to restore 

susceptibility (Gleave et al. 2021). These PBO-LLINs are now a major part of malaria control 

strategy in sub-Saharan Africa, with 42.8% of LLINs distributed in the region in 2021 of this 

type (Alliance for Malaria Prevention, 2021). As the deployment of this class of product is 
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targeted to areas of moderate-high pyrethroid-resistance, the result is an interaction with 

pyrethroid-resistant mosquito populations. However, the behaviour of pyrethroid-resistant 

mosquitoes around pyrethroid-PBO LLIN products is largely unaddressed at the time of 

writing. Previous research investigating mosquito entry into pyrethroid nets, observed no 

difference between pyrethroid-susceptible and pyrethroid resistant An. gambiae, concluding 

that bloodfeeding success was independent of bioefficacy (Randriamaherijaona et al. 2015). 

It remains unknown if this logic applies the bloodfeeding success of pyrethroid-resistant An. 

gambiae around PBO LLINs. Additionally, in the context of the findings reported in the 

previous chapter that damage on PBO-LLINs (and their conventional equivalents) occurred 

highly disproportionately on the side of the net, there is a need to compare the protective 

efficacy of PBO-LLINs with damage on the top and side of the net.   
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4.1.2 Aim  

Recent studies have indicated that the host-seeking activity of An. gambiae is heavily focused 

on the top of an occupied bed net, here I hypothesise that holes on the top of the net pose a 

greater risk for bloodfeeding on the occupant compared to holes on the side.  

The aim of this study is to investigate if the location of a hole on a net (top or side) impacts 

the personal protection of an LLIN (defined as the proportion of mosquitoes that successfully 

bloodfeed on the occupant). This study will address this question for both the conventional 

permethrin LLIN Olyset Net, and for its next generation counterpart Olyset Plus which is 

treated with both permethrin and piperonyl butoxide to target insecticide-resistant 

mosquitoes.    
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4.1.3 Objectives 

Objective (1A) is to compare the blood-feeding success pyrethroid-resistant An. gambiae 

mosquitoes when exposed to each combination of net type (Olyset Net and Olyset Plus) and 

hole location (No hole, Side hole, Top hole)(each combination is hereafter referred to as 

‘arms’ of the study). This objective is measured as the proportion of mosquito’s blood fed in 

each arm of the study (regardless of if they are dead or alive). Objective (1B) is to calculate 

the Population Personal Protection of a hypothetical community as the occurrence of LLINs 

with a hole in either the top or side increases as a proportion of all nets.  

Objective (2A) is to compare the proportion of pyrethroid-resistant An. gambiae mosquitoes 

knocked down (i.e. incapacitated) for each arm of the study, and Objective (2B) is to compare 

the proportion of pyrethroid-resistant An. gambiae mosquitoes dead after 24 hours in each 

arm.  

Objective (3A) is to compare the escape rate of bloodfed mosquitoes from Olyset Plus for 

each hole position and Objective (3B) is to compare the 24 hour mortality of these bloodfed 

mosquitoes.   

Benchtop assays with the same LLINs were performed to assess bloodfeeding and bioefficacy 

and to investigate if they are indicative of the outcomes of free-flying behavioural 

experiments. 
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4.2 Materials and Methods 

4.2.1 LLIN description and preparation 

The LLIN products used in this chapter were a single sample each of Olyset Net and Olyset 

Plus. Both nets were in original packaging with appropriate labels on one corner, though not 

sealed at the time they were obtained. These nets were obtained by private ‘off the shelf’ 

purchases made by Dr Amy Lynd in retailers in Uganda. These nets were resized to fit the 

single bed used in the testing room by cutting excess material using scissors and connecting 

the resized pieces using a sewing machine. Nets were altered down from the ‘special’ size 

(measuring 180cm long x 170cm width x 170cm height) to custom dimensions of length 

180cm, width 90cm, height 90cm. This resizing would not be expected to alter protective 

effect as the chemistry in unchanged and the height of the net remains the original size. 

The manufacturers specifications for these products are shown in Table 4.1. 

Table 4.1. Manufacturer specifications of LLIN products assessed in study.  

Product name Manufacturer Weave Insecticide target 

Olyset Net Sumitomo Chemical Ltd. Polyethylene  

(150 denier) 

Permethrin:   

      20g/kg (± 5.0) 

Olyset Plus  Sumitomo Chemical Ltd. Polyethylene  

(150 denier) 

Permethrin:    

      20g/kg (± 5.0) 

PBO: 

      10g/kg (± 2.5g/kg) 

 

Prior to any experimentation, both LLIN products used were hung up in a well-ventilated room 

for 24 hours to air out the net as recommended by the manufacturer.  When not in use in a 

given days assays, LLINs were wrapped in aluminium foil and stored in a refrigerator at 50C. 
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On each testing day, the LLIN product to be assessed was set up at least two hours prior to 

any behavioural assays to allow the net to reach room temperature. 

4.2.2 Mosquito characteristics 

The mosquito colony used for all experiments in this chapter was Anopheles gambiae s.s. strain 

‘Busia 6P4’. This strain is successor strain of the ‘Busia’ strain used in Chapter Two, with 

founding females individually selected for being homozygous for the Cyp6P4 mutation by Amy 

Lynd (unpublished). Thus, the Cyp6P4 mutation was fixed in the ‘Busia 6P4’ colony and all 

mosquitoes used were confirmed to be homozygous for this mutation. The fixing of Cyp6P4 was 

done to avoid the experimental outcome being confounded by the variable frequency of this 

metabolic resistance allele. To characterise the phenotypic resistance of Busia 6P4, WHO tube 

assays with permethrin and PBO were performed using the methods described previously 

(WHO 2006). After a 60 minute exposure to 0.75% permethrin 1hr Knockdown and 24hr 

Mortality was 18.86% and 17.92% respectively, increasing to 61.6% and 55.3% with prior 60 

minute exposure to 4% PBO. 

Mosquitoes used in the experiment were 3-5 days old females, which had not previously fed on 

human blood prior to the experiment unless explicitly stated in the methodology for a given 

experiment.  Mosquitoes were reared under standard insectary conditions (27°C ± 2°C, and 80% 

relative humidity). Throughout the experiment, the lighting conditions of the rearing insectary 

was set under a 12:12 light/dark cycle where the lights were off from 12pm to 12am to simulate 

the conditions of night. Thus, adult mosquitoes used in this experiment experienced night-time 

from 12pm to 12am throughout their entire lifespan from hatching.  This reversed lighting cycle 

allowed experiments to be conducted with mosquitoes in the night phase of their circadian 

rhythms during normal working hours.  
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4.2.3 Experimental design 

4.2.3.1 benchtop assays 

WHO tube, cone, and wireball assays were conducted as described previously.  

Benchtop bloodfeeding assays were performed to assess the proportion of mosquitoes that 

could successfully feed through the gaps in the netting of an untreated net, Olyset net, and 

Olyset Plus. Two net samples from each LLIN product were each sampled five times. Samples 

were they offcuts from each net obtained in the resizing process. Untreated negative control 

netting was tested at the beginning and end of each testing day. 

The day prior to testing, the sugar pad on the cage of mosquitoes to be tested was replaced 

with water and two hours prior to testing the water source was removed completely. One 

hour prior to testing five 3-5 day old female Busia mosquitoes were placed into a paper cup 

using a mouth aspirator and this cup placed in the testing room for 15 minutes to allow the 

mosquitoes to acclimatise. The mouth of the cup was covered in untreated netting. 

Immediately before testing, the piece of netting to be assessed was wrapped around the 

operator’s arm. To begin the assay, a three minute timer was set and the cup placed upside 

down on the operators net-covered arm. After the three minutes had ended, the cup was 

removed from the arm and the mosquitoes transferred using a mouth aspirator to a second 

cup when they were provided with a sugar source. This second cup was necessary as the 

exposure cup may have become contaminated with insecticide, which may continue to affect 

the mosquitoes after the three minute assay (especially if it contaminates the sugar source). 

The number of mosquitoes bloodfed was visually assessed immediately after testing, 

knockdown assessed after one hour, and mortality after 24 hours. If a mosquito was not 

bloodfed to repletion (i.e. appeared to be partially bloodfed) it was still recorded as bloodfed.  
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------------------------------------------------------------------------------------------------------------------------ 

Optimisation notes 

A prototype version of the benchtop bloodfeeding assay utilised an exposure cup with the 

netting sample affixed over the mouth however this methodology proved impractical due to 

the need remove mosquitoes immediately at the end of the assay to avoid additional 

exposure beyond three minutes. The large internal volume and elongated shape of the cup 

made it difficult to remove mosquitoes quickly and consistently, as it allowed mosquitoes 

space to evade being caught.   

-------------------------------------------------------------------------------------------------------------------------- 
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4.2.3.2 Free-flying bloodfeeding assay 

To investigate the impact of hole location on bed net on the probability a host-seeking, 

pyrethroid-resistant An. gambiae mosquito will successfully bite a person inside and survive 

the encounter, the following experiment was devised. The circumstances of a mosquito 

approaching a sleeper under a damaged bed net were reconstructed, with each arm of the 

study representing human volunteers beneath a bed net with damage on different parts of the 

net. All combinations of the two LLIN products (‘Olyset Plus’ and ‘Olyset Net’) and the three 

damage statuses (‘No hole’, ’side hole’, ’top hole’) were assessed, for a total of six study arms. 

The effectiveness of each arm in preventing blood-feeding and killing the mosquito in each arm 

will be quantified.  A human participant is necessary inside the net to provide the chemical cues 

that attract mosquitoes to approach.  Multiple participants are needed as people vary in their 

attractiveness to mosquitoes. 

The same sample of each LLIN product was used for all experiments. A circular hole 15cm in 

diameter (area = 176.71cm2) was cut into the centre of the top and one side panel of both 

the Olyset Net and Olyset Plus net. This hole size was chosen as it puts the net in the 

‘damaged’ category of the proportionate Hole Index (pHI) system described previously. A 

piece of spare netting material from each net (obtained in the resizing process) was then used 

as a patch to cover the hole not being assessed in a given days assay.  
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Figure 4.1. Diagram of experimental setup showing top and side hole position. The hole(s) not 

being assessed in a given assay are covered with net pieces cut from the same sample.  

 

All experiments were conducted in a climate-controlled room purpose built for assessing the 

behaviour of free-flying mosquitoes in the LSTM Accelerator building, with dimensions; length 

7m, width 5m, and a height of 2.5m. The airflow in the testing room was deactivated for the 

duration of the free-flying bloodfeeding assay to prevent interference with mosquito 

movement. The environmental conditions in the testing room were set to standard insectary 

conditions (27°C ± 2°C, and 80% relative humidity) and reversed 12:12 light cycle as described 

above, meaning the room was dark for the duration of each assay. All experiments were 

performed within the testing window of midday to 5pm, when an An. gambiae  mosquito on a 

reversed day:night cycle would be expected to be in the host-seeking phase of their circadian 

rhythms. Mosquitoes used were 3-5 day old female An. gambiae ‘Busia’ colony. Twenty four 

hours prior to each experiment, mosquitoes to be used had their normal 10% sugar solution 

replaced with distilled water only. This water solution was then removed three hours before 
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release to minimise the chance that a mosquito would be too full to blood feed. One hour 

before release, the cup containing the twenty mosquitoes to be used were placed in the testing 

room to acclimatise.  

In the study of mosquito entry into holed nets, a human volunteer was required to lie beneath 

the net in each experiment. The bed was orientated lengthways in the room, with the direction 

of the pillow-end of the bed reversed in each assay to account for random variation caused by 

orientation. This volunteer was asked to wear light clothing such as a t-shirt and avoiding 

wearing scented products the day of testing. Participants were asked to remain relatively still 

within the net, allowing for normal movements associated with comfortably resting. 

Importantly, participants were asked to avoid responding to mosquitoes that entered the net if 

possible.  

Mosquitoes were released into the testing room by a simple yet well established ‘cup and string’ 

mechanism, allowing them to be released by an operator on the outside. After 60 minutes had 

elapsed, the operator carefully entered the room to prevent mosquitoes escaping then turned 

on the lights. Mosquitoes were collected with a mechanical aspirator and placed into one of 

two labelled cups depending on whether they were collected inside or outside the net.  

Once all mosquitoes had been collected, the volunteer was assisted out of the net. The two 

collection cups were then placed in an adjoining climate-controlled room to allow the 

mosquitoes to be assessed. Blood-fed status and knockdown (mosquitoes in an incapacitated 

state) were visually assessed and counted immediately after the end of the assay. Bloodfed 

mosquitoes were transferred to a third and fourth cup labelled ‘inside bloodfed’ and ‘outside 

bloodfed’ as appropriate (This is done because mosquitoes which were bloodfed at collection 
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may not be visually apparent as bloodfed the following day). A 10% sugar solution was then 

provided to each cup and 24hr mortality assessed the following day.  

The testing room was decontaminated when changing between LLIN products to avoid any 

residual insecticide from one net interfering with the outcome of subsequent assays with 

another. All surfaces (floor, wall, and ceiling) were decontaminated with 5% Decon90 solution 

(Decon laboratories, Sussex), followed by 70% ethanol. To confirm that the room was sufficient 

decontaminated of insecticide and that there was no residual insecticidal effects of cleaning 

solutions, WHO Cone assays with susceptible ‘Kisumu’ strain An. gambiae were performed on 

all four walls of the testing room (seven 3-5 day old females per cone, two cones per wall).  
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------------------------------------------------------------------------------------------------------------------------------ 

Optimisation notes 

Optimisation of the free-flying bloodfeeding assay involved many iterations of different setups. 

The impact of airflow, bed orientation, collection tool and mosquito age were assessed. The 

powerful airflow of the environmental systems (located immediately above the net) was found 

to interfere with mosquito entry into the top of the net, preventing them from entering thus it 

was decided to deactivate the airflow for the duration of each assay. Furthermore, consistently 

recapturing mosquitoes at the end of the assay in a timely manner was initially difficult and 

required multiple practice sessions to become proficient. Additionally, in initial optimisation 

experiments mosquitoes were sometimes able to escape into the adjoining observation room 

(due to the holes in the hole for equipment cabling) thus efforts were made to plug all of these 

gaps, allowing consistent 100% recovery to be achieved. Initially, a manual mouth aspirator was 

used for mosquito collection however this proved to be time consuming and difficult to achieve 

(as it has relatively poor suction through a very small opening)  thus optimisation assays were 

performed with a mechanical aspirator (which has much higher suction through a wide 

opening). The mechanical aspirator was found to greatly simplify and speed up collection 

without any impact on bioefficacy outcomes.   

------------------------------------------------------------------------------------------------------------------------------ 
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4.2.3.3 Free-flying escape assay 

To assess the ability of blood-fed An. gambiae to escape an LLIN once inside and to quantify 

the contribution of the exit behaviour to bioefficacy, an experiment was devised to release 

bloodfed mosquitoes from inside of the nets. The same testing room, mosquito colony and 

cleaning protocol outlined above was used.  

As in the previously described free-flying experiment, 3-5 day old An. gambiae ‘Busia 6P4’ 

females were used,  which were starved of sugar for 24 hours prior to testing and deprived of 

a moisture source two hours prior to testing. Each assay utilised 20 mosquitoes. Thirty 

minutes prior to testing, the cup was placed against the operator arm to allow mosquitoes to 

arm-feed through the untreated netting.  The cup was visually inspected periodically to assess 

how many had blood fed, with the operator exhaling over the mouth of the cup to encourage 

feeding. It was intended that if not all mosquitoes had bloodfed after 30 minutes had elapsed 

then these unfed females would be removed however this did not prove necessary. 

No human host was included in the free-flying escape assay; thus, the room was unoccupied 

for the duration of the assay. Each assay lasted five hours, as this was the longest period of 

time that was logistically feasible due to the fixed lighting cycle and availability of facilities 

staff to restore airflow. The previously described string-pull mechanism for releasing 

mosquitoes was not suitable for releasing mosquitoes inside of the net, instead the 

elasticated netting of the cup was loosened until it was only being held by hand pressure and 

the cup placed in into the net. The operator then promptly left the room.   

After five hours had elapsed, mosquitoes were collected from the testing room into one of 

two cups labelled ‘inside’ and ‘outside’ depending on whether they had been found inside or 

outside the bed net. Cups were assessed for 1hr knockdown and 24hr mortality.  



 

149 
 

4.2.5 Sample size 

The sample size calculation for the primary outcome (proportion bloodfed) is based on a 

previous behavioural study by  Randriamaherijaona et al. (2015) that investigated mosquito 

passage through holes in LLINs. The comprehensive reporting of explanatory power 

associated with each variable tested (pyrethroid or untreated, mosquito resistance status, 

hole area) allowed informed power analysis for the current study. While their study 

investigated only conventional pyrethroid nets (i.e. did not include PBO-LLINs), the effect size 

of LLIN type (insecticide vs non-insecticide) and mosquito resistance status (resistant vs 

susceptible) are informative for the current study. They report that net type and resistance 

status together explain at total of 34% of variation in the data, rising to 92% with the inclusion 

of hole size (in cm2). However, as their study included holes sizes much larger than the 

proposed current study, I have chosen to be conservative in these estimates by using the 

lower value of 34% in this sample size calculations.   

 

 

 

 

 

 

 

 



 

150 
 

The R package ‘pwr’ to calculate the necessary sample size. Using the approaches developed 

by Cohen (1998) the method took an assumed effective size for hole size (here 0.34)  and 

calculated the total number of samples needed to differentiate between treatment groups 

(assuming a balanced experimental design). The number of treatment groups is specified here 

by the number of ‘degrees of freedom’ (effectively the number of parameters in the model 

that can vary). Here the total number of degrees of freedom in the model is four:  

                  1 (for net type) + 2 (for hole location) + 1 for the model intercept = 4 

As is convention, I aimed for a type 1 error probability (significance level) of 0.05 and a type 

2 error probability of 0.2 (equivalent to 80% power).  

Effect size: 0.34 
Degrees of freedom: 4 
Type I error  prob: 0.05 
Type II error prob: 0.20 

 

The output of this power calculation indicated the total samples needed (assuming a fully 

balanced experimental design) was 36, allowing six observations of all pairwise net type and 

hole location combinations (Table 4.2). 

Table 4.2. Number of observations performed for each free-flying experiment.  

Outcome Damage category 
Olyset  

Net 
(n) 

Olyset  
Plus 
(n) 

 
Hole entry assay 

No holes 6 6 

15cm diameter hole in side panel 6 6 

15cm diameter hole in top panel 6 6 

 
Hole exit assay  

15cm diameter hole in side panel - 5 

15cm diameter hole in top panel - 5 
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4.2.6 Data analysis  

Data analyses were conducted using R (version 3.6.0), all graphs were produced using the 

ggplot2 package (version 3.2.1). Associations between outcomes and variables of interest 

were quantified using Generalized Linear Models (GLMs) using the ‘stats’ package (version 

4.3.0). The model selection process used stepwise regression, working backwards from a 

maximally complex model to produce the most parsimonious fit. Variables that did not 

significantly increase explanatory power, as indicated by log-likelihood ratio tests 

(LRTs)(‘lmtest’ package version 0.9-37), were excluded from the final model. The p values 

reported are the output of these LRTs. Pairwise comparisons between levels within a 

categorical variable were performed using least square means with the ‘lsmeans’ package 

(version 2.30-0). 

