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Abstract  

Substantial progress has been made in recent years towards the elimination of neglected tropical 
diseases (NTDs) including Lymphatic Filariasis (LF) and onchocerciasis, but traditional surveillance 
methods have limited usefulness for assessments of transmission interruption and post-interruption 
monitoring. To avoid the risk of recrudescence, there is a need for new methods that are both 
sensitive and sustainable. Molecular xenomonitoring (MX), the screening of vector insects for the 
presence of pathogen genetic material, may provide a non-invasive solution. However, its use has 
been limited by a poor understanding of the sensitivity of MX, the relationship between MX results 
and human prevalence, and the influence of sampling strategy on the likelihood of detecting 
exposed vectors. Mosquitoes can be screened for multiple pathogens at once, including those not 
vectored by mosquitoes, providing optimism that MX could one day provide a mechanism for the 
integrated surveillance of NTDs. The feasibility of this approach, and a knowledge of which 
pathogens will be amenable to mosquito-based surveillance, also remains to be fully explored. This 
research project aimed to investigate these areas of uncertainty, firstly by employing meta-analytical 
methods to draw novel conclusions from previously-conducted studies, and secondly by using 
laboratory and field-based methods to collect new data.  

The results of this research suggest that, in comparison to traditional methods based on the 
detection of microfilaria (mf) in human biological samples, MX is highly sensitive to communities 
with ongoing transmission of LF and onchocerciasis. Furthermore, evidence of a significant linear 
relationship between MX rates and mf prevalence was found. For both diseases, approximately half 
of the variation in MX rate was explained by variation in the human mf prevalence. The remaining 
variation may be explained by differences in study site and sampling methodology. For LF, studies 
that used consistent mosquito collection methods in the same location over time provided evidence 
of a strong correlation between MX rates and mf prevalence (R2 = 0.78, p<0.001).  

Data from previously-conducted studies suggest that, in given study sites, the rates of parasite 
detection in collected mosquitoes (MX rates) can differ markedly depending on the mosquito 
collection method used, though it was not possible to obtain precise and consistent estimates of this 
impact. In areas of Anopheles-vectored LF, MX rates were approximately seven times higher in 
Anopheles mosquitoes than Culex mosquitoes (RR 6.91, 95% CI 1.73 to 27.5). MX rates were also 
found to be significantly higher when DNA was extracted from mosquito carcasses than when 
extracted from mosquito excreta (Rate Ratio 4.49, 95% CI 2.75 to 7.33).  

This finding was corroborated by a subsequent field study which aimed to explore the feasibility of 
screening mosquito carcasses and excreta for the non-mosquito-borne filarial parasite Loa loa. The 
study was conducted in a known L. loa transmission area in the Nyong River basin in Cameroon. 
Although L. loa is diurnally periodic, and the majority of the 770 mosquitoes collected during the 
study were nocturnally-active Anopheles species, L. loa DNA was detected in both the carcasses and 
excreta of collected mosquitoes. Further demonstrating the potential of mosquitoes as a sampling 
target for integrated disease surveillance, DNA from each of the causative agents of LF, 
mansonellosis and malaria were also detected in the collected samples. 

Overall, the findings of this research demonstrate that MX has clear potential as tool for detecting 
communities with LF and onchocerciasis and as a predictor of human mf prevalence. Current WHO 
guidelines state a target sample size of mosquitoes to be screened to have certainty in the absence 
of LF but make no specifications about the preferred target species or sampling method. 
Programmes looking to implement MX should be aware that the collection method used and genera 
of mosquito collected can significantly affect the likelihood of detecting parasite DNA.   
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Introduction 

Neglected tropical diseases  

The Neglected Tropical Diseases (NTDs) are a group of 20 conditions that occur in tropical and 

subtropical climates [1]. Though diverse in biological and ecological characteristics, all NTDs are 

strongly associated with poverty. They thrive in areas where there is limited access to clean water, 

sanitation and healthcare services, and where people live in close proximity to animals and disease 

vectors [2, 3]. Historically, NTDs have also been characterised by a lack of funding, due in part to the 

minimal mortality caused by the diseases and a perceived lack of importance [4]. However, 

measured in terms of Disability-Adjusted Life-Years (DALYs) lost, NTDs are one of the most important 

public health problems in the developing world, with an estimated physical health burden 

comparable to malaria, diarrhoeal diseases or tuberculosis [5, 6]. NTDs also cause a barrier to 

economic development through their associations with chronic disability, disfigurement and 

impaired childhood development [4, 7]. 