 

4.2.7 Participant recruitment 

A total of four human participants were included in this study. The allocation of participants 

to each replicate of the free-flying bloodfeeding assay is shown in Table 4.3. I was the sleeper 

on days in which no participants were available thus am overrepresented in the study 

(participant D). 
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Table 4.3  Allocation of participants to arms of the free-flying bloodfeeding assay. 

Each letter (A-D) represents a unique participant.  

 

 

 

Olyset Plus 

Replicate 1 2 3 4 5 6 

No hole A B C D D D 

Side hole A B C D D D 

Top hole A B C D D D 

 

Olyset Net 

Replicate 1 2 3 4 5 6 

No hole A B D D D D 

Side hole A B D D D D 

Top hole A B D D D D 
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4.2.7 Measures of protective effect 

Population personal protection, denoted as �̅�
c
 ,is the average bloodfeeding success across a 

community when a given proportion of the human population is protected by a bed net. It is 

calculated using the following equation, as per the methods of Briet et al., 2012: 

 

However, as deterrence from entering households (δ) is not a variable here this can be 

simplified to: 

 

Where:  

 c    = coverage 
 p0  = proportion of females prevented from feeding in the control arm 
 pt   = proportion of females prevented from feeding in the treatment arm 

 �̅�u  = proportion of mosquitoes that fed in the control 
 �̅�t   = proportion of mosquitoes that fed in the treatment 

 

 

 

 

 

 

 

 

�̅�
c 
= 

c(1- δ)(1- ρt) �̅�
t  +  (1-c)(1- ρ

0
) �̅�

0

c(1- δ)(1- ρt) + (1-c)(1- ρ
0
)

   

�̅�
c 
= 

c(1- ρt) �̅�
t  

+ (1-c)(1- ρ
0
) �̅�

0

c(1- ρt) + (1-c)(1- ρ
0
)
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4.2.7 Ethical considerations and Research Ethics Committee approval  

It was understood from the outset that participants may be bitten by mosquitoes in the 

course of this study. Typically, mosquito bites result in only minor discomfort and itching yet 

in rare cases some individuals may exhibit a more pronounced response, including severe 

swelling at the site of the bite and more serious allergic reactions. To minimise the risk of a 

severe reaction to mosquito bites occurring to participants in this study, selection criteria was 

devised to include only individuals which were at low risk. In this study, only individuals that 

had previously worked in an insectary and are approved by LSTM to arm-feed mosquitoes 

were considered for participation (as such individuals are routinely bitten in the course of 

their work thus will be aware of their body’s response to a bite). Additionally, participants 

may suffer minor discomfort due to the hot and humid environment of the room. However, 

this too is mitigated by only including individuals familiar with working in insectary conditions 

and limiting the time inside to 60 minutes. 

This study of mosquito behaviour around human baited LLINs was approved by the Liverpool 

School of Tropical Medicine Research & Ethics Committee (LSTM Ref 21-065, Appendix II), 

which is the sponsoring institute. The full ethics documentation for this study can be found in 

Appendix II.  

Potential participants were approached for involvement in the study via email (using language 

approved by the LSTM REC, Appendix II). If a potential participants expressed interest in 

taking part in this study they were asked to consider an information sheet, and return a 

consent form signed if they wished to confirm themselves as a participant (Appendix II). Care 

was taken to avoid any potential participants feeling pressured to volunteer, as made clear in 

the consent form. Potential participants were made aware that being bitten by a mosquito 
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during the course of the study is likely and made aware of the potential side effects associated 

with mosquito bites. Participants were asked to return for multiple testing days. Specifically, 

participants were asked to volunteer on three occasions: one session for each of the three 

damage patterns (top hole, side hole, fully intact) for a given net design. However, if a 

volunteer was willing to participate in more than three sessions, the additional sessions were 

included in a different arm. 

No human participants were involved in the investigation of mosquitos exit behaviour from 

holed LLINs thus REC approval was not sought.  
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4.3 Results 

4.3.1 Benchtop bioefficacy outcomes  

4.3.1.1 WHO wireball assay 

In the WHO wireball assay, there was a large difference in one hour knockdown between LLIN 

Products (p<0.001, Figure 4.2A), with Olyset Net knockdown down only 9.75% (95% CI:2.46-

16.67) yet Olyset Plus knocking down 86.46% (95%CI: 79.36-93.57). A similar difference 

between LLIN Products seen for adjusted 24 hour mortality (p<0.001,  Figure 4.2B), with 

3.19% killed by Olyset Net (95% CI: 0-13.97) and 66.23% killed by Olyset Plus (95% CI: 55.44- 

77.00). 

 

 

 

 

 

 

 

 

Figure 4.2. Bioefficacy of Olyset Net and Olyset Plus in WHO wireball bioassay. (A) 1hr 

knockdown (B) 24hr Mortality. Errors bars indicate 95% confidence intervals.  
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4.3.1.2 Arm-feeding assay 

Only a minority of mosquitoes were able to successfully feed though netting in assays with 

Olyset Net and with Olyset Plus (Figure 4.3A). There was no difference in bloodfeeding 

success between Olyset Net and Olyset Plus (p=0.562). The raw mean bloodfeeding success 

was higher for both Olyset Net and Olyset Plus than the untreated net however, the only 

pairwise comparison that was statistically significant was that between Olyset Plus and the 

untreated net (p=0.021), with 38.93% of mosquitoes able to feed directly through Olyset Plus 

(95% CI: 30.58-47.28).  

The proportion of mosquitoes knocked down after the arm-feeding assay was very low,  with 

zero knockdown for the untreated net and Olyset Net (Figure 4.3B). Mean 1hr knockdown for 

Olyset Plus was  4.61% (95% CI: 0-13.53) however, there was no difference in knockdown 

between Olyset Net and Olyset Plus (p=0.999). Mortality for the arm-feeding assay after 24 

hours was also very low (Figure 4.3C), with zero mosquitoes dead after exposure to the 

untreated net and Olyset Net. Mean 24hr mortality for Olyset Plus in the arm feeding assay 

was 9.09% (95% CI: 3.09-15.09), significantly higher than that of Olyset Net (p=0.042).  
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Figure 4.3. Outcomes associated with Olyset Net and Olyset Plus in benchtop arm-feeding 

assay. (A) Bloodfeeding success (B) 1hr knockdown (C) 24hr Mortality. Errors bars indicate 

95% confidence intervals.  

 

 

 

 

A 

C B 



 

159 
 

4.3.2 Personal protection 

4.3.2.1 Bloodfeeding success 

There was no difference in bloodfeeding success of free-flying pyrethroid-resistant An. 

gambiae mosquitoes around holed nets between Olyset Net and Olyset Plus, for any of the 

hole positions assessed (Table 4.4) 

 Table 4.4. Odds Ratio of bloodfeeding success between LLIN Products for each 

hole position assessed. 

 

It was observed that bloodfeeding success varied by hole position for both LLIN products 

tested (Figure 4.4), with mosquitoes more than four times more likely to obtain a bloodmeal 

if there was a hole in the top than a hole in the side (Table 4.5). There was no difference in 

bloodfeeding success between a hole in the side and no hole for either Olyset Net (p=0.999) 

or Olyset Plus (p=0.999). 

Table 4.5. Odds ratio of bloodfeeding success between hole positions for each 

LLIN product assessed.  

 

 

 

Comparison (OlysetPlus/OlysetNet) Odds Ratio 95% CI P value 

Top 1.61 0.76-2.46 0.076 

Side 0.62 0-1.38 0.446 

None 1 NA 1.000 

Net Type Pairwise comparison Odds Ratio 95% CI P value 

Olyset Net Top/Side 4.15 2.04-6.26 <0.001 

Olyset Plus Top/Side 10.71 5.95-15.47 <0.001 
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Figure 4.4. Bloodfeeding success with each combination of LLIN Product (Olyset Net and 

Olyset Plus) and Hole Position (None, Side, Top). All holes were circles 15cm in diameter. Error 

bars indicate 95% CIs.  
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4.3.2.2 Estimated impact of hole occurrence on population protective efficacy  

To demonstrate the relative impact of top holes and side holes on personal protection, using 

the observed bloodfeeding success of pyrethroid-resistant An. gambiae mosquitoes 

described above,  the notional population protection under different frequencies of net 

damage was calculated for Olyset Plus (Briet et al., 2012). As no mosquitoes were able to 

successfully feed on an occupant under Olyset Plus in free-flying assays when no holes were 

in the net, predicted population protection at full coverage was calculated to be 1 (complete 

protection). Therefore, estimated population protection at a more reasonable estimate of 

80% coverage, when all nets were fully intact, was 0.8 (Figure 4.5). The change in population 

protection as more nets develop a hole in either their top or side is shown along the x axis.  A 

key output from this model is that the increasing frequency of nets with a large (15cm2) hole 

in the side is predicted to have a minimal effect on population protection, with the total 

proportion of bites prevented decreasing to only 0.78 when 50% of nets had such a hole. The 

increasing frequency of nets with a hole in the top is predicted to have a larger impact on 

population protection, with the total proportion of bites prevented declining to 0.69 when 

50% of nets has a hole in the top.  
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Figure 4.5. Predicted population personal protection against bloodfeeding of LLINs with a 

15cm diameter hole in the top of side. Coverage of LLINs is assumed to be 80% (dashed 

horizontal line represents population protection when nets are fully intact).  
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4.3.2.3 Results in context: Predicted personal protection in Uganda 

To place the findings of this chapter in a practical context, the bloodfeeding inhibition 

estimates were applied to baseline entomological data from the site of the PBO LLIN durability 

trial in Uganda, collected previously by Lynd et al. (2019). By combining mosquito density data 

from collections with sporozoite rates, I was able to estimate the number of infectious bites 

a person in that setting would be expected to receive each year had the slept under the LLINs 

evaluated here. These estimates represent only the direct personal protection of the net’s 

occupants. The baseline mosquito density and sporozoite rates reported by Lynd et al. (2019) 

are presented in Table 4.6, alongside infected bites per year calculated here from these 

values.  However, as shown in Figure 4.6, the large variation in nightly biting density obscured 

any practical difference between hole position and LLIN product. 

 

Table 4.6 mean An. gambiae  indoor biting density and Plasmodium  sporozoite 

rate across regions at baseline in the Uganda PBO trial (values from Lynd et al. 

2019).  

Region Nightly biting density  

(95% CI) 

Sporozoite rate Infected bites per year 

(95% CI) 

Mid-Eastern 8.57 (2.34-30.11) 0.043 134.51 (36.72-472.57) 

North-Eastern 0.42 (0.09-2.22) 0.043 6.59 (1.42-34.84) 

Mid-Western 1.02 (0.25-4.29) 0.043 16.00 (3.92-67.33) 

East-Central 7.28 (1.54-33.16) 0.043 114.25 (24.17-520.46) 
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Figure 4.6. Predicted  number of infected bites an occupant  would receive per year in each 

geographic context if they were to sleep under an LLIN assessed in this study. (A) Mid-Eastern 

region, (B) North-Eastern Region, (C) Mid-Western Region, (D) East-central Region.  

A B 

C D 
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4.3.3 Bioefficacy 

4.3.3.1 1hr Knockdown and 24 hr Mortality 

Hole position made no statistical contribution to the model of 1hr knockdown (df=2,  x2=1.187 

, p=0.552), indicating that there was no difference in the probability of a free-flying 

pyrethroid-resistant An. gambiae being knocked down after exposure to a net with no hole, 

side hole, or top hole. The lack of a significant interaction between Hole Position and Net Type 

(df=2, x2=0.0618, p= 0.969) indicated that indifference to hole position was the case for both 

Olyset Plus and Olyset Net. Knockdown with Olyset Plus against free-flying pyrethroid-

resistant An. gambiae was superior to Olyset Net across all hole positions assessed (Table 

4.7),  with Olyset Plus knocking down 37.88% (95% CI: 30.78-44.98) compared to 11.80% (95% 

CI: 8.27- 15.23) for Olyset Net (Figure 4.7A). 

Table 4.7 Odds Ratio of one hour knockdown between LLIN products across all 

hole positions. 

 

 

Hole position did not contribute to the model of 24 hour mortality (df=2, x2=1.997 , p=0.101), 

indicating that there was no difference in the probability of a mosquito being killed between 

a net with no hole, a side hole, or a top hole. There was no significant interaction between 

Hole Position and Net Type (df=2, x2=1.99, p=0.368). Mortality with Olyset Plus against free-

flying pyrethroid-resistant An. gambiae was superior to that of Olyset Net for all hole 

positions assessed (Table 4.8), killing 36.40% (95% CI: 29.28-43.52) and 8.68% (95% CI: 2.54-

14.81) respectively (Figure 4.7B).  

 

Comparison  Odds Ratio 95% CI p value 

OlysetPlus/OlysetNet 4.65 2.91-6.38 <0.001 
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Table 4.8 Odds Ratio of 24 hour mortality between LLIN products  

Comparison  Odds Ratio 95% CI p value 

OlysetPlus/OlysetNet 6.02 3.45-8.58 <0.001 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 (A) 1hr knockdown and (B) 24hr mortality with each combination of LLIN Product 

(Olyset Net and Olyset Plus) and Hole Position (None, Side, Top). All holes were circles 15cm 

in diameter. Error bars indicate 95% CIs.  
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4.3.3.2 Proportion of mosquitoes that both bloodfed and survived 

Both Net Type (df=1, x2=24.836, p= <0.001) and Hole Position (df=2,  x2=18.238,  p<0.001)   

were significant predictors of the probability that a mosquito would be able to both bloodfeed 

and survive the assay. No mosquitoes were able to both bloodfeed and survive in assays with 

no holes, as none were able to bloodfeed.  

The pyrethroid resistant mosquitos’ chances of bloodfeeding and surviving were lower with 

Olyset Plus than with Olyset Net (Table 4.9). Additionally, a higher proportion of mosquitoes 

were able to successfully bloodfeed and survive if the net had a hole in the top compared to 

a hole in the side (Table 4.10).  However, inhibition of mosquitoes successfully bloodfeeding 

and surviving was high for all combinations of LLIN Product and Hole Position with even the 

worst performing group, Olyset Net with a hole in the top, preventing 83.95% of occurrences 

(Figure 4.8).  

Table 4.9. Odds Ratio of bloodfeeding and surviving. Comparison of LLIN products  

Comparison  Odds Ratio 95% CI p value 

OlysetPlus/OlysetNet 0.13 0.06-0.21 0.001 

 

 

Table 4.10. Odds Ratio of bloodfeeding and surviving. Comparison of hole 

position 

Comparison  Odds Ratio 95% CI p value 

Top/Side 5.99 2.71-9.27 0.001 

 

 

 

 

 



 

168 
 

 

Figure 4.8. Percentage of mosquitoes that both bloodfed and survived for each LLIN product 

with a hole in each position.  All holes were circles 15cm in diameter. Error bars indicate 95% 

CIs. 
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4.3.3.3 Ability of bloodfed mosquitoes to exit nets and survive 

Mosquitoes had a greater chance of escaping to the outside of Olyset Plus by the end of the 

five hour exit assay if the net had a hole in the top than in the side (Table 4.11). When there 

was a hole in the top of the net, 62.94% (95% CI: 54.17-71.71) were found outside the net 

compared to 33.25% (95% CI: 19.14-47.36) when there was a hole in the side (Figure 4.9).  

Table 4.11.  Odds Ratio of a mosquito being  both bloodfed and found outside the 

net at the end of the exit assay, comparison of top and side holes.  

 

Figure 4.9. Mean percentage of mosquitoes found outside net  the at the end of the exit assay 

(escape rate) for Olyset Plus with a 15cm diameter circular hole in the side or top. All 

mosquitoes blood-fed immediately prior to release inside the net. Error bars indicate 95% 

confidence intervals. 

Comparison  Odds Ratio 95% CI p value 

Top/Side 1.88 1.37-2.39 0.021 
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Bioefficacy outcomes for Olyset Plus against blood-fed mosquitoes were very high. There was 

no difference in 1hr knockdown between the net with the top hole and the net with a side 

hole (Table 4.12). Overall, 1hr knockdown for blood-fed mosquitoes released inside nets , for 

top and side holes combined, was 94.68% (95% CI: 77.13-100). Similarly, there was no 

difference in 24hr mortality between the net with the top hole and the net with a side hole 

(Table 4.13). Overall, 24 hour mortality for blood-fed mosquitoes released inside nets, for top 

and side holes combined, was 94.1% (95% CI: 76.67-100) .  

Table 4.12.  Odds Ratio of one hour knockdown of mosquitoes in the exit assay, 

comparison of top and side holes.  

Comparison  Odds Ratio 95% CI p value 

Top/Side 1.02 0.80-1.23 0.914 

 

 

 

Table 4.13.  Odds Ratio of 24hr mortality of mosquitoes in the exit assay, 

comparison of top and side holes.  

Comparison  Odds Ratio 95% CI p value 

Top/Side 1.01 0.79-1.22 0.914 
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4.4 Discussion 

The implications of physical damage to a bed net for mosquito entry and subsequent survival 

is poorly described, with a particular dearth of literature for next-generation designs. Current 

WHO guidance for assessing the serviceability of a damaged net assumes holes on the top or 

side of the net are of equal importance, despite mounting evidence from video-based analysis 

that host-seeking An. gambiae activity is concentrated on the top of the net (WHO, 2013b; 

Parker et al. 2015; Sutcliffe et al. 2015; Gleave et al. 2022). Here, these findings indicate that 

hole location (top or side) is a strong predictor of An. gambiae bloodfeeding success, with 

mosquitoes predicted to be ten times more likely to bloodfeed if the hole is on the top of the 

PBO LLIN Olyset Plus compared to a similarly sized hole on the side. The percentage of 

mosquitoes bloodfed when a 15cm diameter circular hole was in the top of the PBO LLIN was 

26.8% while the percentage when the hole was on the side was indistinguishable from zero. 

The ratio of bloodfeeding success between the top and the side was less extreme for the 

pyrethroid-only Olyset net at 4:1, with slightly fewer mosquitoes entering the top and slightly 

more entering through the side compared to the PBO-LLIN.  

These findings indicate hole location is of great importance for the personal protection of an 

LLIN, with a top hole a high entry risk and an equivalently sized hole a low risk. This is 

consistent with previous video-based experiments with human-baited untreated nets 

conducted by Sutcliffe et al. (2017), which observed mosquitoes were more likely to 

encounter and pass through holes on the top compared to the sides. However, an important 

context of this disparity, reported in Chapter Three, is that side holes occur far more 

frequently than top holes (ratio of approximately 10:1 by total hole area). Thus, in practice 

side holes may still play an important role in providing access to host-seeking mosquitoes due 
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to the high frequency at which they occur. Nonetheless, these findings indicate that lack of 

consideration of hole location in the current WHO durability guidelines is not appropriate and 

that top holes should be weighted appropriately. Here, an appropriate risk-weighting would 

be 10:1 for top and side holes respectively however there is a need for future work to assess 

the reproducibility of these findings.  

Despite the increased bioefficacy of Olyset Plus over Olyset Net in terms of 1hr knockdown 

and 24hr mortality, there was no statistical difference in mean bloodfeeding success between 

Olyset Plus and Olyset Net for any hole location. This observation indicates that improved 

bioefficacy of Olyset Plus did not improve the personal protective effect of the net against 

pyrethroid-resistant mosquitoes. This minimal association between bloodfeeding inhibition 

from bioefficacy is  consistent with Randriamaherijaona et al. (2015) which observed no 

difference in the bloodfeeding success of pyrethroid-susceptible An. gambiae between holed 

pyrethroid and untreated nets. However, bioefficacy did have a profound impact on the 

survival of bloodfed mosquitoes, with 96.1% of all bloodfed mosquitoes dying. Consequently, 

while there was no difference in personal protection between the PBO-pyrethroid net and 

the pyrethroid-only net, the extremely high mortality of bloodfed mosquitoes with the 

addition of PBO would be expected to have important implications for preventing onwards 

transmission (Levitz et al. 2018; Unwin et al. 2022).   

The benchtop assays broadly indicated trends in bioefficacy and bloodfeeding that were later 

reflected in behavioural assays. With 1hr knockdown and 24 mortality greatly elevated for 

Olyset Plus compared to Olyset Net under both benchtop and free-flying conditions. 

Furthermore, there was no difference in bloodfeeding success on the benchtop between 

Olyset Plus and Olyset Net, as was also later observed in free-flying assays. Neither Olyset Net 
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or Olyset Plus had any discernible insecticidal activity in the benchtop bloodfeeding assay, 

indicating this An. gambiae strain was able to feed directly through the gaps in the netting 

without consequence. However, it should be noted that bloodfeeding success in this 

benchtop assay was relatively low with only approximately a quarter of mosquito’s blood-fed, 

though this may be due to the short three minute duration of the assay. This lack of 

insecticidal effect when feeding directly through either Olyset Plus or Olyset Net is consistent 

with previous benchtop assays using pyrethroid-resistant An. gambiae (Hauser et al. 2019).   
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4.4.1 Limitations 

There are a number of limitations that should be considered when interpreting the results of 

this investigation. Firstly, the mosquitoes assessed in this study were released into the testing 

room in close proximity to the net whereas in a field setting they would have to actively enter 

the household structure from outside. Previous behavioural studies have observed that 

pyrethroid LLINs deter a greater proportion of Anopheles mosquitoes from entering 

compared to untreated nets however experimental hut trials in Cameroon observed similar 

deterrence rates for An. funestus between Olyset net and Olyset Plus (54.9% vs 49.0% 

respectively) (Menze et al. 2020). Another potential limitation is that outcomes were assessed 

for only a single hole size (15cm diameter) rather than across a range of plausible values. 

Consequently, it may be the case that the ratio of bloodfeeding success for top and side holes 

varies with hole size. A further potential limitation is that the specific mechanisms of 

pyrethroid resistance varies between strain, meaning bloodfeeding and bioefficacy outcomes 

observed here may not be universally applicable for all An. gambiae mosquitoes. However, in 

a concurrent study of An. gambiae behaviour around intact LLINs we observed no statistical 

differences in number of contacts or total contact time between two pyrethroid-resistant An. 

gambiae strains for both Olyset Net and PermaNet3.0 (Gleave et al. in submission). 

Additionally, it was observed that activity of pyrethroid resistant mosquitoes was relatively 

consistent throughout the testing window and confirmed that host-seeking activity occurs 

primarily on the top of the net for all An. gambiae strains tested. Additionally, while this study 

assessed only a side hole in the centre of the side panel there is evidence from video analysis 

using adhesive nets that mosquito activity is 10x higher in the upper 2/3rd of the side panel 

than the area below closest to the ground, though both areas have very low activity relative 

to the top panel (Sutcliffe et al. 2015). Consequently, hole encounter would be expected to 
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be even lower if the side hole had been further down on the net. Finally, post 24 hour 

mortality was not assessed in the current study, meaning delayed mortality effects or impacts 

on longevity could not be detected. However, as the mortality of bloodfed mosquitoes was 

extremely high (>95%) there would have been few live bloodfed mosquitoes to observe past 

24 hours.  

The impact of the shape on the net on mosquito bloodingfeeding was not assessed in this 

experiment. While the net was kept as taught as possible to form a rectangular shape, in 

operational conditions it may drape down over the sleeping space in irregular shapes. 

Consequently, the flat roof assessed here may be somewhat artificial. In practice, a perfectly 

circular hole in the roof of the net may have a smaller cross section (as viewed from above) 

when allowed to droop down, presenting a smaller gap for mosquito entry.   
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4.4.2 Future work  

Given the current assumption of the WHO physical assessment guidelines that all holes count 

equally in terms of assessing serviceability, future work should build on the current study to 

determine the appropriate weighting for holes on the top of the net relative to holes on the 

side. Future studies should aim to assess the ratio of bloodfeeding success of top to side holes 

for both other LLIN products and pyrethroid-resistant An. gambiae strains, in order to 

determine if the ratios observed here are consistent.  

Future studies may wish to investigate the delayed mortality of bloodfed An. gambiae after 

encountering a damaged LLIN. Here, few bloodfed mosquitoes survived past 24 hours 

however this may not be the case with other LLIN products and requires assessment. 

Specifically, given the success of the next-generation LLIN Interceptor G2 (which contains the 

pyrethroid alpha-cypermethrin and the pyrrole slow-acting pyrrole insecticide chlorfenapyr) 

in field trials, there is a need to assess the bloodfeeding success and delayed mortality of 

pyrethroid-resistant An. gambiae mosquitoes with this net. Additionally, given only one hole 

size was assessed here, future studies may chose to investigated bloodfeeding and bioefficacy 

across different hole sizes.  
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Chapter Five: General Discussion 

5.1 summary of key findings 

The emergence of pyrethroid-resistance throughout sub-Saharan Africa has incentivised the 

development of novel bed net designs with chemistries that are intended to be effective 

against these mosquitoes.  This study successfully met all of its aims and objectives in 

understanding how the efficacy of bed nets containing both a pyrethroid and PBO changes 

with operational use. Prior to this study, the change in bioefficacy of pyrethroid LLINs 

containing PBO against pyrethroid-resistant mosquitoes over time was not well described. 

Here I reported that despite being highly effective against such mosquitoes when new, the 

killing effect of Olyset Plus and PermaNet 3.0 declines with operational use, with 

approximately 50% surviving a three-minute exposure in benchtop assays after two years. 

The knockdown effect of Olyset Plus similarly declined over the same period, though that of 

PermaNet 3.0 remained high throughout.  In Chapter Four, I report that the physical condition 

of these PBO-pyrethroid nets is similar to that of equivalent pyrethroid-only designs across 

time, confirming that the incorporation of PBO into these new designs did not adversely 

impact their physical integrity. Additionally, I report that the damage on these nets is 

concentrated on the side panels, with little damage on the top. In the final research chapter, 

I observed that free-flying pyrethroid-resistant An. gambiae were far more likely to enter and 

bloodfeed through a hole in the top of a net than in the side and that blood-fed mosquitoes 

had an extremely high risk of death when attempting to escape after bloodfeeding.   
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5.2 Implication for the evaluation and deployment of LLINs 

The observation that pyrethroid nets supplemented with PBO were far more effective against 

pyrethroid-only designs against pyrethroid-resistant An. gambiae mosquitoes is consistent 

with a growing body of literature that PBO supplemented designs result in a 20-30% reduction 

in Plasmodium prevalence in children under the age of ten compared to standard nets 

(Staedke et al. 2020, Gleave et al. 2021). Additionally, the observation that the bioefficacy of 

PBO nets decreased with operational use is consistent with the narrowing gap between the 

protective effect of PBO and standard LLIN products observed over the same period in the 

concurrent trial of malaria outcomes (Staedke et al. 2020, Gleave et al. 2021). 

Current WHO guidance to national malaria control programmes is to distribute LLINs at 3-5 

year intervals. While there was only limited evidence of even conventional pyrethroid-only 

designs achieving this lifespan the evidence for LLIN designs supplemented with PBO is even 

less convincing. Throughout this study, the term ‘PBO LLIN’ has been used to describe 

pyrethroid nets supplemented with PBO, in line with wider documentations on the Uganda 

LLIN evaluation project. However, I argue here that the use of ‘long lasting’ here is 

inappropriate as it implies a property that has not been evidenced and may mislead decision 

makers to deploy them at 3-5 year intervals. The rapid reduction in PBO content in nets and 

the corresponding decline in bioefficacy after just two years (to less than 50% of their baseline 

values) indicates that, within the context of Uganda, they should be replaced at intervals 

shorter than three-five years.  These findings are supported by a similar investigation in 

Kenya, observing that Olyset Plus PBO LLINs had lost 81% of PBO after two years (Gichuki et 

al. 2021). However, as the same study only assessed bioefficacy against pyrethroid-

susceptible An. gambiae, their report that Olyset Plus ‘passed’ bioefficacy criteria at all 

timepoints is uninformative in an era of widespread of pyrethroid-resistance. Additionally, a 
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pre-print by Lukole et al. (in review) reports that after three years Olyset Plus nets sampled 

from Tanzania had lost 97% of their total PBO content compared to baseline. There is an 

urgent need for data from other settings to assess if this reduction in PBO content is 

consistently observed.  

While there is currently no WHO requirement or guidance for testing against pyrethroid-

resistant An. gambiae, this data is essential to informing decision makers. In the interim, 

subsequent studies should take the initiative to identify appropriate site-specific pyrethroid-

resistant strains to test PBO-pyrethroid nets against. Peer-reviewers of future durability 

studies should be willing to make this a requirement for publication, as I myself have done in 

the past. An assessment of the bioefficacy of PBO-pyrethroid nets without a pyrethroid-

resistant strain is simply not complete. Consequently, there is a clear and pressing need for a 

unified WHO guidance on assessing the  bioefficacy of PBO-pyrethroid nets against 

pyrethroid-resistant An. gambiae.  

A complication in assessing the performance of net designs with both a pyrethroid and PBO 

is the appropriate resistant strain to test against. While there is a strong argument that a site-

specific strain is preferable as it provides insight into bioefficacy in that context, the counter 

argument is that this means studies in different settings cannot be directly compared as 

strains differ substantially in their resistance mechanisms. The alternative is that a small 

number of testing centres are identified by the WHO and net samples sent to these 

institutions for evaluation against a standardised pyrethroid-resistant strain.   

The observation that building construction was a strong indicator of physical integrity has 

implications for LLIN distribution. That nets sampled from traditional thatched-roof houses 

were more likely to be damaged aligns with a concurrent study by Rugnao et al (2019) that 
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children living in such households were 15% more likely to test positive for Plasmodium 

infection (Rugnao et al. 2019). While LLINs are typically distributed nationally in 3-5 year 

cycles (with the important exception of programmes that distribute nets to pregnant women), 

there is an argument to be made for identifying regions and communities for which the 

operational lifespan of nets is lowest.  

This study observed that WHO cone bioassays were a poor predictor of the performance of 

Olyset Plus against this pyrethroid-resistant strain. A possible explanation for this is the 

repellent properties of permethrin, which discourage contact, combined with the large 

surface area of insecticide-free surface inside the cone. These findings were consistent with 

early assessments of Olyset Net against a pyrethroid susceptible strain (Lindblade et al. 2005, 

Okumu et al. 2012). In this study, the WHO wireball greatly enhanced the observed bioefficacy 

of Olyset Plus samples assessed, indicating that mosquitoes tested were picking up a large 

dose of insecticide. The current WHO guidelines are to use the WHO tunnel test if a net 

performs poorly in the WHO cone bioassay, yet this is not ethically feasible in many 

institutions. Consequently, I argue here that the WHO wireball assay may be readily applied 

as an alternative to evaluate the bioefficacy of net samples in longitudinal durability 

assessments.  

WHO Cone bioassays, the most commonly used laboratory method of assessing LLIN 

performance, was found to greatly underestimate the performance of the permethrin LLINs 

Olyset net and Olyset Plus against the pyrethroid-resistant An. gambiae strain. Given the 

repellent effect of permethrin (Cockcroft, Cosgrove and Wood 1998), I speculate that this 

disparity was due to the mosquitoes avoiding contact with the net in the WHO cone bioassay. 

These findings indicate that the large area of untreated surface  in the cone assay (i.e. the 
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cone itself) makes it unsuitable for assessing the 1hr knockdown and 24 hr mortality of LLINs 

with repellent properties. This same point was raised in strong terms by Sutcliffe et al. (2005) 

in a letter to the editor of Tropical Medicine and International Health in response to early 

investigations of Olyset Nets performance in the field conducted by (Lindblade et al. 2005). 

This criticism would later form the basis of the requirement for the development of the WHO 

Tunnel Test and the guidelines specifying its use when  sampled LLINs perform poorly in cone 

bioassays (<95 knockdown or <80% mortality against susceptible An. gambiae)(WHO, 2011; 

WHO, 2013). However, given that the WHO Tunnel test cannot be performed in many 

institutions due to animal welfare restrictions, a more accessible alternative is needed.  

Here I demonstrate the benefits of the WHO wireball bioassay as an alternative to the WHO 

cone bioassay. The wireball provides the same insights as the cone into 1hr knockdown and 

24hr mortality yet provides no insecticide-free surface for the mosquito to avoid contact. 

Consequently, the need for the logistically complex and ethically infeasible WHO tunnel test 

is reduced. While the tunnel test does provide some additional insight into mosquito 

repellence, the recent development of benchtop tools for assessing repellency, such as the 

‘baited-box assay’ assess this directly without ethical concerns (Hughes et al. 2020). Given 

this, I recommend future investigations use the WHO wireball assay to assess the bioefficacy 

of LLIN products containing permethrin. However, before the WHO wireball can be used as a 

benchmarking tool, specific ambiguities in the existing guidelines must be addressed. At 

present there is no SOP for the WHO wireball, with only a single paragraph on the method in 

an early guidance document on assessing vector control tools (WHO, 2006). Subsequent 

studies vary in their use of a cube or sphere frame, resulting in large difference in internal 

volume. There is a need for a consensus SOP for the WHO wireball that clearly defines the 

apparatus and number of mosquitoes exposed in each assay.   
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5.3 Hole location and personal protection 

This study is the first to explicitly measure bloodfeeding on human volunteers as a product of 

hole location. The finding that holes on the top of an LLIN result in a 4x-10x greater risk for 

bloodfeeding with An. gambiae compared to holes on the side is consistent with a large body 

of literature observing greater activity on the top of the net (Lynd and McCall 2013, Parker et 

al. 2015, Sutcliffe and Yin 2014, Sutcliffe and Colborn 2015, Sutcliffe, Ji and Yin 2017, Sutcliffe 

and Yin 2021). Furthermore, the model of population personal protection estimated that top 

holes had much larger implications than side holes, with the number of bites prevented only 

decreased by 2% when 50% of the net users having a 15cm hole in the side. When 50% of the 

population had an equivalent sized hole in the top personal protection decreased by 11%. 

Similar estimates of personal protection were made for both Olyset Net and Olyset Plus. 

These findings have important implications for assessing the serviceability of nets sampled 

from the field, indicating that the current assumption of the WHO guidelines that all holes are 

of equal importance regardless of where they are located should be reassessed. For these 

specific nets, the 15cm diameter hole puts them comfortably in the ‘damaged’ category of 

the pHI system, yet when the hole was in the side they still prevented >97% of bloodfeeding. 

However, these predictions are limited to personal protection, with the greater exit rate from 

top holes indicating that they may be more important for onwards transmission. As expected, 

no mosquitoes were able to bloodfed when there were no holes.  

This investigation of damaged LLINs observed an interesting balance between two 

phenomena.  Pyrethroid-resistant An. gambiae mosquitoes were ten times more likely to 

enter holes on the top of the PBO-LLIN Olyset Plus than on the side, yet total damage to the 

side was ten times greater by area than damage to the top. The key takeaway from these 

observations is that despite the higher entry risk for equally sized holes on the top of the net, 
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the sheer scale of damage to the side of the net means it is still of high importance. While 

holes on the top of individuals net should be weighted highly in assessing serviceability, a 

broader consideration of physical damage in LLIN design and distribution frequency should 

keep in mind that they are rare. Future studies of the physical integrity of LLINs would improve 

their insights by reporting the location of holes, perhaps using the ‘functional areas’ (top, 

upper 1/3rd, lower 2/3rds) presented in this study. Furthermore, it should be noted that 

recording the location of holes has been included in the methodology for the LLIN durability 

assessment guidelines since 2013 but is not required for reporting as an outcome. 

Consequently, there may be a large resource of existing datasets on hole location for various 

LLIN products that is completely untapped. Additionally, to preserve the protective effect of 

LLINs in the field, it may be prudent for NMCPs to issue guidance that encourages net owners 

to prioritise repairing holes on the top of the net.  

In this study there was no statistical difference in bloodfeeding inhibition between the 

pyrethroid-only Olyset Net and it’s PBO-pyrethroid equivalent Olyset Plus. This is consistent 

with experimental hut trials in Odisha state, India which observed very similar rates of 

bloodfeeding for Olyset Net and Olyset Plus, at 29.6% vs 30.6% of anophelines respectively 

(Gunasekaran et al. 2016). This observation of equivalent bloodfeeding inhibition against 

anophelines for Olyset Net and Olyset Plus is also corroborated by similarly designed 

experimental hut trials in Cameroon and Benin (Pennetier et al. 2013, Ngufor et al. 2022). 

Additionally, the broad observation that increased insecticidal effect has no additional benefit 

for personal protection is supported by a previous behavioural study by (Randriamaherijaona 

et al. 2015) across a range of hole sizes, observing that pyrethroid LLINs provided no 

additional benefit in bloodfeeding inhibition over untreated nets, across a range of hole sizes.  
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While the indirect protective effects of LLINs were not explicitly assessed in this study, 

bloodfeeding inhibition and bioefficacy outcomes would be expected to have implications for 

the general population in a practical setting. Even when Olyset Plus did not successfully 

prevent bloodfeeding, those mosquitoes that fed had a very high probability of dying as a 

result of the encounter (96.1%). Consequently, if the individual beneath such a net was 

infected, there would be a very low chance of onwards transmission. A previous study by 

Machani et al. (2019) observed that susceptible An. gambiae were able to better tolerate 

exposure to deltamethrin after a bloodmeal, with 24hr mortality falling from 83% to 35% with 

60 minute exposures to 0.05% deltamethrin however the mosquitoes in that experiment 

were bloodfed eight hours prior to exposure rather than concurrently (Machani et al. 2019). 