Key interventions for tackling NTDs 

Momentum for tackling NTDs has been building over the last two decades [4], and in 2012, the WHO 

published a strategy for overcoming the burden of NTDs based on the following five key 

interventions [8]:  

(1) Preventive Chemotherapy (PC) – the use of safe, single-dose medicines provided without 

prior screening for disease. PC delivered through the mass drug administration (MDA) of 

treatment drugs to entire at-risk populations, is a feasible strategy for the control of five 

widely distributed NTDs: Lymphatic Filariasis (LF), onchocerciasis, schistosomiasis, soil-

transmitted helminthiasis, and trachoma). 

(2) Intensified case Detection and Management (IDM) – a process based on early diagnosis, 

provision of effective treatment and management of complications. IDM is the primary 

strategy for controlling diseases that have no safe medicines available for PC; these include 

Buruli ulcer, Chagas diseases, human African trypanosomiasis (HAT), leishmaniasis, leprosy 

and yaws. 

(3) Vector and intermediate host-control – as the majority of NTDs involve transmission by 

vectors or intermediate hosts (such as aquatic snails for schistosomiasis), interventions that 

target these organisms can contribute to the control of many NTDs, including those 

amenable to PC. Vector control is the primary intervention for vector-borne diseases (VBDs) 

for which no curative treatments are available, such as dengue fever.    
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(4) Veterinary public health activities – co-ordinated efforts to control zoonotic NTDs, or those with 

zoonotic components, such as rabies, echinococcosis, fasciolasis, trematodiases, 

trypanosomiasis, and leishmaniasis.  

(5) The provision of safe water, sanitation and hygiene – a cross-sectorial approach with benefits for 

the prevention and treatment of a large number of NTDs.  

Achievements in NTD control 

Since the turn of the millennium, substantial progress has been made in controlling NTDs, aided by 

the free provision of treatment drugs from pharmaceutical companies, strong public-partnership 

working and support from philanthropic, bilateral and non-governmental organisations [2]. By the 

time the updated NTD roadmap 2021-30 was published in 2020, 600 million fewer people required 

NTD intervention than in 2010, and at least one NTD had been eliminated from 42 countries, 

territories and areas [9]. Progress has been particularly significant within the first two intervention 

strategies. Each year between 2015 and 2020, more than a billion people received PC for at least one 

NTD, helping to achieve elimination of LF as a public health problem in 17 countries, while 

transmission of onchocerciasis has been eliminated in Colombia, Ecuador, Guatemala and Mexico 

[9]. Meanwhile, upscaling IDM – and to a lesser extent, vector control –  has helped to reduce the 

annual reported number of cases of HAT by 98%, from approximately 28,000 in 1999 to just 568 in 

2000 [10].    

New challenges facing NTD control 

The surveillance of many NTDs - including LF, onchocerciasis and HAT – has primarily depended on 

actively screening the human population for the presence of parasites [8]. However, as the infection 

prevalence is driven down towards elimination targets by successful PC and IDM strategies, the 

maintenance of effective surveillance is becoming a key challenge for control programmes [9, 11]. As 

case numbers decline, the populations in which transmission remains become more unevenly 

distributed, harder to find and difficult to access [11, 12]. Larger sample sizes are required to detect 

changes in prevalence or to determine if transmission has truly been interrupted, increasing the 

costs and logistical complexity of surveillance; meanwhile diminishing case numbers may lead to 

populations less willing to participate in surveillance activities and governmental or funding agencies 

looking to prioritise the provision of resources elsewhere [12-14]. There is a need for robust 

methods for determining whether transmission has been interrupted and for post-interruption 

monitoring, otherwise programmes face a risk of undetected recrudescence of infections and an 

undoing of the achievements of the last two decades [12].  
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Filarial worm diseases  

The need for new sustainable tools is particularly important for the surveillance of filarial worm 

diseases. Filarial worms are vector-borne nematodes with a threadlike appearance. The diseases 

caused by these parasites are a serious public health issue in tropical and subtropical areas [15, 16].  

 

There are eight species of filarial worms that are known to infect humans as a definitive host. In each 

species, adult females produce microscopic juvenile larvae known as microfilariae (mf) which travel 

through the bloodstream or the skin and are ingested by blood-feeding insects. For transmission to 

occur, mf must be ingested by a suitable vector species, develop into infective larvae, migrate to the 

insect’s mouthparts and enter a new host when a subsequent blood meal is taken [17]. A 

generalised life cycle of filarial worm species is shown in Figure 1.1. The broad-ranging symptoms 

seen across the eight species result from the different locations in the body that adult worms and mf 

occupy. 