Machani and colleagues observe that the expression of monooxygenase, β-esterase, and GSTs 

increased following the bloodmeal and suggest this makes the mosquitoes better able to 

tolerate insecticides. This increase in metabolic enzymes in response to bloodfeeding  has also 

been observed in An. funestus (Spillings et al. 2008) and An. arabiensis (Oliver and Brooke 

2014). However, these existing studies differ substantively from the current study as here the 

mosquito experiences concurrent insecticide and bloodmeal exposure and Olyset Plus is 

treated with PBO which inhibits the activity of metabolic enzymes. This highlights a 

knowledge gap onto the relationship between PBO and mosquito bloodfed status.  Previous 

studies indicate that human blood is toxic to mosquitoes (Styer et al. 2007, Magalhaes et al. 

2008), thus PBO may make it more susceptible to these effects. However, sides holes were 

observed to be more important for escape than for entry, allowing very few mosquitoes in 

but allowing a large minority to exit. Additionally, this study also observed that blood-fed An. 

gambiae were more likely to exit the net through a top hole than the side (60% vs 40% 

respectively). This is not readily explainable as a bloodfed mosquito was not following host 
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cues (due to the lack of host in the experiment) and the mosquitoes flight ability would be 

diminished by the weight of the bloodmeal (Kaufmann and Briegel 2004). However, given the 

importance of escaping the net for onwards transmission and the unexpectedly high mortality 

this is an area that requires further investigation. Current WHO guidelines for assessing the 

bioefficacy of LLINs test exclusively with non-bloodfed mosquitoes yet future studies should 

note that there may be additional insights to be gained from testing against bloodfed 

mosquitoes.  

An important caveat of the findings of the current behavioural study are that the behavioural 

assays lasted only one hour rather than a whole night. As far fewer mosquitoes in these assays 

were incapacitated or killed by Olyset Net compared to Olyset Plus, it is possible these 

mosquitoes would have additional chances to infiltrate a net over a longer period of time. 

Additionally, the bioefficacy of these LLINs may be underestimated by this short assay time. 

The primary reason for keeping assays to one hour was to minimise discomfort to the 

volunteer however the lack of adverse effects reported here supports the arguments for 

longer assays in the future. A further caveat of the results of the current study is that that a 

difference in deterrence, the prevention of mosquitoes from entering a household, between 

LLIN products could not be observed by the design. However, experimental hut trials indicate 

deterrence from entering households is similar for Olyset Net and Olyset Plus thus is not 

expected to be a variable here (Pennetier et al. 2013, Gunasekaran et al. 2016, Ngufor et al. 

2022). A further limitation on the interpretation of these results for personal protection is it 

does not account for biting which occurs during hours when an individual would not be 

expected to be indoors under their net. The extent of daytime feeding in sub-Saharan Africa 

is not well described. A recent study in Bangui, Central African Republic observed that 20-30% 

of bites occurred during the day (Sangbakembi-Ngounou et al. 2022), with An. gambiae, An. 
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coluzzii, An. funestus, and An. pharoensis all observed exhibit this behaviour. Daytime biting 

represents a significant challenge for conventional malaria control programmes as bed nets 

and IRS do not provide protection. Finally, there is a recent study that suggests the movement 

of mosquitoes in room-scale free-flying assays is influenced by airflow. Sutcliffe et al (2021) 

observed that while ~80% of activity occurred on the top of the net in warm still air conditions 

(27–30 °C), a high-speed cross-draft (speed unspecified) resulted in median activity on the top 

dropping to near zero, though this decline in activity was not statistically significant (p values 

unspecified).    
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5.4 Predictors of LLIN bioefficacy 

This study indicates that the total PBO content of a PBO LLIN (for both Olyset Plus and 

PermaNet 3.0) was a strong predictor of insecticidal effect against pyrethroid-resistant 

Anopheles gambiae (s.s.). While the correlation is clear, the causal explanation for this link is 

not readily explainable here as this methodology measures the total content, both inside the 

fibres and on the surface of them, thus does not indicate how much of that chemistry is 

bioavailable to the mosquito. Here, the reduction in bioefficacy over time may indicate that 

the concentration of PBO is not being fully regenerated to baseline levels. Alternatively, or in 

addition, the reduction in total PBO content over time may have implications for the ratio of 

pyrethroid to PBO at the surface which may in turn impact bioefficacy against pyrethroid-

resistant mosquitoes if it becomes suboptimal. The total content of pyrethroid was only 

minimally associated with bioefficacy against the pyrethroid-resistant strain. However, given 

that pyrethroid content stayed consistently high throughout the two year sampling period 

there was little variation to assess. The rapid loss of PBO, compared to the stability of the 

pyrethroids, indicates there must be some difference in the properties of these compounds 

that causes PBO to leech out more quickly over time. With this in mind, it should be noted 

that pyrethroid is a solid at room temperature and PBO is a liquid, which may have 

implications for how these compounds respond to handling and washing. Additionally, 

physical integrity was found to be a moderate indicator of PBO content, losing approximately 

a third of PBO after suffering the equivalent damage of two years of use (mean damage after 

two years = 125cm2). This trend in the relationship between physical damage and chemical 

content was observed to be very similar for Olyset Plus and Permanet 3.0. However, the high 

variability in physical damage between individual nets (Figure 5.1), complicates the 

identification of trends in total damage across time when comparing LLIN products. 
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Additionally, it is important to note that these data cannot be assumed to apply beyond the 

context of Uganda and need to be assessed in other settings. With this in mind, the statistical 

modelling approach here is readily applicable to similar datasets that use standard WHO 

guidelines and uses software that is free-to-use, allowing future studies to address these 

same outputs.  

 

Figure 5.1 Total hole area (in cm2) for every net assessed. Note high variation between 

individual nets.  
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Benchtop bioefficacy and bloodfeeding assays were observed to be broadly indicative of 

outcomes in free-flying assays, not in terms of specific values but that they indicated broad 

trends between LLIN products. Specifically, Olyset Plus was observed to have much higher 

bioefficacy than Olyset Net in the wireball, which was reflected in the free-flying assays. 

However, KD and mortality in the wireball were substantially higher than in the free-flying 

assay (86% vs 38% and vs 66% vs 36.40% respectively). The disparity in outcomes between 

the wireball and free-flying assay may reflect their design, with the wireball forcing net 

contact and the free-flying assay allowing for avoidance. This is consistent with the disparity 

between the bioefficacy observed with the WHO wireball assay and the WHO cone bioassay, 

reported in Chapter 3.  Additionally, there was no difference in bloodfeeding probability 

between the conventional pyrethroid net and the PBO-pyrethroid net in the benchtop 

bloodfeeding assay, which would also be reflected in free-flying assays. However, the 

relatively low bloodfeeding success in the untreated arm of the benchtop assay suggests a 

longer assay time is needed, with an argument that the length of the assay should be 

optimised to allow complete bloodfeeding on untreated netting. A notable difference in 

bioefficacy was observed between the benchtop wireball and bloodfeeding assays, with 

approximately 66% and 10% mortality respectively. The disparity between these assays 

despite using the same net sample for the same duration implies the mosquitoes are making 

less contact with the insecticide, which has strong parallels with the difference between the 

cone and wireball noted in Chapter Two.  
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5.5 Future work and next steps 

In general, the key next step in evaluating the durability of PBO LLINs is to perform similar 

investigations in other settings. While rapid reductions in total PBO content and bioefficacy 

were observed here, these findings must be replicated across varying environmental and 

sociological contexts to demonstrate that the observations reported here are a property of 

the LLIN products themselves or specific to Uganda. Perhaps more importantly, there is a 

need to accumulate data on the longitudinal bioefficacy of Olyset Plus and PermaNet 3.0 

against a variety of pyrethroid-resistant strains due to the variety of mutations and 

mechanisms between geographies. Additionally, I hope that the insights gained here from 

assessing hole location, household indicators, alternative bioassays designs, and novel 

statistical approaches encourage their inclusion in similar studies. Furthermore, the 

observation that the performance of Olyset Plus varies substantially depending on whether it 

is assessed in the WHO cone or wireball assay must be assessed on other strains (WHO, 2006). 

Future durability studies may also wish to investigate how the repellent effects on LLINs 

changes across time, with benchtop assays such as the video cone test or baited box assay 

allowing this outcome to be quantified without resorting to the ethically challenging WHO 

tunnel test. 

The behavioural experiments performed here confirmed the hypothesis that An. gambiae s.s. 

mosquitoes were far more likely to enter holes on the top panel of an LLIN than holes on the 

side. The high entry risk for top holes provides a strong case for weighting holes by their 

location when assessing the condition of a net in the field. However, converging on the 

appropriate weighting values will require repeat experiments with different LLIN products 

and An. gambiae strains. Specifically, there is a need to assess entry into other ‘next-gen’ LLIN 
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products that are becoming widespread in distribution programmes in sub-Saharan Africa, 

such as PermaNet 3.0 and Interceptor G2.  

Given the limitations of this behavioural work, namely that free-flying bloodfeeding assays 

lasted only one hour and assessed only one hole size, longer assays that evaluate 

bloodfeeding across the equivalent of a whole night are needed. There is also a need to assess 

the impact of hole size on bloodfeeding, to identify if the ratio of top to side entry here holds 

for smaller and larger holes. Additionally, due to recent, albeit weak, evidence that the 

concentration of mosquito activity on the top of the net is less pronounced when there is an 

airflow in the room, further work is needed to understand the impact of environmental 

conditions. Finally, there is a need to confirm if the findings reported here are replicated in a 

semi-field hut study in order to confirm that these phenomenon hole true in ‘real world’ 

conditions.  
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Appendix I: Comparison of WHO Cone and WHO Wireball: 
 

 

Supplementary Table 1. Comparison of bioefficacy outcomes with pyrethroid resistance An. 

gambiae (‘Busia’) after three minute exposure to Olyset Net in WHO Cone and WHO 

Wireball.  

 

 

Supplementary Table 2. Comparison of bioefficacy outcomes with pyrethroid resistance An. 

gambiae (‘Busia’) after three minute exposure to Olyset Net in WHO Cone and WHO 

Wireball.   

Olyset Net 
 

Timepoint WHO Cone WHO Wireball 

1hr Knockdown 

Baseline 3.30 (95% CI: 0-7.09) 11.79 (95% CI: 4.18-19.42) 

12m 3.84 (95% CI: 0-12.74) 32.05 (95% CI: 4.79-59.30) 

25m  8.35 (95% CI: 0-22.69) 22.56 (95% CI: 11.40-33.96) 

24hr Mortality 

Baseline 5.94 (95% CI: 3.19-8.69) 7.14 (95% CI: 2.39-11.88) 

12m 3.60 (95% CI: 0.18-7.02) 24.60 (95% CI: 5.35-43.86) 

25m 2.60 (95% CI: 0.53-4.67) 9.29 (95% CI: 4.94-14.64) 

Olyset Plus 
 

Timepoint WHO Cone WHO Wireball 

1hr Knockdown 

Baseline 32.58 (95% CI: 15.57-49.59) 98.83 (95% CI: 94.43-100) 

12m 18.24 (95% CI: 0.97-35.51) 73.92 (95% CI: 54.88-92.97) 

25m  3.54 (95% CI: 0.70-10.54) 45.72 (95% CI: 22.84-68.61) 

24hr Mortality 

Baseline 12.19 (95% CI: 5.45-17.01) 87.72 (95% CI: 77.68-97.76) 

12m 5.67 (95% CI: 3.69-7.64) 24.60 (95% CI: 5.35-43.86) 

25m 3.34 (95% CI: 0-8.71) 25.92 (95% CI: 11.92-39.92) 
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All correspondence from partner institutions must reference the same study title as indicated on this 
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SECTION A Study Details  

A.1  GLOSSARY OF TERMS  
Please provide a list of specialist or scientific acronyms used in the application, with their full name and any 
relevant explanation that would be helpful to committee members that may not be an expert in your area of work. 
Please limit this list to 10 acronyms.  

  
LLIN: Long-lasting insecticidal net   
PBO: Piperonyl butoxide   
  

  

A.2  LAY SUMMARY: Please use simple language which is understandable to a non-scientific/non-academic audience. 
This section must not exceed 500 words.   



 

210 
 

  
Overall Aim  
Long lasting insecticidal nets (LLINs) protect people from the bites of malaria transmitting mosquitoes as they sleep. 
LLINs provide both personal protection to the person underneath them (by forming a physical and chemical barrier) and 
community protection to other nearby households (by killing mosquitoes that may have gone on to bite others at  a later 
time). However, LLINs get damaged with use, resulting in holes that mosquitoes can potentially enter. Recent studies 
have indicated that mosquito activity is heavily focused on the top of the net, here we hypothesise that holes on the top 
of the net pose the greatest risk for allowing entry to the mosquito.   
  
The aim of this study is to investigate if the location of a hole on a net (top or side) impacts the probability a host-seeking 
mosquito will successfully enter through the hole and survive the encounter.   
  
This study will address the above questions for both conventional (insecticide-only) bed nets and for ‘next generation’ 

nets that contain an additional compound to be used against insecticide-resistant mosquitoes.     
  
  
Methods in Brief        
In our study, a human volunteer will lie beneath a bed net in a climate-controlled room (located in a purpose built room 

in LSTM Accelerator building).   

  

 Two types of net will be assessed:   

(1) A standard insecticide-only net   

(2) An equivalent insecticide net that also contains the synergist piperonyl butoxide   

  
Each net will be in one of three states of physical integrity:   

(a) Completely intact  

(b) One 15cm diameter circular hole in centre of top panel  
(c) One 15cm diameter circular hole in the centre of a side panel  

  
All combinations of net type and physical integrity in the table below will be assessed.   

  NET  TYPE  

DAMAGE STATUS  Insecticide only  Insecticide + PBO  

Completely intact  6 observations  6 observations  

Hole in side  6 observations  6 observations  

Hole in top  6 observations  6 observations  

  

  
In each observation, a volunteer will be asked to lie under a net. Once the volunteer is in place, the lights will 

be turned off and twenty (20) mosquitoes released into the room. For the duration of the assay, these 

mosquitoes will be free to move around the room and approach the net. After 60 minutes, the lights will be 

turned back on and all mosquitoes in the room collected by an aspiration tube into one of four cups labelled 

as follows:  

(1) Found inside net and bloodfed  

(2) Found inside net and not bloodfed  

(3) Found outside net and bloodfed  

(4) Found outside net and not bloodfed   

  

Once all mosquitoes have been collected, the volunteer will be asked to step out from under the net.   
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The number of mosquitoes in an incapacitated state in each cup will be counted one hour after collection. The 

number of mosquitoes dead in each cup will be counted 24 hours after collection.   

  

  

A.3  ETHICAL ISSUES: Please list any anticipated ethical issues and briefly state how you will address them.  
All projects will have ethical issues, which may relate to informed consent, potential conflicts of interest, handling 
confidential data etc.  

  
  

  

In the course of this study, participants may be bitten by mosquitoes. Typically, mosquito bites result in minor discomfort 
and itching. In rare cases, specific individuals may exhibit a more pronounced response, including swelling at the site of 
the bite.   
  
In this study, only individuals that have previously worked in an insectary and are approved by LSTM to arm-feed 
mosquitoes will be considered for participation (as such individuals are routinely bitten in the course of their work thus 
will be aware of their body’s response to a bite). Additionally, participants may suffer minor discomfort due to the hot 
and humid environment of the room. However, this too is mitigated by only including individuals familiar with working 
in insectary conditions and limiting the time inside to 60 minutes.  
   
Care will be taken to avoid any potential participants feeling pressured to volunteer, which will be made clear in the 
consent form. Potential participants will be made fully aware that being bitten by a mosquito during the course of the 
study is likely and be made aware of the potential side effects associated with mosquito bites.   
  
  
  
  
  
  

  

A.4   JUSTIFICATION FOR THE RESEARCH: Give a brief explanation of the importance of the research to be conducted. 
What needs will it address and how will it build on previous research? (max. 300 words)  

  
Long-lasting insecticidal nets (LLINs) provide protection from the bites of mosquitoes as their occupant sleeps, reducing 
their exposure to malaria-causing parasites[1]. These nets provide physical protection through tightly woven fabric and 
chemical protection through insecticide on the surface. However, over time LLINs become physically damaged through 
routine use and washing[2]. The extent to which these holes provide access to mosquitoes is not well understood.   

  
Current WHO guidance for assessing physical damage involves calculating the total area of holes, then categorising 

according to a simple metric (where >643cm2 = ‘needs replaced’)[3]. In this metric, all holes are counted equally regardless 

of where they occur on the net. Despite this, there is growing evidence that mosquito activity around an LLIN is heavily 

focused (>80%) on the top above the sleeper[4]. Consequently, these holes on the top surface may be more important 

for allowing passage to mosquitoes however there is a lack of behavioral studies that address this question.  
  
This knowledge gap is further compounded by the widespread rise of insecticide resistance in mosquitoes, allowing them 
to tolerate exposure to LLINs[5]. As mosquitoes become better able to withstand contact with LLINs, there is concern that 
they will be more likely to navigate through holes and bite the occupant. In response, so called ‘next generation’  
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LLINs containing the synergist piperonyl butoxide have been developed to restore susceptibility. However, the protective 
efficacy of this new class of nets once damaged is completely unaddressed.   
  
References  
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A.5  OBJECTIVES: List the major objectives of the study. These must be achievable by the proposed design and 
methods. Please list the key outcome measure for each objective. (max. 300 words)  

Objective 1:  
Compare the blood-feeding rate pyrethroid-resistant An. 
gambiae mosquitoes when exposed to each net type/ 
damage status combination  
  
  

 Outcome  
The proportion of mosquitoes blood fed   

  

Objective 2:  
Compare the proportion of pyrethroid-resistant An. 
gambiae mosquitoes alive after 24 hours in each  net 
type/damage status combination.  
  
  
  

Outcome  
The proportion of mosquitoes alive after 24 hours.  



 

RECTEM001 v6.0 Governance & Ethics Application Form  
Release date: 10/03/2020  
Issued by: Research Governance and Ethics Office  

Page 213 of 299  

A.6  
Please  

METHODOLOGY: Please describe the methods for each objective (if different) and justify the rationale behind the 

do not staple, paperclip onlyuse of the chosen methodology. Please use   Liverpool School of Tropical Medicinesimple 

language which is clear to a non -scientific/non-academic audience.  Please keep this section concise and 

ensGOVERNANCE & ETHICS ure that specialist terms are explained. APPLICATION FORM   
Where possible please use diagrams to summarise.  INTERNAL LSTM 
APPLICANTS ONLY   (max. 1,500 words, Clinical Trials: 2,000-words)  
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The following covers both Objective 1 & 2   
  
  
Study design   
The aim of this study is to investigate the impact of physical damage to a bed net on the probability a host-seeking 
Anopheles mosquito will successfully enter to bite a person inside and survive the encounter. To achieve this, the 
circumstances of a mosquito approaching a sleeper under a damaged bed net will be reconstructed. In each arm of the 
study, human volunteers will lie beneath a bed net with damage on different parts of the net. The effectiveness of these 
nets in preventing blood-feeding, and killing the mosquito in each arm will be quantified.  A human participant is 
necessary inside the net to provide the chemical cues that attract mosquitoes to approach.    
  