 

 

 

Figure 1.1 - Generalised life cycle of filarial parasites. Source: Original. Images taken from WHO Lymphatic 
Filariasis Practical Entomology Guidelines [18]    
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Lymphatic filariasis  

More than 120 million people are estimated to be infected with LF, a disease responsible for 1.3 

million DALYs lost annually and 36 million people living with disfiguring and incapacitating symptoms 

[19].  

LF is caused by Wuchereria bancrofti, Brugia malayi and Brugia timori parasites which inhabit the 

lymphatic vessels (WHO, 2020). The resulting inflammation and dysfunction of the lymphatic system 

can cause acute painful attacks of the associated area, whilst persistent aggravation leads to the 

development of chronic symptoms including lymphoedema, elephantiasis and hydrocoele. More 

than 90% of LF cases are caused by W. bancrofti, which is prevalent in many tropical and subtropical 

areas. Species from three of the major mosquito genera can act as vectors for W. bancrofti. Culex 

quinquefasciatus is the primary vector in many urban areas, Anopheles species are responsible for 

transmission in rural African areas and Aedes species act as vectors in the South Pacific [17]. Most of 

the remaining 10% of LF cases are caused by B. malayi, which occurs in south-east Asia or the Pacific 

islands, and is principally vectored by Mansonia spp. mosquitoes. On the Island of Timor, B. timori 

can also cause LF.  

Control of LF 

The Global Programme to Eliminate Lymphatic Filariasis (GPELF) was launched in 2000, aiming to 

eliminate LF as a public health problem by the year 2020. The two primary mechanisms to achieve 

this were MDA of PC treatments to interrupt transmission, and morbidity management services to 

alleviate suffering from the disease [20]. Despite undoubted progress, as of 2017 LF had been 

eliminated from just 11 of the 72 previously endemic countries, with a further 10 countries having 

completed the required number of MDA campaigns [19]. The current global distribution of LF and 

status of MDA programmes is illustrated in Figure 1.2. Sixty-five million people are still estimated to 

be infected, and LF remains second to malaria as the highest transmitted vector-borne parasitic 

disease [15, 21]. The target for elimination has recently been updated to the year 2030 [22].  
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Figure 1.2 - Global distribution of lymphatic filariasis (LF) and status of preventative chemotherapy (PC) 
programmes, 2016. Source: World Health Organization Map Production: Control of Neglected Tropical Diseases 

 

Traditional surveillance of LF 

The most-commonly used approaches for surveillance of LF involve the screening of human 

biological samples. First, blood films can be taken and screened to detect mf. The presence of mf is 

diagnostic for LF, as it indicates a current infection with viable adult parasites. However, in areas 

with nocturnally-periodic LF, large-scale screening for mf can complicated by the need to take blood 

samples in the middle of the night [23]. Rapid diagnostic tests using blood from human finger-prick 

blood samples provide an alternative surveillance option. For example, the Immunochromatographic 

test (ICT) and Filarial Test Strip (FTS) can be used to detect circulating W. bancrofti antigens (Ag), and 

for B. malayi, the Brugia RapidTM test can detect host antibodies (Ab) to filarial antigens. As filarial Ag 

and Ab are retained in the blood for several months or years after an individual has been treated for 

LF, these tests do not distinguish between current and past infections [24]. Consequently, Ag and Ab 

may continue to be detected years after the implementation of PC has successfully reduced the 

prevalence of mf [23].    
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The use of mf and Ag/Ab screening is recommended throughout LF elimination programmes (Figure 

1.3). Initial mapping is conducted using Ag tests (or mf screening if Ag tests are not available). If the 

prevalence of either antigenaemia or microfilaraemia is greater than or equal to 1%, the area is 

considered to require MDA to stop transmission of LF [23]. Prior to the implementation, baseline 

measurements of mf or Ag are recorded at sentinel and spot-check sites. MDA is then implemented 

in endemic areas for a minimum of five years, corresponding with the reproductive lifespan of adult 

worms. During this time, further screening of sentinel and spot-check sites is conducted after the 

third (optionally) and fifth rounds of MDA. If the latter of these assessments shows the prevalence of 

mf or Ag at each site has been reduced below 1% or 2%, respectively, transmission assessment 

surveys (TAS) are conducted to evaluate whether transmission has been reduced to the extent that 

it can no longer be sustained [23].  