In total, two different designs of bed net will be used: pyrethroid insecticide only (‘Olyset’) and pyrethroid insecticide + 
piperonyl butoxide (‘Olyset Plus’). For each of these two net designs, three different damage patterns will be assessed 
(for a total of six combinations).   
  
Volunteers will be asked to return for multiple testing days. Specifically, volunteers will be asked to participate on three 
occasions: one session for each of the three damage patterns (top hole, side hole, fully intact) for a given net design. 
However, if a volunteer is willing to participate in more than three sessions, the additional sessions will be included in a 
different arm.  
  
Volunteer Recruitment  
Multiple participants are needed as people vary in their attractiveness to mosquitoes. We will invite potential 
participants to take part in three 60 minute sessions (each taking place on a different day). Each sessions will consist of 
sleeping under a given net type in one of three states of physical condition (fully intact, hole in side, hole in top). However, 
there is no obligation for a participant to take part in more than one session.   
Participants are not precluded from taking part in more than one arm of the study if they volunteer to do more than three 

sessions.  
  
We intend to recruit twelve (12) participants.  
  
  
  
Experimental set up  
The volunteer will lie on a single bed in the centre of a climate-controlled room (Temperature: 270C±30C, Humidity: 

75%±5%). The bedding will be a simple sheet covered mattress and pillow with no quilt or blanket.  We will ask the 

volunteer to  wear a short-sleeved t-shirt and to avoid fragrances/perfume on the day they are participating. We will ask 

the volunteer to try to avoid responding to the mosquito if it enters the net, and to keep movement to a minimum in 

general. The bed will be surrounded by a plastic frame (length: 180cm, width: 170cm, height: 150cm), over which the 

bed net will be secured.   
  
Damage to nets will be cut into the centre of the relevant net panel using scissors. A circular hole measuring 15cm in 
diameter will be cut into either the centre of the top panel or the centre of a side panel. Only one side panel of a net will 
have a hole at one time, with the side panel varying randomly each session.   
  
Once the volunteer is in place on the bed and the net is secured in place, the researcher will leave the room and turn off 
the lights. The researcher will then release twenty mosquitoes into the room from outside (using a simple but 
wellestablished string and cup mechanism). After one hour the researcher will re-enter the room and collect all 
mosquitoes in the room into a plastic cup using a mechanical aspirator, while the participant will be asked to collect any 
inside the net before they leave.  
  
  
Outcomes  
The number of mosquitoes blood-fed counted immediately after the session and the number of mosquitoes dead counted 
after 24 hours.  
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Mosquito source and characteristics  
Mosquitos used are Anopheles gambiae species (strain ‘Busia’), from a colony currently maintained at LSTM. This colony 
was established in 2018 from collections in Busia, Uganda and have been since characterised to possess moderate 
pyrethroid-resistance (i.e. can survive a three-minute cone bioassay exposure to a standard pyrethroid-only net).  
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Mosquitoes used in the experiment will be 3-5 days old females (as is conventional in WHO bioassays) and will not have 

fed on human blood prior to the experiment.    

  

  

  

  

A.7  PROCEDURES Please detail any clinical, social science or other research procedures to which participants will be 
subjected.  

Procedure  To be carried out by:  Organisation  

1. Participant asked to lie down under bed net in testing   room 
for 60 minutes   

Frank Mechan/Jonathan Thornton  LSTM  

2. Participant asked to allow mosquitoes to bite their arms or 
legs   

Frank Mechan/Jonathan Thornton  LSTM  

3.            

4.       

Add rows if necessary      

  

A.8  PARTICIPANTS: How many participants will be recruited?  If you are unable to give 
precise figures, please give estimates.  
Please state the age of legal majority in the country of research.  
  

Age of legal 
majority in 
country(ies)  

  
 18     yrs.  

A.9 
 

   

ELIGIBILITY CRITERIA    

Inclusion Criteria  Exclusion Criteria   Reason for Exclusion  

Current/Previous work in an insectary including 
mosquito arm-feeding.  

History of adverse reactions to 
mosquito bites  
  
  
Recently travel to countries 
where mosquito-borne 
diseases are endemic.    

Potential for allergic reaction due 
to being bitten in study  
  
  
Extremely low probability that 
mosquitoes may pass a 
vectorborne infection from a 
participant onto other 
participants or researchers.  

A.10  RECRUITMENT AND INFORMED CONSENT: Please describe how you will recruit and consent each group of study 
participants. Please use diagrams where possible.  
You must include details of: i Identification of 

potential participants  
ii Information given to potential participants  
iii How, where and by whom will the first approach be made?  
iv How will consent be recorded?  

Please give details of how you will obtain informed consent/assent/proxy consent.   
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AGE/SEX  

Neonates 
(<28 days)  

Infants (1-
12 months)  

Young 
children (1-
4 years)  

Older 
children 
(5-9 
years)  

Early 
adolescents 
(10-14 
years)  

Older 
adolescents 
(15 years – age 
of majority)  

Adults 
(≥ age of  
majority 
)  

Males                             6  

Females                                       6  

Where participants will not be individual participants, state number of households:     households  

  

i)  Only individuals who have been approved to work in a mosquito insectary perform arm-feeding (where an 
individual allows mosquitoes to bite their arm to supply blood nutrients needed for reproduction) will be 
eligible for participation.  

ii)  Participants will be provided with a full description of the study aims, methodology, and potential risks.  
iii)  I will approach potential participants via a group email to insectary users .  
iv)  I will ask participants to sign a consent form (attached)  

  

A.11  
  

COMPENSATION: Please outline any reimbursements or compensation (financial or otherwise) that will be 

offered to potential participants or individuals as part of their participation in this research.  
  

  
  
No compensation will be given as there is no precedent for compensation in mosquito behaviour experiments at LSTM 

and would not wish this to be a motivating reason for a participant to take part.   
  
  

  

A.12  DISSEMINATION: outline plans of results. For pilot studies, will the results inform future studies?   
  

  
Results will be published in reputable journals and shared with colleagues at both internal and external conferences. 
Results will also be shared directly with all participants to show them how the data was used.    
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SECTION B Ethical Issues and Consequences  

Consider how you will protect the health, dignity and well-being of participants, staff and members of the public. Please 

also show awareness of impact on health services.  

B.1  ADVERSE EFFECTS, DISCOMFORT OR RISKS: Outline the potential adverse effects, discomfort or risks 
that may result from the study for participants, investigators and members of the public and how you 
will minimise them.  

B.1.1  
Participants  

Insect bites resulting in itching, allergic reactions 
to bite  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

There is a moderate-high chance that the volunteer 
will be bitten due to the hole in the net and the 
mosquito’s moderate ability to survive exposure to 
the insecticide.   
  
   
The relatively low numbers of mosquitoes released 
in a single sitting (n = 20) limits the number of bites 
the volunteer will receive.   
  
   
  
Bites can be treated with a topical antihistamine 
cream (‘Anthisan’) if the volunteer wishes. 
Additionally, we will offer a commercial oral 
antihistamine (10mg cetirizine hydrochloride).    
  
  
A small, untreated piece of netting will be provided 

for the participant to cover their head if they wish.  
  



Please do not staple, paperclip only    Liverpool School of Tropical Medicine  
GOVERNANCE & ETHICS APPLICATION FORM  

INTERNAL LSTM APPLICANTS ONLY   

219 
 

 

   
  
Discomfort from room temperature (~27oC) and 

humidity (~70%)   
  
  
  
  
  
Discomfort or irritation caused by contact with 

insecticide treated netting   
  
  
  
  
  
  
  
  
  
  
  
  
Transmission of Covid-19  
  

  
  
Discomfort in the room’s tropical climate is 
minimised by the volunteer spending only 60 mins 
per test in the room. (maximum).    
  
  
  
  
All of the LLINs used have received WHO 
prequalification: certified safe and recommended 
for use worldwide.   
  
  
Irritation resulting from LLIN contact is extremely 
rare and tends to be localised to the skin surfaces 
where contact was made, and temporary in 
character.  Nonetheless, adverse events will be 
monitored throughout the study.    
  
  
  
  
Researchers will wear a face covering covering and 
disposable gloves at all times and participants will 
only remove their mask while alone in the testing 
room.   
  
There will be an interval of at least minimum of 30 
minutes between each experimental run to allow the 
air in the testing room to be fully replaced.     
  
Bedding will be changed after every experimental 
run and the plastic sheeting below wiped down with 
antiviral spray. A separate pillow cover and sheets 
will be used for each participant.  
  

B.1.2  
Investigators  

Insect bites.   
  
  
  
  
  
  
  
  
Irritation when handling LLINs    
  
  
  
  
  

The likelihood of mosquito bites to investigators is 
minimised by adhering to standard good practices.    
  
Any bites can be treated with a topical antihistamine 

cream (‘Anthisan’).   
  
  
  

Study staff will wear gloves and appropriate clothing 
when handling nets.    
All materials used during the study will be disposed 
of correctly.   
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B.1.3  
Members of 
the public  

Potential risks, adverse effects, discomfort or 

risks  
  
NA  

Steps to be taken to minimise adverse effects, 

discomfort and risks  
  
NA  

B.2  VULNERABLE GROUPS: Please identify vulnerable groups that will be included in this study.  
How will you minimise any harm to each group identified?  

 Include any potential safeguarding issues that may arise during your research; how will you protect vulnerable 
adults and children? Are there any common practices or traditions that could cause harm? How will you ensure 
you protect staff and students who work in isolated areas?  

  
  
No individuals from vulnerable groups will be recruited into the study.    
  
Only trained insectary workers will be recruited into the study.  
  
Experiment will be monitored while in progress to provide assistance if necessary.  
  
  

  

B.3  SAFEGUARDING LEAD: Who will have lead responsibility for any vulnerable child or adult safeguarding issues 
identified during the project? Consider how safeguarding incidents will be recorded and reported.  

  
  
No vulnerable adults or children will be recruited into the study.   
Dr Lisa Reimer will have lead responsibility for safeguarding issues, participants will be provided with the contact 
number of said safeguarding lead and LSTMs designated Safeguarding Officer to report abuse, harassment, or neglect 
by a study team member.   
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B.5  MONITORING AND OVERSIGHT: Please give details of the proposed arrangements for independent 
monitoring and oversight of the trial and how any data and safety monitoring function will be carried out.  

  

If this is not a clinical trial, go to Section C  
  
  
  
  
  
  

  

B.6  RECORDING AND REPORTING SAEs: Provide details of how you propose to manage the recording and reporting 
of serious adverse events.  

  

Serious adverse events will be recorded and reporting as per LSTM REC guidelines.  
  
  
  

  

 

 

 

 
 

 

 

B.4  CONSEQUENCES FOR LOCAL HEALTH SERVICES   

What demands will this research place on local health 

services?  
  
  
In the event of a serious adverse reaction (i.e. a allergic 
response more severe than minor redness and itching at the 
site of a bite), the participant will be directed to the local 
Accident and Emergency department:   
  
Liverpool Royal University Hospital, Prescot St, Liverpool L7 
8XP  
  

  
  
  
  
Any participant who experiences a serious adverse 
reaction will be discontinued from taking part in the study. 
A replacement participant will be sought.   
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SECTION C Statistics, Data and Sample Management  

C.1  SAMPLE SIZE: Please justify your choice of sample size (as described in A.9). Please ensure that the sample size 

calculation is based on the primary outcome measure as detailed in A.5.  
Applicants are encouraged to include screen shots of calculations when performed using software.  
Note that screen shots are not sufficient in themselves and need to be accompanied by justification of the values 
used in the calculations.  
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The sample size calculation for the primary outcome (proportion alive) is based on a previous behavioural study by  
Randriamaherijaona et al. (2015) that investigated mosquito passage through holes in LLINs. The comprehensive 
reporting of explanatory power associated with each variable tested (LLIN type, mosquito resistance status, hole area) 
allows well informed power analysis for the proposed study.   
  
While their study investigated only conventional pyrethroid nets (i.e. did not include PBO-LLINs), the effect size of LLIN 
type (insecticide vs non-insecticide) and mosquito resistance status (resistant vs susceptible) are informative for the 

proposed study. They report that net type and resistance status together explain at total of 34% of variation in the data, 
rising to 92% with the inclusion of hole size (in cm2). However, as their study included holes sizes much larger than the 

proposed current study, we have chosen to be conservative in our estimates by using the lower value of 34% in our 
sample size calculations.    
  
Here we use the R package ‘pwr’ to calculate the necessary sample size.  
Using the approaches developed by Cohen (1998) this method takes an assumed effective size (here 0.34)  and 
calculates the total number of samples needed to differentiate between treatment groups (assuming a balanced 
experimental design).   
  
The number of treatment groups is specified here by the number of ‘degrees of freedom’ (effectively the number of 
parameters in the model that can vary). Here the total number of degrees of freedom in the model is four:                    1 
(for net type) + 2 (for hole location) + 1 for the model intercept = 4  
  
As is convention, we aim for a type 1 error probability (significance level) of 0.05 and a type 2 error probability of 0.2 

(equivalent to 80% power).   
  
Effect size: 0.34  
Degrees of freedom: 4  
Type I error  prob: 0.05  
Type II error prob: 0.20  
  
  

  
Total samples needed (fully balanced experimental design) = 36  
Allowing six observations of all pairwise net type and hole location combinations.   
  
  
References:   
  

Randriamaherijaona, S., Briët, O.J., Boyer, S., Bouraima, A., N’Guessan, R., Rogier, C. and Corbel, V., 2015. Do holes in 
long-lasting insecticidal nets compromise their efficacy against pyrethroid resistant Anopheles gambiae and Culex 
quinquefasciatus? Results from a release–recapture study in experimental huts. Malaria journal, 14(1), pp.1-22.  
  
Cohen, J. (1988). Statistical power analysis for the behavioral sciences (2nd ed.). Hillsdale,NJ: Lawrence Erlbaum.  
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C.2  MAJOR METHODS OF ANALYSIS: What are the major methods you intend to use to analyse the data?  These 
should be clearly linked to the outcome measures listed in section A.5.  

  
Associations between outcomes and variables of interest will be quantified using Generalized Linear Mixed Models 
(GLMMs). To account for unexplained variation between individual volunteers, a unique ID will be assigned to each 
participant and included in the models as a random effect.  
  
  
  

  

  

C.3  MANAGEMENT OF SAMPLES & DATA: For each type of data/sample to be collected, please describe 

the procedures in place during; i Collection and Processing  
ii Analysis  
iii Storage and Transportation iv Surplus material (human tissue)  

Consider how data quality will be assured, and how participant privacy and confidentiality will be maintained.  

  

Mosquito samples  
Mosquitoes collected during the study will be kept within paper cups for 24 hours after each assay.  

All assessments of mosquito condition (blood-fed status, incapacitation, mortality) are assessed visually by an 

experienced researcher.   

At the end of the 24 hr period, mosquitos will be starved for 24 hours before disposal in autoclave waste.   

  

Data handling  
Paper data-entry sheets will be immediately destroyed once scanned into digital format. Data entry will be performed 

on Microsoft Excel and stored on a password locked computer and only de-identified data will be used for data analysis.  

Electronic data will be stored for five years on an LSTM server.   

  

Only named investigators will have access to the data prior to publication. The final databases will be publicly available 

once study findings have been published. However, no identifying information on study participants will be included.  
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D.1  TRAINING  
Please indicate the basis on which the persons identified in A.7 are considered competent to carry out these 
procedures.  List any staff training required prior to commencement of the study.  

According to ICH GCP (International Conference on Harmonisation - Good Clinical Practice), all clinical research staff 
should have a minimum of Protocol training, plus GCP training, or Good Research Practice for Social Science research.   
Research team members must also have training on Informed Consent where appropriate.  
These mandatory training requirements should be in place at the time the study commences.  

Staff Member  Title  Experience/Competencies  Training Required  

Frank Mechan  Mr.  Trained in mosquito handling, 
bioassays, behavioural analyses   

Practice recovering 
mosquitoes from the testing 
room prior to study 
commencement   

Lisa Reimer  Dr.  Trained in mosquito 
handling, bioassays, 
behavioural analyses   

none   

Philip McCall  Prof.  Trained in mosquito handling, 
bioassays, behavioural analyses   

none   

Jonathan Thornton   Mr.   Trained in mosquito handling and 
bioassays   

none   

        

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.ich.org/products/guidelines/efficacy/efficacy-single/article/good-clinical-practice.html
http://www.ich.org/products/guidelines/efficacy/efficacy-single/article/good-clinical-practice.html
http://www.ich.org/products/guidelines/efficacy/efficacy-single/article/good-clinical-practice.html
http://www.ich.org/products/guidelines/efficacy/efficacy-single/article/good-clinical-practice.html
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SUBMITTED DOCUMENTS  

The following document list must be completed, itemising each document.  
Please refer to LSTM Version Control A Good Practice Guide.  
Documents may include:  

• Participant Information Sheets  
• Consent Forms  
• Case Report Forms  
• Social Science Data Collection Tools (Interview Guides, Questionnaires etc.)  
• Translator Agreement  
• Research Protocol  

Title  Version No.  Date  

Participant Information Sheet and consent form   1.0  13/08/21  

      

      

      

      

      

Please collate documents into 4 application packs, and 1 combined PDF as per instructions on our 

SharePoint page The signed Declaration Page should be included in both paper packs and PDF.  
The collated paper applications should be sent to Lindsay Troughton, Secretary, Research Ethics Committee, 

Liverpool  
School of Tropical Medicine, Pembroke Place, Liverpool L3 5QA  
Plus, combined PDF application via e-mail: lstmrec@lstmed.ac.uk     

  

If proposal is for work relating to a PhD:  

Supervisor  Lisa Reimer   

Department  
Vector  

By signing below, I confirm that:  
• The application is clearly written and can be understood by a lay person  
• The objectives can be met by the proposed methodology  
• Participants will be identified, recruited and consented in accordance with ethical guidelines  
• The participant information sheets, and consent/assent forms are appropriate for the target audience  

Supervisor  

Signature  

         
  

   

https://lstmed.sharepoint.com/policies/PoliciesProcedures/Version%20Control%20A%20Good%20Practice%20Guide.pdf
https://lstmed.sharepoint.com/policies/PoliciesProcedures/Version%20Control%20A%20Good%20Practice%20Guide.pdf
https://lstmed.sharepoint.com/committees/REC/Pages/info-for-applicants.aspx
https://lstmed.sharepoint.com/committees/REC/Pages/info-for-applicants.aspx
https://lstmed.sharepoint.com/committees/REC/Pages/info-for-applicants.aspx
https://lstmed.sharepoint.com/committees/REC/Pages/info-for-applicants.aspx
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DECLARATION: TO BE SIGNED BY MAIN APPLICANT  

Applicants must initial each declaration or ‘N/A’ in the right-hand column if not applicable  Initial  
(by hand)  

N/A  

i)  I confirm that the details of this proposal are a true representation of the research to be 
undertaken.  

 
  

  

ii)  I agree to abide by the ethical principles underlying the Declaration of Helsinki.  

 
  

  

iii)  I agree to abide by LSTM Code of Conduct and LSTM Safeguarding Policy.  

 
  

  

iv) I confirm that I and all staff who are involved in the research and/or in obtaining consent 
from participants will receive formal training in Good Clinical Practice/Good Research 
Practice  before the research project commences.  

 
  

  

v) I undertake to seek In-Country Ethical Approval in the country(ies) where the research is to 
be carried out and abide by local regulations, including those on data and human tissue.  

 
  

  

vi) If protocol amendments are required as the research progresses, I will submit these to the 
Liverpool School of Tropical Medicine Research Ethics Committee and in-country 
authorities for approval.   

 
  

  

vii) I will ensure that the research does not deviate from the protocol described.  
In the event that  a protocol deviation does occur, I will submit these to the Liverpool 
School of Tropical Medicine Research Ethics Committee and in-country authorities for 
approval.  

 
  

  

viii) I will provide the Research Ethics Committee with an annual report, due each year on the 
original approval date, and an end of study report once all activities are completed.  

 
  

  

ix) I understand that all conditions apply to any co-applicants, researchers and other staff 
involved in the study, and that it is my responsibility to ensure that they abide by them.  

 
  

  

For studies using ‘human tissue’  
x) I confirm I will abide by LSTM’s Policies and Standard Operating Procedures relating to 

activities involving human tissue.  
*Human tissue (relevant material) is defined as any material that has come from a human body 
and consists of, or includes, human cells.  

  NA  

https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://lstmed.sharepoint.com/policies/PoliciesProcedures/Code%20of%20Conduct%20LSTM.pdf
https://lstmed.sharepoint.com/policies/PoliciesProcedures/Code%20of%20Conduct%20LSTM.pdf
https://lstmed.sharepoint.com/policies/PoliciesProcedures/Code%20of%20Conduct%20LSTM.pdf
https://lstmed.sharepoint.com/policies/PoliciesProcedures/Safeguarding%20Policy.pdf
https://lstmed.sharepoint.com/policies/PoliciesProcedures/Safeguarding%20Policy.pdf
https://lstmed.sharepoint.com/policies/PoliciesProcedures/Safeguarding%20Policy.pdf
https://lstmed.sharepoint.com/research/Research-Governance/Pages/Human%20Tissue/Human-Tissue-Policies.aspx
https://lstmed.sharepoint.com/research/Research-Governance/Pages/Human%20Tissue/Human-Tissue-Policies.aspx
https://lstmed.sharepoint.com/research/Research-Governance/Pages/Human%20Tissue/Human-Tissue-Policies.aspx
https://lstmed.sharepoint.com/research/Research-Governance/Pages/Human%20Tissue/Human-Tissue-Standard-Operating-Procedures.aspx
https://lstmed.sharepoint.com/research/Research-Governance/Pages/Human%20Tissue/Human-Tissue-Standard-Operating-Procedures.aspx
https://lstmed.sharepoint.com/research/Research-Governance/Pages/Human%20Tissue/Human-Tissue-Standard-Operating-Procedures.aspx
https://www.hta.gov.uk/policies/list-materials-considered-be-‘relevant-material’-under-human-tissue-act-2004
https://www.hta.gov.uk/policies/list-materials-considered-be-‘relevant-material’-under-human-tissue-act-2004
https://www.hta.gov.uk/policies/list-materials-considered-be-‘relevant-material’-under-human-tissue-act-2004
https://www.hta.gov.uk/policies/list-materials-considered-be-‘relevant-material’-under-human-tissue-act-2004
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Where application form has been completed by junior researcher on behalf of the PI xi) As 
PI, I have reviewed this application and am satisfied that it is at an acceptable standard.  

 
  

  

Signed:  

  

Date:    

16/08/2021  

  
From time to time the Committee uses past ethics applications for training purposes or to give examples to 

new applicants.  In all cases the applications are anonymised.  

If you DO NOT consent to your application being used for these purposes, please tick the box.       
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VOLUNTEER INFORMATION SHEET  

& CONSENT FORM  

    

Study Title: Impact of hole location on entry rate of Anopheles mosquitoes into host-baited 

bed nets:  

comparison of damage on the top and sides of the net   

  
IRB: 21-065   

Sponsor: LSTM    

Participant identification number: _____________  

What is this study?  

Long lasting Insecticidal Nets (LLINs) are the cornerstone of malaria control strategy, protecting 

individuals from the bites of Anopheles mosquitoes as they sleep. However, LLINs become damaged 

by routine use over time. The impact of this damage on the protective effect of the LLIN is not well 

understood. Given recent studies indicating that mosquito activity is heavily focussed on the top of 

the net, this study will investigate if the location of the hole of the net (top or side) impacts the 

probability a mosquito will successfully enter the net and survive the encounter.   

You are invited to take part in a research study to gather information that may be useful in developing 

new LLIN designs that are more resilient to damage. Before you commit to taking part, please read 

the following information. Please feel free to ask any questions you may have. This is study will be 

undertaken here at the Liverpool School of Tropical Medicine (LSTM)  

  

Why are volunteers needed?  

Malaria transmitting mosquitos’ need human blood into order to successfully reproduce and will 

typically approach humans as they sleep to obtain a bloodmeal. Mosquitoes identify humans by cues 

from the human body including CO2, body heat, and volatile chemicals on the skin. Consequently, a 

human participant is needed underneath the nets assessed in this study to entice the mosquito to 

approach and attempt to enter it. People vary in their attractiveness to mosquitoes, and by using 

several different people we can ensure that the results gained are more reliable.  

You have been invited to take part due to your experience working in insectaries and arm-feeding 

mosquitoes. As some people have a pronounced inflammatory response to being bitten by 

mosquitoes, these criteria minimise the chance you  will have an adverse reaction to mosquito bites.   
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What do volunteers have to do?  

If you chose to take part; you will be asked to come to our testing room in the LSTM Accelerator 

building where we have recreated the conditions of a sleeping space in tropical conditions protected 

by a holed LLIN. You will be asked to lie down inside the LLIN while we release mosquitoes into the 

room. As the LLIN will have a hole in it there is a high chance that some mosquitoes will bite you. 

Volunteers will be offered a piece of untreated netting to protect their head and shoulders if they 

choose.  We ask that you lie down, in the dark, for 60 minutes.  The room will be warm (about 27oC) 

and humid (about 80%).  A researcher from the study will be monitoring the experiment(from outside 

the room) and will provide assistance as required. After the 60 minutes have elapsed, the volunteer 

will be asked to collect any mosquitoes from inside the net using a mechanical aspirator.   

Volunteers may listen to music or sleep while lying (as motionless as is comfortable) on the bed. We 

ask volunteers to wear light clothing (such as a short sleeved t-shirt) and to refrain from wearing 

perfume, aftershave or any other strong scent. Volunteers will be invited to take part in three 

sessions (always on different days), though there is no obligation to take part in more than one 

session.  

  

  

Is it dangerous?  

As the purpose of the study is to investigate mosquitoes entering damaged nets, there is a high 

chance volunteers will be bitten in the course of their participation. However, as eligibility is 

conditional on experience arm-feeding the probability of an adverse reaction to these bites is low. 

Additionally, the mosquitoes used will come from our laboratory colonies and will not be able to 

transmit any infections. The treated bednets are made from insecticide-treated materials that have 

been declared safe by the WHO. However, in the very unlikely event that you experience any 

problems either during or after the experiments, please tell us immediately 

(frank.mechan@lstmed.ac.uk /07576266655).   

A number of measure will be put in place to minimise the risk of covid-19 when conducting the 

experiment. Research staff will wear a mask and gloves at all time. Additionally, separate bedding 

will be used for each participant and the air air in the testing room fully recycled between each testing 

period.   

  

Will my taking part in this study be confidential?  

Volunteers will not be named, though we will acknowledge participation appropriately in any 
publications or reports resulting from this study as is common practice. You will be given an 
anonymous ID number for data analysis.   
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What if I don’t want to do this?  

You are under no pressure or obligation to participate in this study and if you decide to take part you 

may end your involvement at any time without explanation.   

  

Safeguarding  

The study team and data collectors are expected to behave ethically and responsibly at all times and 

follow the LSTM code of conduct. This means that they must not ask you for any financial, physical 

or sexual favours in return for taking part in this research. If you experience any abuse, harassment 

or neglect by a study team member you can contact the study Safeguarding Lead – Lisa Reimer on 

+44 (0)151 705  

3107/lisa.reimer@lstmed.ac.uk. You may call this number at any time. You may also raise a 

safeguarding concern directly with LSTM Designated Safeguarding Officer Philippa Tubb on +44 

(0)151 705 3744/safeguarding@lstmed.ac.uk. LSTM’s safeguarding commitment is described on 

LSTM Safeguarding webpage.  

  

  

  

Thank you for considering participation.  Please ask any questions you wish.  

If you understand what you are being asked and are willing to volunteer, please read and sign 

here  

DECLARATION  

I am volunteering to participate in this project evaluating the impact of damage to long-lasting insecticidal nets 
and I understand that I can withdraw from the study at any time, without explanation.  

 Name   …………………………………………………………………………………  

 Signature  …………………………………………………………………………………  

 Date    …………………………………………………………………………………  

  

For information, or in the event of any problems, please contact:  

Name: Frank Mechan   Email: frank.mechan@lstmed.ac.uk   Phone: 07576266655  

Name: Lisa Reimer        Email: lisa.reimer@lstmed.ac.uk        Phone: 0151 705 3107  

  

Research Ethics Committee Chair:   

Graham.Deveruex@lstmed.ac.uk  0151 702 9551  

  

    

  

  

https://www.lstmed.ac.uk/about/safeguarding
https://www.lstmed.ac.uk/about/safeguarding
https://www.lstmed.ac.uk/about/safeguarding
https://www.lstmed.ac.uk/about/safeguarding
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Group email to be sent to vector insectary users   

  
 

Hello,  
  

I’m Frank Mechan, a PhD student here in the vector department at LSTM.   
  

I am hoping to start a study soon on the behaviour of Anopheles mosqutoes around 
damaged nets. This study aims to help us better understand how mosquitoes get into and 
out of nets with holes when seeking humans to bite. The goal is that this data will contribute 
towards the development of bed nets that are more resilient to damage and provide 
protection for longer in the field.    
  

To do this I will need volunteers to lie down under a net in a testing room for one hour while 
mosquitoes are released. As these nets will have holes in them, there is a chance that 
volunteers may be bitten by mosquitoes during this time.   
  
  
  
  
  

If you are interested in learning more about the study please get in touch.  
  

Kind 

regards, 

Frank  

-------------------------------------------------------------------------------------------------------------------------

-------------   
  

Hello again [participant]  
  

Thank you for your interest in our study.   
  

For more information, please read the Participant Information Sheet and Consent Form 

attached.    
  

If you have read the information and wish to participate, please return the consent form 

signed Feel free to ask any questions you may have.   
  

Kind 

regards, 

Frank  

---------------------------------------------------------------------------------------------------------  
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Protocol  

Impact of hole location on entry rate of Anopheles mosquitoes into host-baited 

bed nets: comparison of damage on the top and sides of the net   

(V1 – Frank Mechan 16/8/21)  
  
  
Study design  

To investigate if the location of damage on a bed net impacts the entry rate and survival of 

host-seeking Anopheles mosquitoes approaching the net. To achieve this, the conditions of 

a sleeping space occupied by a participant and protected by a bed net will be recreated in a 

climate controlled testing room. A total of ten (10) volunteers will be included, who may 

participate repeatedly in any of the three arms of the study. The arms of the study are as 

follows; each a different type of bed net: (1) a fully intact net, (2)  a single 15cm diameter 

circular hole in the centre of the top, or (3) a single 15cm diameter circular hole in the centre 

of the side. Damage to nets will be cut into the centre of the appropriate net panel with 

scissors. In each test, twenty (20) female, lab reared,  pyrethroid-resistant An. gambiae 

mosquitoes will be released into the room and recollected after one hour. The outcomes of 

the trial are (a) the proportion of all mosquitoes blood-fed and (b) the proportion of 

mosquitoes dead after 24 hours.   

  

The experiment will be repeated for each of three types of bed net, (1) an insecticide-free 

control net, (2) a pyrethroid insecticidal net (brand name ‘Olyset’), (3) an insecticidal net 

containing both a pyrethroid and piperonyl butoxide (brand name ‘Olyset Plus’).    

  

In each assay, The volunteer will lie on a single bed in the centre of a climate-controlled room 

(Temperature: 270C±30C, Humidity: 75%±5%). The bedding will be a simple sheet covered 

mattress and pillow with no quilt or blanket.  We will ask the volunteer to wear a short-

sleeved t-shirt and to avoid fragrances/perfume on the day they are participating. We will 

ask the volunteer to try to avoid responding to the mosquito if it enters the net, and to keep 

movement to a minimum in general. The bed will be surrounded by a plastic frame (length: 

180cm, width: 170cm, height: 150cm), over which the bed net will be secured.   

Once the volunteer is in place on the bed and the net is secured in place, the researcher will 

leave the room and turn off the lights. The researcher will then release twenty mosquitoes 
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into the room from outside (using a simple but well-established string and cup mechanism). 

After one hour the researcher will re-enter the room and collect any mosquitoes in the room 

into a plastic cup using a mechanical aspirator, while the participant will be asked to collect 

any inside the net before they leave.  

  

  
  
Mosquito source and characteristics  

Mosquitos used are Anopheles gambiae species (strain ‘Busia’), from a colony currently 

maintained at LSTM. This colony was established in 2018 from collections in Busia, Uganda 

and have been since characterised to possess moderate pyrethroid-resistance (can survive a 

three-minute exposure to a standard pyrethroid-only net). Mosquitoes used in the 

experiment will be 3-5 days old females (as is conventional in WHO bioassays) and will not 

have fed on human blood prior to the experiment.    

  

Study population and selection criteria  

All participants will require full informed consent and meet the following criteria; male or 

female aged 18-60 (inclusive), currently working at LSTM, must be trained and approved for 

insectary work,  and must be approved for mosquito arm-feeding.  

  

Subjects will be excluded from the study based on the following criteria; history of adverse 

reactions to insect bites.   

  

Recruitment method   

Participants will be identified through LSTMs skill database and invited by emailed.  
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Data collection    

The study outcomes, mosquito blood-fed status and mosquito mortality, will be assessed 

visually be an experienced researcher. Data will be stored initially in paper format in standard 

mosquito testing input sheets then later inputted into digital format in a spreadsheet. Paper 

copies will be kept on record.   

  

  

Adverse reactions  

Participants may experience minor redness and itching as a result of mosquito bites. There 

is no expectation of adverse reactions due to all participants having arm-fed recently (thus 

being aware of their bodies response to bites). All participants will be given the contact 

information of the investigators to report any adverse reactions.   

  

Reasons for withdrawal  

A participant will be discontinued from taking part for the following reasons:  
• Withdrawal of consent  

• Adverse reaction to mosquito bite (at the discretion of the investigators).   

All participants are free to withdraw from the study at any time for any reason.  
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Methods  

The following procedures will be performed prior to each flight assay  

1. Mosquito rearing in insectary (with lighting set to turn off at 10am-10pm so mosquitoes 

perform nighttime behaviours during working day).  

2. Transfer 20 females into cup.  

3. Mosquito starved (no sugar given) for 24 hours in climate-controlled room adjacent to testing 

room.  

4. Testing room cleaned and air allowed to completely replace.  

5. Sleeping space prepared for next participant (fresh sheet/pillow).  

6. Appropriate net type set up around space.  

7. Cup containing assay-ready mosquitoes set up in position for release  

  

The following procedures will be performed during each flight assay  

1. Participant directed into sleeping space and net secured over them.  

2. Investigator leaves room and lights turned off  

3. Mosquitoes released  

4. 60 minutes elapse  

5. Lights turned on and investigator re-enters room  

6. All mosquitoes outside net collected using mechanical aspirator  o Collected into one of two 

cups:   

▪ (A) outside blood-fed  

▪ (B) outside not blood-fed 7. All mosquitoes inside 

net collected using mechanical aspirator  o Collected into one of two cups:   

▪ (A) inside blood-fed  

▪ (B) inside not blood-fed  

8. Participant directed to step out of net and leave room  

The following procedures will be performed after each flight assay  

1. Bedding is removed.  

2. After one hour has elapsed the number of mosquitoes ‘knocked down’ is counted.  

3. After 24 hours has elapsed the number of mosquitoes dead is counted.  
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Statistical analysis plan   

The primary endpoints for this study are:  

 (1A) proportion of mosquito’s blood fed in each damage category for a pyrethroid-

only net  

 (1B) proportion of mosquito’s blood fed in each damage category for a pyrethroid-

PBO net  
  

 (2A) proportion of mosquito’s dead in each damage category for a pyrethroid-only 

net  

 (2B) proportion of mosquito’s dead in each damage category for a pyrethroid-PBO 

net  
  

Data analysis will be conducted using R (version 3.6.0). Associations between outcomes and 

variables of interest will be quantified using Generalized Linear Mixed Models (GLMMs) using 

the ‘lme4’ package (version 1.1-21). To account for unexplained variation between individual 

volunteers, a unique ID will be assigned to each participant and included in the models as a 

random effect.  

  

Data handling  

Only named investigators will have access to the data. Hard copies will be retained for the 

duration for the study and kept locked in a cabinet. Data entry will be performed on 

Microsoft Excel and stored on a password locked computer. Only de-identified data will be 

used for data analysis. All hard copy data documents will be shredded within five years of 

the conclusion of the study.   

  

Protocol deviation   

Any deviation from the protocol will be submitted to the REC per reporting guidelines.  
  