 

 

* Likely to be conducted regardless of assessment results, but may not be necessary 
** Optional and could be replaced by MDA coverage assessments 

Figure 1.3 - Recommended timing and methodological approach for surveys to be conducted during national LF 
elimination programmes Source: Original. Abbreviations: MDA – Mass Drug Administration; Ag – Antigen or 
Antibody screening; mf – microfilaria screening 
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Transmission Assessment Surveys  

TAS is based on the Ag or Ab screening of 6 to 7-years-old children, as this population should have 

been protected from LF infection and therefore be Ab and Ag negative if MDA implementation has 

been successful. If TAS identifies the Ag or Ab prevalence as <2% (or <1% in areas of Aedes-vectored 

bancroftian LF), MDA is considered to have been successful and is no longer required. TAS is 

repeated twice during post-MDA surveillance to determine whether the target levels of infection 

have been sustained before the elimination of LF is certified [23].  

In recent years, as more LF programmes have completed the required number of rounds of MDA and 

entered post-MDA surveillance, several countries, including American Samoa, Ghana, Sri Lanka and 

Tanzania have reported evidence of ongoing LF transmission within evaluation areas that have 

successfully passed TAS [25-29]. This has led to questions over the sensitivity of current TAS methods 

for detecting low levels of infection in the human population, and the suitability of TAS for 

demonstrating the interruption of transmission across the entire evaluation units in which they are 

conducted [30-32]. Consequently, there is a need for cost-effective surveillance tools that can 

support TAS that are sensitive to low levels of infection.     

 

Onchocerciasis  

Onchocerciasis, affecting 20.9 million people worldwide, is estimated to cause the loss of more than 

1 million DALYs and visual impairment in 500,000 people [21, 33, 34]. The current global distribution 

of onchocerciasis is shown in Figure 1.4. Onchocerciasis is caused by Onchocerca volvulus parasites 

and transmitted by black fly vectors of the Simulium genus. Adult worms and mf inhabit the host’s 

subcutaneous tissue, and the resulting inflammatory immune response leads to the formation of 

fibrous subcutaneous nodules, dermatitis, itching and loss of skin pigment. However, the most 

significant complication of onchocerciasis is blindness, resulting from the migration of mf into the 

eye [17, 35].  
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Figure 1.4 - Global distribution of onchocerciasis and status of preventative chemotherapy (PC) programmes, 
2020. Source: World Health Organization Map Production: Control of Neglected Tropical Diseases 
 

 

 

Control of onchocerciasis  

Early efforts to eliminate onchocerciasis from endemic countries in Africa were based on the use of 

insecticides to kill the aquatic larval stage of black flies [36]. More recently, PC has become the 

primary method of controlling the disease. In the Americas, MDA of ivermectin has helped to 

eliminate the disease from 11 of the 13 previously endemic regions, with a small number of cases 

occurring in persistent foci in Venezuela and Brazil [37]. This success provides reason for optimism 

for elimination programmes in Africa, where more than 99% of the people infected with 

onchocerciasis live [21, 38]. In 2015, the African Programme for Onchocerciasis Control (APOC) 

outlined a strategy for eliminating onchocerciasis from 80% of African countries by 2025 [39].  
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Traditional surveillance of onchocerciasis 

Similarly to LF, surveillance of onchocerciasis can be based on the detection of mf or filarial Ag/Ab in 

human biological samples. As O. volvulus parasites inhabit the subcutaneous tissue, mf screening 

requires the collection of superficial skin biopsies – or ‘skin snips’ – from the surveyed population. 

Skin snips are diagnostic for onchocerciasis as the presence of mf represents an active infection with 

viable adult parasites [40]. These invasive surveys can be painful, and individuals - or even entire 

communities - may refuse to participate, particularly in the years after MDA has been implemented 

when case numbers are low and the unpleasantness of the procedure is considered to outweigh the 

risk of an undetected infection [13]. Furthermore, though skin snip surveys are adequately sensitive 

in areas with high infection intensity, ie. where infected individuals are likely to have a high 

microfilarial load in their subcutaneous tissue, the sensitivity is significantly reduced in areas of low 

infection intensity [41]. Due to these concerns, skin snip surveys are not recommended in the latter 

stages of an elimination programme for assessing whether or not transmission has been successfully 

interrupted or for validating elimination of the disease [42].                  