Conflicts of interest   

No conflicts of interest reported.  
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Appendix III: Peer-reviewed publication of Chapters Two & Three 
 

 

LLIN evaluation in Uganda project (LLINEUP): The fabric integrity, chemical 

content and bioefficacy of long-lasting insecticidal nets treated with and 

without piperonyl butoxide across two years of operational use in Uganda 

Frank Mechana,*,1, Agaba Katureebe b,1, Violet Tuhaise b, Martin Mugote b, Ambrose Orunia, 

Ismail Onyigeb, Kawesa Bumalib, Jonathan Thorntona, Kilama Maxwell c, Mary 

Kyohere c, Moses R. Kamya b,d, Peter Mutungi b, Simon P. Kigozib, Adoke Yekab, 

Jimmy Opigoe, Catherine Maiteki-Sebuguzi b, Samuel Gonahasab, Janet Hemingway 
a, Grant Dorseyf, Lisa J. Reimer a, Sarah G. Staedke b,g, Martin J. Donnelly a, Amy 

Lynd a,** 
a Department of Vector Biology, Liverpool School of Tropical Medicine, 

Liverpool, UK b Infectious Diseases Research Collaboration, Uganda c 

Department of Medicine, Makerere University, Kampala, Uganda d Makerere 

University - Johns Hopkins University (MUJHU) Research Collaboration, 

Kampala, Uganda e National Malaria Control Division, Ministry of Health, 

Kampala, Uganda f Department of Medicine, University of California, San 

Francisco, USA 
g Department of Clinical Research, London School of Hygiene & Tropical 

Medicine, London, UK 

 

A R T I C L E I N F O A B S T R A C T 
Keywords: 
LLIN 
Malaria 
Durability 
Insecticide 
Bioefficacy 
Piperonyl butoxide 

Long-lasting insecticidal nets (LLINs) supplemented with the synergist piperonyl butoxide have been developed in response 

to growing pyrethroid resistance; however, their durability in the field remains poorly described. A pragmatic cluster-

randomised trial was embedded into Ugandaʼs 2017
–

2018 LLIN distribution to compare the durability of LLINs with and 

without PBO. A total of 104 clusters (health sub-districts) were included with each receiving one of four LLIN products, two 

with pyrethroid þ PBO (Olyset Plus and PermaNet 3.0) and two pyrethroid-only (Olyset Net and PermaNet 2.0). Nets were 

sampled at baseline, 12 and 25 months postdistribution to assess physical condition, chemical content, and bioefficacy. 

Physical condition was quantified using proportionate Hole Index and chemical content measured using high-performance 

liquid chromatography. Bioefficacy was assessed with three-minute World Health Organisation (WHO) Cone and Wireball 

assays using pyrethroid-resistant Anopheles gambiae, with 1-h knockdown and 24-h mortality recorded. There was no 

difference in physical durability between LLIN products assessed (P ¼ 0.644). The pyrethroid content of all products 

remained relatively stable across time-points but PBO content declined by 55% (P < 0.001) and 58% (P < 0.001) for Olyset 

Plus and PermaNet 3.0 respectively. Both PBO LLINs were highly effective against pyrethroid-resistant mosquitoes when 

new, knocking down all mosquitoes. However, bioefficacy declined over time with Olyset Plus knocking down 45.72% (95% 

CI: 22.84
–

68.62%, P ¼ 0.021) and Permanent 3.0 knocking down 78.57% (95% CI: 63.57
–

93.58%, P < 0.001) after 25 months. 

Here we demonstrate that both Olyset Plus and PermaNet 3.0 are as durable as their pyrethroid-only equivalents and had 

superior bioefficacy against pyrethroid-resistant An. gambiae. However, the superiority of PBO-LLINs decreased with 

operational use, correlating with a reduction in total PBO content. This decline in bioefficacy after just two years is 

concerning and there is an urgent need to assess the durability of PBO LLINs in other settings. 

  

   

 

     

http://www.sciencedirect.com/science/journal/2667114X
http://www.editorialmanager.com/crpvbd/default.aspx
https://doi.org/10.1016/j.crpvbd.2022.100092
https://doi.org/10.1016/j.crpvbd.2022.100092
https://doi.org/10.1016/j.crpvbd.2022.100092
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Introduction 

Long-lasting insecticidal nets (LLINs) are the cornerstone 

of global malaria control strategies, forming a physical 

and chemical barrier against the bites of Anopheles 

mosquitoes (Bhatt et al., 2015; Churcher et al., 2016; 

Pryce et al., 2018). Progress in reducing malaria burden 

in sub-Saharan Africa achieved in the first decade of the 

21st century has been attributed, in large part, to mass 

distribution of LLINs (Bhatt et al., 2015). LLINs are 

intended to maintain an effective level of protection for 

at least three years, with the expectation that 

distributions will take place at two-to-three-year 

intervals (WHO, 2013a, 2016). However, recent studies 

suggest that the lifespan of LLINs may be less than three 

years (Gnanguenon et al., 2014; Toe et al., 2019; Lorenz 

et al., 2020). To ensure the continued success of malaria 

control efforts, National Malaria Control Programmes 

(NMCPs) must identify LLIN products that demonstrate 

durability within the socio-economic and environmental 

context of their country. 

The WorldHealth Organisation (WHO) currently 

recommends the use of pyrethroid and pyrrole 

insecticides on LLINs (WHO, 2017b); however, the 

effectiveness of LLINs is threatened by widespread 

pyrethroid resistance (Ranson & Lissenden, 2016; 

Churcher et al., 2016; Hemingway et al., 2016). The 

development of target site alterations and metabolic 

resistance enables mosquitoes to better tolerate 

insecticide exposure, increasing the probability they will 

obtain a blood meal and survive the encounter (Irish et 

al., 2008; Asidi et al., 2012; Strode et al., 2014). While 

there is evidence that pyrethroid LLINs retain some 

protective effect against resistant mosquito populations 

(Alout et al., 2016; Viana et al., 2016), the threat of 

resistance has incentivised the development of new 

classes of LLIN. Due to the limited alternatives to 

pyrethroids, initial efforts to maintain the impact of 

LLINs have focused on secondary compounds that 

restore the susceptibility of pyrethroid-resistant 

mosquitoes. Piperonyl butoxide (PBO) is a synergist that 

inhibits the cytochrome P450 enzymes within the 

mosquito which detoxify insecticides (Darriet & 

Chandre, 2011). In 2017, the WHO provided an interim 

endorsement of use of pyrethroid LLINs containing PBO 

in areas of moderate pyrethroid resistance (WHO, 

2017a) and a 2021 Cochrane review concluded that 

PBO-LLINs were associated with a reduction in parasite 

prevalence in areas of moderate-high pyrethroid 

resistance compared to pyrethroid-only nets (Gleave et 

al., 2021). However, the same review emphasised that 

evidence of the durability of these PBO-LLINs under 

operational conditions is lacking. 

LLINs are known to lose insecticide content during 

routine use (WHO, 2013b). As nets are handled and 

washed, the insecticide at the surface is depleted then 

gradually regenerated by a reservoir within the fibres 

(Gimnig et al., 2005). Pyrethroid LLINs are designed with 

sufficient insecticide reserves to continue regenerating 

for at least three years, with the expectation they will 

be replaced before this time (WHO, 2013a). Currently, 

WHO LLIN durability guidelines quantify performance 

against objective bioefficacy benchmarks to assess if a 

three-year operational lifespan is achieved (WHO, 2011, 

2013a), yet there is emerging evidence to suggest that 

bioefficacy varies substantially between products and 

may fall below defined efficacy thresholds within three 

years (Gnanguenon et al., 2014; Toe et al., 2019; Lorenz 

et al., 2020). 

Table 1 

In Uganda, the country with the highest malaria burden 

in East Africa, progress in controlling transmission has 

faltered (Lynd et al., 2019). The declining efficacy of 

conventional control strategies coincides with emerging 

evidence of both high levels of knockdown resistance 

(kdr) and metabolic resistance in mosquito populations 

throughout the country (Lynd et al., 2019; Njoroge et 

al., 2021). As part of a commitment to achieve universal 

coverage of LLINs, the Ugandan Ministry of Health 

initiated a mass distribution of LLINs and PBO LLINs in 

2017. A randomised control trial was embedded within 

this distribution programme to evaluate the impact of 

LLINs with and without PBO (Staedke et al., 2019). From 

this, it was demonstrated that PBO-LLINs reduce 

parasite prevalence in children aged 2–10 years-old and 

vector density more effectively than conventional LLINs 

for at least 25 months (Staedke et al., 2020; Gleave et 

al., 2021). The present study was conducted as part of 

the same trial to evaluate the durability of the PBO-

LLINs. Here the physical integrity, chemical integrity, 



 

242 
 

and bioefficacy of two PBO-LLIN products are assessed 

in comparison with their pyrethroid-only equivalents at 

12 and 25 months post-distribution. 

Materials and methods 

Study site 

The trial protocol for this study has been published 

(Staedke et al., 2019). A total of 104 clusters (health sub-

districts, HSDs) in eastern and western Uganda were 

randomly assigned to receive one of four LLIN products, 

including two LLINs with PBO (PermaNet 3.0 and Olyset 

Plus) and two LLINs without PBO (PermaNet 2.0 and 

Olyset Net). 

Cross-sectional community surveys were carried out in 

50 households per cluster (5200 households per survey) 

to confirm presence of the expected LLIN product from 

the distribution and entomological surveillance 

undertaken in 10 households per cluster. Efficacy data 

from this study have been published previously 

(Staedke et al., 2020). In the present study, we quantify 

the chemical and physical integrity of 400 LLINs, 97–100 

nets of each type (Supplementary Table S1), withdrawn 

from households after 12 months and 25 months (total 

of 800 nets). These nets were assessed alongside 

unused nets of the same LLIN products. 

LLIN description 

Four LLIN products were distributed and assessed in this 

study: Olyset Net treated with permethrin; PermaNet 

2.0 treated with deltamethrin; Olyset Plus treated with 

permethrin and PBO; and PermaNet 3.0 treated with 

deltamethrin and incorporating PBO on the top surface 

of the net only. All nets were 180 cm long  170 cm wide  

170 cm high; the chemical and fabric specifications of 

each LLIN product are shown in Table 1. 

 

 

 

Field collections 

Net sampling was performed at baseline, 12 months, 

and 25 months post-distribution. At baseline, a total of 

20 nets were retained (5 of each 

LLIN product) from the LLINs that were to be distributed 

during the campaign to be used as baseline samples. 

Post-distribution, at 12 and 25 months, 100 LLINs of 

each type were collected from houses enrolled in the 

community survey (across the 104 clusters). This sample 

size was a pragmatic decision based on available human 

capacity and estimated processing time, and on 

availability of replacement nets. 

Nets were sampled and exchanged for a new net of the 

same type. Nets were identified as part of the study by 

a unique ID number (net ID) attached to each net. If no 

study net was found at the selected household or the 

net was an unexpected type, then the next household 

on the reserve list was sampled instead. No more than 

one net per household was sampled. Information on 

the construction of the dwelling was recorded, with the 

household categorised as ‘improved’ if it had both brick 

walls and an iron roof. Otherwise, the dwelling was 

categorised as 

‘traditional’. 

On collection, sampled nets were labelled and placed 

individually in zip-lock bags. All sampled nets were 

transported to the project office in Bugembe, Jinja, 

Uganda, for physical assessment and processing. After 

physical measurements were recorded, seven 30  30 cm 

pieces were cut from each net (one from centre of each 

side panel and three from the top) and samples sent to 

Specifications of LLIN products assessed in study. The target dose was defined as the amount of chemical per kg of fabric. 
Product name Manufacturer Fabric type Active ingredient target dose 

(w/manufacturing tolerance) 
Olyset Net Sumitomo Chemical Ltd. Polyethylene (150 denier) Permethrin: 20  5.0 g/kg 
Olyset Plus Sumitomo Chemical Ltd. Polyethylene (150 denier) Permethrin: 20  5.0 g/kg 

PBO: 10  2.5 g/kg 
PermaNet 2.0 Vestergaard Frandsen Polyester (100 denier) Deltamethrin: 1.4  0.35 g/kg 
PermaNet 3.0 Vestergaard Frandsen roof: Polyethylene (100 

denier); sides: Polyester (75 denier) 
Deltamethrin: 4.0  1.0 g/kg (roof); 
2.8  0.525 g/kg (sides) 
PBO: 25  2.5 g/kg (roof) 
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the Liverpool School of Tropical Medicine (Liverpool, 

UK) for chemical and bioefficacy assessment. 

Physical integrity 

To assess the physical integrity of the net fabric, nets 

were placed over a metal frame measuring W160  L180  

H170 cm and any holes > 0.5 cm recorded (Lorenz et al., 

2014). The size of a hole was defined by its length (the 

longest dimension) and width (measurement 

perpendicular to length measurement). Holes smaller 

than 0.5 cm (in length or width) and holes that had 

been repaired were noted but not included in the final 

dataset. Hole size was calculated using the formula for 

an ellipse (area ¼π length  width). The total area of 

damage on a net was summed and used to categorise 

the net within the WHO proportionate Hole Index (pHI) 

categories: ‘good’ (0–64 cm2), ‘damaged’ (65–642 cm2); 

or ‘too torn’ (643 cm2þ) (WHO, 2013b). Additionally, the 

proportion of nets of each LLIN product with at least 

one hole was calculated for each time-point. 

Following physical integrity testing, two 30  30 cm 

square net pieces were sampled from the top of each 

LLIN for bioefficacy and chemical assessment. The 

rationale for using pieces cut from the top for chemical 

and bioefficacy testing was to allow fair comparison 

with PermaNet 3.0 which has PBO on the roof only, as 

well as literature indicating that Anopheles gambiae 

(s.l.) activity around an occupied bednet is focussed 

primarily on the top surface (Lynd & McCall, 2013; 

Sutcliffe & Yin, 2014, 2021). The samples were wrapped 

in aluminium foil and stored at room temperature prior 

to use in WHO cone bioassays. Samples were 

subsequently stored at 4 C until chemical content and 

bioefficacy was assessed. 

Chemical integrity 

To quantify the content of active ingredients, chemical 

analysis was performed using high-performance liquid 

chromatography (HPLC) after extraction in 10% 1-

propanol in heptane. A total of 30 nets of each LLIN 

type were analysed at each time-point, with two 

samples taken from each net. 

The HPLC analysis was performed on an Agilent 1100 

Series machine (Aglient, California, USA) at a 

wavelength of 226 nm, using a modification of the 

methods published by Ngufor et al. (2022). Quantities 

of permethrin, deltamethrin and piperonyl butoxide 

were calculated by comparison to standard curves of 

each compound 

(PESTANAL®, analytical standard, Sigma-Aldrich, 

Missouri, USA) and corrected against internal standard 

dicyclohexyl phthalate (DCP). HPLC data were analysed 

using OpenLAB software v2.1 (Aglient, California, USA). 

WHO cone bioassays 

To assess bioefficacy, WHO cone bioassays were 

performed using the protocol outlined in the WHO 

durability monitoring guidelines (WHO, 2011, 2013a). 

Bioefficacy testing was performed on the same nets 

assessed for chemical content. The two pieces from 

each net were each tested in duplicate, thus a total of 

four cone exposures were performed per net. Cone 

bioassay design followed the WHO protocol, with the 

testing board angled at 45 (WHO, 2011; Owusu & 

Müller, 2016). Ambient conditions in the testing room 

were targeted to a temperature of 27  2– C and a 

relative humidity of 80  10%. All mosquitoes used were 

3 5-day-old unfed females, reared in temperature and 

humidity-controlled insectaries. Each exposure lasted 3 

minutes, with 7 mosquitoes per cone. Thus, 24 

mosquitoes were used in each cone exposure assay per 

net piece for each mosquito strain. 

Two different mosquito strains were used in the cone 

bioassays: ‘Kisumu’ and ‘Busia’. ‘Kisumu’ is a pyrethroid-

susceptible strain of An. gambiae collected in 1975 from 

what is now Kisumu County (formerly Kisumu District), 

in western Kenya. ‘Busia’ is a strain established in 

November 2018 from mosquitoes collected in Busia, 

eastern Uganda, by Ambrose Oruni. This strain has been 

previously characterised as possessing resistance to 

pyrethroids through both target site alterations (Vgsc-

1014S) and metabolic resistance mechanisms (Cyp4j5, 

Cyp6aa1 and Coeae1d) (Lynd et al., 2019; Njoroge et al., 

2021). WHO tube assays with standard discriminating 

doses indicate ‘Busia’ is more resistant to permethrin 

than deltamethrin (Supplementary Fig. S1). 
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WHO bioefficacy criteria are defined as the proportion 

of nets that achieve either 80% mortality or 95% 

knockdown against pyrethroidsusceptible An. gambiae 

(s.s.) mosquitoes. An LLIN product was considered to 

have passed if 80% of nets met these criteria at all time-

points up to 24 months. Chemical and physical integrity 

data are not included in bioefficacy criteria. 

WHO wireball assays 

Given previous literature indicating that WHO cone 

bioassays are insufficient to assess the bioefficacy of 

LLIN products containing insecticides with high contact 

irritancy (WHO, 2006, 2011; Okumu et al., 2012), such 

as permethrin, supplemental WHO wireball assays were 

performed on the same samples used in the WHO cone 

bioassays. The purpose of this secondary testing was to 

assess bioefficacy under conditions where there were 

no surfaces on which the mosquito could rest to avoid 

contact (such as the cone itself in the WHO cone assay). 

While the WHO Tunnel test is recommended as a 

secondary assay for assessing nets with high contact 

irritancy, the present study could not undertake this 

technique due to the ethical issues surrounding the use 

of smalls mammals as bait. 

In the WHO wireball method, the net to be tested is 

affixed around a wire cube measuring 15  15  15 cm 

(WHO, 2006). As in the cone bioassay, seven 3–5-day-

old females were released into the wireball for three 

minutes then assessed for 1 h knockdown and 24 h 

mortality. 

Data analysis 

Data analyses were conducted using R (version 3.6.0), 

all graphs were produced using the ggplot2 package 

(version 3.2.1). Associations between outcomes and 

variables of interest were quantified using generalized 

linear mixed models (GLMMs) using the lme4 package 

(version 1.1-21). To account for unexplained variation 

between separate pieces from individual nets and 

between clusters, the net ID (a unique identifier for 

each net distributed) and HSD number were each 

included in the models as a random effect. The model 

selection process used stepwise regression, working 

backwards from a maximally complex model to produce 

the most parsimonious fit. Variables that did not 

significantly increase explanatory power, as indicated by 

log-likelihood ratio tests (LRTs) (lmtest package, version 

0.9-37), were excluded from the final model. All 

possible interactions between variables were 

considered in the model selection process; for 

succinctness, only significant interactions are 

presented. The P-values reported are the output of 

these LRTs. Pairwise comparisons between levels within 

a categorical variable were performed using least 

square means with the lsmeans package (version 2.30-

0). 

To quantify the relationship between chemical integrity 

and bioefficacy, the HPLC outputs for each net were 

combined with their corresponding WHO cone assay or 

WHO wireball assay mortality data (for PermaNet 3.0 

and Olyset Plus, respectively). A GLMM was then fit 

separately to the PermaNet 3.0 and Olyset Plus data, 

with pyrethroid content and PBO content each fit as a 

fixed effect. Model selection and Pvalue reporting was 

performed as above. The 3D plots were produced using 

the plot3D package (version 1.4). 

Results 

Physical integrity 

Proportion of nets in each pHI category 

At 12 months post-distribution, the proportion of nets 

classified as ‘too torn’ on the pHI scale was 0.066 (Fig. 