An alternative surveillance option involves screening finger-prick blood samples to detect Ab to O. 

volvulus using the enzyme-linked immunosorbent assay (ELISA) Ov16 [40]. Ov16 assays have greater 

use in the latter stages of elimination programmes as they are less invasive and more sensitive to O. 

volvulus-exposed individuals than skin snip surveys [42]. However, due to their dependence on the 

detection of Ab, Ov16 assays cannot be used to distinguish between current and historical 

infections, and consequently Ab-positive individuals will need to provide a subsequent skin snip 

sample for mf screening so that the presence or absence of an active infection can be confirmed 

[43].  
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Loiasis   

Loiasis is a filarial worm disease caused by Loa loa parasites and transmitted by tabanid vectors of 

the Chrysops genus. The disease is endemic to 10 central African countries in the area surrounding 

the Equatorial rainforest: Nigeria, Chad, Sudan, Cameroon, Central African Republic, Equatorial 

Guinea, Gabon, Congo, Democratic Republic of Congo, and Angola (Figure 1.5) [44]. Loiasis cases are 

rare beyond these boundaries, though some cases are reported in south Benin and Zambia [45]. The 

symptoms of loiasis, in contrast to LF and onchocerciasis, are typically mild, including itching and 

swelling of the skin and the alarming but benign presence of adult worms in the sub-conjunctiva of 

the eye (Boussinesq 2006; Fox 2018). However, more recent studies have suggested that there is an 

increased risk of mortality in people with high microfilarial loads of L. loa [46].  

 

 

Figure 1.5 - Map of Africa showing the boundaries of the equatorial rainforest to which loiasis is mostly 
confined. Source: adapted from Akue et al. 2018 [76]. 
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Impact on LF and onchocerciasis control  

Moreover, loiasis is significant due to its interaction with the filaricidal drugs used for MDA by LF and 

onchocerciasis elimination programmes. In individuals with high loads of L. loa (>30,000 mf/ml 

blood), ivermectin and diethylcarbamazine are associated with increased risk of severe adverse 

events including encephalopathy and death [45, 47]. The 14.4 million people estimated to be living 

at high risk of L. loa infection therefore present a major obstacle to the elimination of LF and 

onchocerciasis, and a precise way of identifying areas where loiasis is prevalent is a priority for both 

onchocerciasis control programmes and the GPELF [44].  

Traditional surveillance of loiasis 

Several different methods have been used to map the areas of ongoing loiasis transmission. Initial 

literature searches were replaced with predictive models, which used environmental factors such as 

forest cover, soil type, Normalised Difference Vegetation Index (NDVI) and elevation, to identify 

areas which are well-suited to the life cycle of Chrysops flies that transmit the disease [45, 48]. These 

models are suitable for identifying approximate areas that have the potential to be endemic for 

loiasis but are unable to provide the precision required to maximise the safe implementation of 

MDA [44]. Consequently, in at-risk areas where MDA is planned, surveys of the human population 

have been required to collect and screen blood samples for the presence of mf, a process which is 

invasive and operationally challenging at large scales [44].  

Another method for identifying areas of transmission is the Rapid Assessment Procedure for Loiasis 

(RAPLOA), a non-invasive method based on the use of questionnaires to survey local populations 

about the history of tropical eye worm symptoms in their area. Studies have demonstrated that a 

reported history of subconjunctival larval migrans is a strong predictor of high L. loa microfilaraemia 

at the community level [44]. In 2004, the African Programme for Onchocherciasis Control (APOC) 

recommended that RAPLOA surveys be conducted in suspected loiasis areas before the 

implementation of MDA with ivermectin [49]. RAPLOA surveys have helped to produce the first 

survey-based global map of loiasis, confirming or discovering large areas that are either loiasis-free 

or endemic for the disease. However, it also identifies many intermediate areas in which the results 

are less clear, and further data may be required before a decision can be made on ivermectin 

implementation [44]. Given the surveys are based on a history of sightings of symptoms in the area, 

it is also not possible to distinguish between areas that have ongoing transmission of the disease and 

those which are now free from disease and would be safe for MDA.    
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Mansonellosis 

The remaining three filarial worm species to definitively infect humans come from the Mansonella 

genus. Mansonella streptocerca (tropical Africa) causes dermatitis while M. perstans (Africa and 

south America) and M. ozzardi (the Americas) cause serous cavity filariasis [17]. All three species are 

transmitted by biting Culicoides midges, though M. ozzardi can also be transmitted by a range of 

non-Culicoides midges and black flies of the Simulium genus [50]. 