1A), with this proportion approximately doubling after 

25 months (Fig. 1B) to 0.125 (OR: 2.017, 95% CI: 1.268–

3.208, P < 0.001; Supplementary Table S2). There was 

no significant difference in the proportion of nets that 

were ‘too torn’ between LLIN products (P ¼ 0.644). 

When categorised by the type of housing they were 

collected from, it was observed that nets from 

traditional housing were more likely to be in poor 

physical condition than those from improved housing 

(OR: 3.350, 95% CI: 1.865–6.016, P ¼ 0.003; 

Supplementary Table S2). After 25 months in 

operational use, the proportion of nets from traditional 

housing categorised as ‘too torn’ was 0.297 compared 

to 0.112 for improved housing (Supplementary Fig. S2). 

Proportion of nets with at least one hole 
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The proportion of nets of each type with at least one 

hole at 12- and 25 months post-distribution is shown in 

Fig. 1C. The overall proportion  

 

Fig. 1. Physical integrity outcomes at 12 and 25 months post-distribution. A Percentage of collected nets in each pHI category (‘too torn
’
, ‘damaged

’
, ‘good

’
) at 12 months. B 

Percentage of collected nets in each pHI category at 25 months. C Percentage of nets with at least one hole. D Mean total surface area of damage per net at 12 and 25 months post-

distribution across all LLIN products. 
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of nets with at least one hole after 12 months in 

operational conditions was 0.727, increasing to 0.829 

after 25 months (OR: 1.821, 95% CI: 1.289–2.571, P < 

0.001). There was no difference in the proportion of 

nets with at least one hole between the four LLIN 

products tested at any time-point (P ¼ 0.306). 

Total surface area of holes 

There was no difference in total hole area between any 

of the four LLIN products tested (P ¼ 0.270). However, 

across all net types there was an overall increase in 

holed area from 12 months post-distribution to 25 

months post-distribution (P ¼ 0.0005; –Fig. 1D), which 

approximately doubled from 59.33 cm2 (95% CI: 45.08 

78.25) to 105.49 cm2 (95% CI: 

83.43–136.86). 

Chemical integrity 

At baseline, all net samples tested met or exceeded the 

minimum target dose of active ingredients per their 

respective manufacturer specifications (Table 2). 

Deltamethrin 

The deltamethrin content of PermaNet 3.0 was lower at 

each subsequent time-point (P  0.001; Fig. 2A). In the 

period from baseline to 25 months, mean deltamethrin 

content of PermaNet 3.0 nets declined from 4.98 g/kg 

(95% CI: 4.08–6.01) to 3.48 g/kg (95% CI: 3.19–3.78). 

Despite this, the deltamethrin content of all PermaNet 

3.0 nets collected at 25 months remained within the 

range of the target dose (3.0–5.0 g/kg). For PermaNet 

2.0, mean deltamethrin content after 25 months was 

not statistically different from baseline (P ¼ 0.071). 

Permethrin 

The permethrin content of Olyset Plus varied across the 

sampled timepoints (P < 0.001; Fig. 2B) however 

pairwise comparison indicated no overall difference 

between baseline and the final time-point at 25 months 

(P ¼ 0.591). Mean permethrin content in Olyset Plus at 

baseline was– – 16.08 (95% CI: 13.70 18.62), declining 

to 14.54 (95% CI: 13.64 15.35) after 12 months, then 

increasing to 17.39 (95% CI: 16.53–18.22) after 25 

months. A similar pattern was observed for Olyset Net, 

with permethrin content varying across time-points 

overall (P < 0.001), yet pairwise comparison indicating 

no overall difference between baseline and the 

25month time-point (P ¼ 0.327). 

PBO 

The PBO content of PermaNet 3.0 declined across the 

sampled timepoints (P < 0.001; Fig. 2C). PBO content for 

PermaNet 3.0 at baseline was 26.81 g/kg (95% CI: 

22.80–31.07) before declining sharply to 15.28 g/kg 

(95% CI: 13.74–16.71) after 12 months (P ¼ 0.001), then 

falling further to 11.03 g/kg (95% CI: 9.35–12.67) after 

25 months (P ¼ 0.001). 

A similar downwards trend in PBO was observed for 

Olyset Plus across time-points (P < 0.001). At baseline 

mean PBO content was 

8.17 g/kg (95% CI: 6.51–9.82) before declining to 5.03 
g/kg (95% CI: 4.37–5.74) after 12 months (P ¼ 0.002). 
From 12 months to 25 months 

Table 2 

post-distribution, PBO content further fell to 3.66 g/kg 

(95% CI: 

2.97–4.28, P ¼ 0.013). 

Bioefficacy 

Cone bioassay: pyrethroid-susceptible An. gambiae 

All LLINs were effective per WHO definition against the 

pyrethroidsusceptible ‘Kisumu’ strain (defined as 

achieving either 95% knockdown or 80% mortality), 

both when new and 12 months postdistribution. Overall 

mean cone mortality was 96.93% (95% CI: 95.77–

98.10%) at baseline. Adjusted cone mortality was 

statistically indistinguishable between LLIN products (P 

¼ 0.522) and did not vary significantly between time-

points (P ¼ 0.589). 
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Cone bioassay: pyrethroid-resistant An. gambiae 

Bioefficacy against the pyrethroid-resistant strain in 

cone assays varied between PBO-LLINs. Knockdown for 

PermaNet 3.0 remained very high throughout, achieving 

99.7% (95% CI: 97.26–99.65; Fig. 3A) at baseline and 

remaining stable to 12 months (P ¼ 0.441), though 

declining to 78.57% (95% CI: 63.57–93.58%, P < 0.001) 

after 25 months. PermaNet 3.0 was fully lethal against 

the pyrethroid-resistant strain when new, but mortality 

declined with operational use, falling by 26.8% (95% CI: 

16.28–37.33%) for each year in the field (P < 0.001; Fig. 

3B). In comparison, both mortality and knockdown with 

PermaNet 2.0 against the pyrethroid-resistant strain 

was very low at all time-points (3% and 6% 

respectively). 

Knockdown with Olyset Plus was 46.98% (95% CI: 18.55–

79.13%) when new but fell considerably to 3.54% (95% 

CI: 0.7–10.54%) after two years (P ¼ 0.005). Mortality 

with Olyset Plus in cone assays was low– throughout, 

killing 12.19% (95% CI: 5.45 17.01%) at baseline and 

3.34% (95% CI: 0–8.71%) after two years but with no 

significant difference between time-points (P ¼ 0.226; 

Fig. 3B). Knockdown and mortality with Olyset Net was 

low at all time-points (9% and 6% respectively). 

 

Wireball assay: pyrethroid-resistant An. gambiae 

Due to the unexpectedly low bioefficacy of Olyset Plus 

in the WHO cone assay, the same net samples were 

assessed in WHO wireball assays. Olyset Net was also 

assessed in wireball assays for comparison. 

In the wireball assay, Olyset Plus knocked down 98.93% 

(95% CI: 94.43–100%; Fig. 4A) of pyrethroid-resistant 

mosquitoes at baseline. After 12 months knockdown 

had not significantly reduced (73.92%, 95% CI: 54.88–

92.97%, P ¼–0.376); however, there was an overall 

decline to 45.72% (95% CI: 22.84 68.62, P ¼ 0.021) after 

25 months. Mortality for Olyset Plus against the 

pyrethroid-resistant strain in wireball assays at baseline 

was similarly improved compared to the cone assay, 

killing 87.72% at baseline (95% CI: 77.68–97.76%; Fig. 

4B). However, after 12 months mortality has declined to 

44.15% (95% CI: 29.32–58.98%, 

P ¼ –0.002) though the subsequent decline to 25.92% 

(95% CI: 11.92 39.93%) at 25 months was not 

statistically significant (P ¼ 0.216). 

The bioefficacy of Olyset Net in the wireball assay was 

low at all sampled time-points, with overall mean 

knockdown and mortality 22% and 13.5% respectively. 

Mean chemical content (in g/kg) for each active ingredient in each LLIN product at baseline, 12 months, and 25 months post-distribution. Values in parentheses indicate 
95% confidence interval 

 

  Baseline 12 months 25 months 

Deltamethrin PermaNet 2.0 
1.3 (0.8

–
1.9) 1.1 (0.9

–
1.3) 0.7 (0.5

–
0.9) 

 PermaNet 3.0 
5.0 (4.1

–
5.9) 4.2 (4.0

–
4.5) 3.5 (3.2

–
3.8) 

Permethrin Olyset Net 
19.5 (19.9

–
21.1) 17.0 (16.4

–
17.6) 18.2 (17.6

–
18.7) 

 Olyset Plus 
16.1 (13.6

–
18.5) 14.5 (13.7

–
15.4) 17.4 (16.5

–
18.3) 

PBO PermaNet 3.0 
26.8 (22.9

–
30.7) 15.3 (13.7

–
16.9) 11.0 (9.4

–
12.7) 

 Olyset Plus 
8.2 (6.7

–
9.8) 5.0 (4.4

–
5.7) 3.7 (3.0

–
4.3) 
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Fig. 2. Mean concentration of deltamethrin (A), permethrin (B) and PBO (C) detected in net samples at each sampled time-point (measured using HPLC). Error bars 
indicate 95% confidence intervals. 

Relationship between chemical integrity and bioefficacy 

The relationship between chemical integrity and 

predicted mortality for the pyrethroid-resistant An. 

gambiae (s.s.) ‘Busia’ line is shown in Fig. 5. For 

PermaNet 3.0 in the WHO cone bioassay, mortality was 

dependent on both total deltamethrin content and total 

PBO content, as indicated by a significant interaction 

between the two variables (P < 0.001; Fig. 5A). 

Modelling indicated there is a non-linear association 

between PBO content and mortality, with mortality 

falling more sharply with each consecutive g/kg of PBO 

that is lost (Fig. 5C). When the deltamethrin value was 

fixed at the mean of the data (4.42 g/kg), a reduction in 

PBO from 25 g/kg to 15 g/kg resulted in predicted 

mortality falling from 98% to 90%. Furthermore, a 

reduction in PBO content from 15 g/kg to 5 g/kg  

 

 

resulted in a decline in predicted mortality from 90% to 

57%. Consequently, the model predicted that to achieve 

80% mortality against this pyrethroid-resistant 

mosquito strain a minimum of 11 g/kg PBO was needed. 

For Olyset Plus in the WHO wireball bioassay, mortality 

had no statistical relationship with total permethrin 

content (P ¼ 0.583) and was instead directly correlated 

with total PBO content (P < 0.001; Fig. 5B). Modelling 

indicated there was a linear association between PBO 

content and predicted mortality, with mortality falling 

by 11.12% for each g/kg PBO that is lost (Fig. 5D). The 

model predicted that to achieve 80% mortality against 

this strain, a minimum of 7.7 g/kg PBO was needed. 

Discussion 
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Physical integrity 

There was no difference in physical integrity outcomes 

between any of the four LLINs tested after 25 months in 

operational conditions. Thus, PBO-LLINs nets were as 

physically durable as their pyrethroid-only equivalents. 

Furthermore, it was observed that nets sampled from 

‘traditional’ thatched-roof housing were almost three 

times more likely to be in the most severely damaged 

category than nets from ‘improved’ iron-roofed housing. 

While this disparity may be associated with the housing 

structure itself (such as the presence of straw), housing 

type may in fact be an indicator of other household 

variables such as the construction of the bed frame, the 

presence of animals indoors, or the type of cooking 

material used in the household (Gnanguenon et al., 

2014). More generally, these household variables are 

expected to be indicative of overall socioeconomic 

status which may impact an individualʼs day-to-day 

behaviour and use of their net. Nonetheless, there may 

be an argument to distribute nets more frequently than 

three years in regions where traditional housing 

remains common. It should be noted that the net 

attrition rate was high, with adequate coverage of LLINs 

(one LLIN for every two residents) decreasing from 71% 

at baseline to 35% after 25 months (Maiteki-Sebuguzi et 

al., unpublished data), indicating that LLIN attrition after 

distribution is an issue. If, as might be expected, 

individuals chose to discard damaged nets at a 

Fig. 3. Mean knockdown (A) and adjusted mortality (B) in WHO cone bioassays with pyrethroid-resistant An. gambiae (s.s.) strain ‘Busia
’ 

for each LLIN product tested at baseline, 12 

months, and 25 months in the field. 
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Fig. 4. Mean knockdown (A) and adjusted mortality (B) in WHO wireball assays with pyrethroid-resistant An. gambiae strain ‘Busia
’ 

for Olyset Net and Olyset Plus at baseline, 12 

months, and 25 months in the field. 

 

Fig. 5. Relationship between total chemical content and bioefficacy against pyrethroid-resistant An. gambiae (s.s.). A PermaNet 3.0 in WHO cone bioassays. B Olyset 
Plus in WHO wireball bioassays. C PermaNet 3.0 in WHO cone with deltamethrin value fixed at mean (4.42 g/kg). D Olyset Plus in WHO wireball with permethrin 
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value fixed at mean (15.45 g/kg). 

higher rate than nets in good condition, then the physical damage observed in the present study 

may be an underestimate. 

The current physical integrity outputs outlined in the WHO durability guidelines cannot be directly 

interpreted in terms of personal and community protection from mosquito bites. There is a need to 

better understand the impact of declining physical integrity on both mosquito blood-feeding 

inhibition and mortality. There is empirical evidence that damage to pyrethroid LLINs reduces 

personal protection from bites, but that mortality is independent from holed surface area and 

instead dependent on resistance status (Randriamaherijaona et al., 2015). Consequently, damaged 

LLINs would be expected to retain community effect against mosquito populations that are 

susceptible to their chemistry. Despite this, the median retention time of LLINs is well below three 

years in many settings (1.64 years across sub-Saharan Africa and 1.66 years for Uganda) (Bertozzi-

Villa et al., 2021). Given evidence that perception of physical integrity is the primary consideration in 

retention (Koenker et al., 2014), developing more durable LLIN products may have epidemiological 

impacts beyond what would be indicated by studies of mosquito behaviour, due to improved 

retention. 

In the current WHO durability guidelines, the location of holes on the net surface is not factored into 

categorisation of net condition by proportionate Hole Index. Recent behavioural experiments 

demonstrate that An. gambiae host-seeking activity occurs primarily on the top surface of the LLIN 

(Lynd & McCall, 2013; Sutcliffe & Yin, 2014, 2021; Parker et al., 2015; Sutcliffe et al., 2017). This 

highlights an important knowledge gap in the relationship between hole location on a net and the 

probability of mosquito entry and net effectiveness. 

Chemical integrity 

The pyrethroid content of the LLINs assessed was relatively stable across the two years of the study, 

with the exception of PermaNet 3.0 which declined by ~30% (yet was still within the manufacturerʼs 

target range). The stability of pyrethroids over two years observed here is consistent with studies 

from a range of settings (Lorenz et al., 2014, 2020; Toe et al., 2019). In contrast, the PBO content of 

both PBO-LLINs declined more rapidly over the same time period, with under half of the initial 

content remaining after 25 months. Nonetheless, despite this decline in PBO content, the concurrent 

trial of epidemiological outcomes in the study site demonstrated that PBO-LLINs maintained superior 

protection over their conventional equivalents up to 25 months (Staedke et al., 2020; Gleave et al., 

2021). 

While a strong correlation between total PBO content and bioefficacy was observed for both PBO-

LLINS, this relationship may not be causal and total chemical content quantified by HPLC may not be 

representative of the concentration at the surface bioavailable to mosquitoes. There is currently a 

lack of tools for quantifying the concentration important for future studies seeking to link chemical 

composition to bioefficacy. 

Bioefficacy 

Both Olyset Plus and PermaNet 3.0 tested demonstrated superior bioefficacy against the pyrethroid-

resistant strain than their pyrethroid-only equivalents. This observation is consistent with the 

previously reported finding that these nets reduced childhood parasitaemia in the study area where 

these nets were collected (Staedke et al., 2020). However, while both PBO-LLINs tested were highly 

effective against the pyrethroid-resistant strain at baseline, their bioefficacy diminished with 
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operational use (with the mortality associated with Olyset Plus and PermaNet 3.0 decreasing to 26% 

and 46%, respectively, after two years). The diminishing differential in bioefficacy between PBO-

LLINs and their pyrethroid-only equivalents is also consistent with the observation that differential 

impact on childhood parasitaemia narrowed over the same time. The steep reduction in bioefficacy 

with both PBO-LLINs against a study site-specific pyrethroid-resistant strain is greatly concerning. 

These nets were distributed with the expectation they will be replaced after three years, yet these 

findings indicate that they have greatly diminished killing effect after the first two years. While the 

bioefficacy values themselves are specific to the ‘Busia’ strain, there is an urgent need to investigate 

if this downwards trend is observed in other settings. Given these findings, there is an argument 

that, within the Ugandan context, LLINs should be distributed on a two-rather than three-year cycle 

to maintain efficacy. 

The low knockdown and mortality observed with Olyset Plus in the WHO cone bioassay was in strong 

contrast with the high bioefficacy observed with the same nets in the WHO wireball bioassay. This 

difference in outcomes between methodologies may be associated with the excitorepellency of 

permethrin, manifesting as reduced contact with the net surface. As the wireball method surrounds 

the mosquito on all sides with netting, there is no insecticide-free surface to rest on and a greater 

insecticidal effect is observed. Consequently, future investigations with excito-repellent LLINs may 

wish to also include an assay that prevents avoidance from the net, such as the WHO wire-ball assay 

(WHO, 2006). The WHO tunnel test would also address excito-repellency; however, in practice the 

aforementioned ethical issues prevent many institutes from performing it. 

Conclusions 

This LLIN durability study was conducted alongside a trial into the epidemiological effectiveness of 

PBO-LLINs in protecting against the bites of Anopheles mosquitoes in Uganda, where there is 

widespread pyrethroid resistance. Here, we demonstrate that both Olyset Plus and PermaNet 3.0 

were as physically durable as their conventional equivalents and had superior bioefficacy against 

pyrethroid-resistant An. gambiae (s.s.) mosquitoes from the trial site. However, the superiority of 

PBOLLINs over conventional LLINs in bioassays narrowed with the operational life of the net, 

correlating with a decline in PBO content. Additionally, we observed that nets collected from 

traditional thatched-roof housing were far more likely to be severely damaged than nets from 

improved iron-roofed housing. The diminished bioefficacy of PBO-LLINs against pyrethroid-resistant 

mosquitoes after just two years of operational use is of great concern and there is an urgent need to 

assess the durability of these LLIN products in other settings. Given these findings, we suggest that 

control programmes should consider distributing PBOLLINs at more frequent intervals than three 

years and prioritise regions where traditional housing is common. Additionally, the contrasting 

performance of the same Olyset Plus nets in the WHO cone assay and the WHO wireball bioassay 

highlights that LLIN products with excitorepellent properties should be assessed with approaches 

that minimise avoidance from the net surface. 
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