It has been suggested that mansonellosis is the most prevalent and least-studied of all filarial 

diseases to affect humans [51]. Mansonella parasites are one of the most common blood-borne 

parasites, with widespread distribution across Africa and the Americas [52, 53]. While most 

infections are asymptomatic, infected individuals occasionally experience inflammatory symptoms 

including itching, joint pain, enlarged glands and abdominal discomfort. These symptoms are 

considered to be typically benign and self-limiting [54]. However, a lack of research into 

mansonellosis makes the true disease burden difficult to estimate. For example, M. 

ozzardi infections have been associated with corneal lesions in the Brazil Amazonian region, but it is 

unknown currently if these lesions cause significant visual impairment [55]. In addition, while 

growing research interest in onchocerciasis and loiasis have led to the relatively recent discoveries 

that these other chronic filarial infections reduce life expectancy, it has not yet been investigated 

whether mansonellosis has a similar impact [46, 55, 56]. As the allocation of funding for public 

health programmes and research has become increasingly driven by compelling disease metrics, the 

limited evidence on the burden of the disease has led to a continuing cycle of neglect in 

mansonellosis research [55].   

Surveillance of mansonellosis  

Estimating the burden of mansonellosis is particularly challenging given the frequency of 

asymptomatic infections and aspecific nature of the associated symptoms which ensure clinical 

diagnosis of the disease is almost impossible. Instead, knowledge of the geographic distribution of 

mansonellosis had primarily depended on the detection of mf in blood and skin-snip samples [53]. 

Given the challenges associated with the invasiveness of these techniques, coupled with the lack of 

funding for mansonellosis research, a widespread mapping of the burden of mansonellosis using 

these methods is extremely unlikely.  
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Xenomonitoring  

The need for a timely and cost-effective method for identifying recrudescence of disease has 

prompted research into the screening of vector insects, rather than the human population, for the 

surveillance of VBDs. Collecting and examining vector insects for the presence of pathogenic 

organisms is known as xenomonitoring, and has been practised by medical entomologists for several 

decades [57].  

Traditional xenomonitoring  

Early xenomonitoring approaches based on the dissection and microscopic examination of insects 

primarily aimed to identify the proportion of the vector population that was infective, as a measure 

of the transmission risk to the human population. For example, the Ross-McDonald mathematical 

models of malaria transmission that underpinned the strategy for the Global Malaria Eradication 

Programme of 1955–1969 depended on the microscopic examination of female mosquito salivary 

glands to determine the sporozoite rate – the proportion carrying infective stages of the parasite 

[58, 59]. Similarly, in west Africa in the 1970s, the Onchocerciasis Control Programme quantified the 

risk of disease by collecting and dissecting black fly vectors to determine the proportion containing 

infective O. volvulus larvae [57, 60]. These measures of transmission risk may be particularly useful 

when the prevalence is high, allowing the identification of areas where people are at the greatest 

risk and evaluating progress made towards elimination.  

Molecular xenomonitoring  

More recently, polymerase chain reaction (PCR) and other molecular techniques have been used to 

detect the genetic material of pathogens in collected vectors. Unlike traditional xenomonitoring, 

Molecular Xenomonitoring (MX) methods are rarely used to identify the infective life stages of a 

pathogen in a vector, though stage-specific molecular methods for LF parasites have been developed 

[61]. Instead, MX methods are usually used to estimate the proportion of vectors containing DNA 

from any life stage of the pathogen. Though this cannot be used to determine the transmission risk 

to humans, it is a measure of the insect populations’ exposure to pathogens from humans and can 

therefore be used as a proxy for the presence of human disease. As the proportion of vectors 

containing pathogens of any life stage will necessarily be higher than the proportion of infective 

vectors, the latter method is potentially more suitable in settings that are approaching elimination of 

a disease or conducting post-elimination surveillance for resurgence or reintroduction, where the 

proportion of infective vectors is too low to be detected and high sensitivity to low prevalence areas 

is critical.  
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MX methods have several advantages over dissection-based methods. Firstly, MX offers improved 

sensitivity over microscopy when screening infected vectors and is less susceptible to individual 

dissection skill. For example, PCR has been shown to be over three times more sensitive than 

microscopy-based methods for detecting malaria parasite sporozoites [62]. MX is also more specific, 

allowing the distinction between parasites of interest and morphologically identical sibling species 

that do not cause disease in humans but are indistinguishable using traditional methods [63]. 

Thirdly, MX provides a solution for the detection of smaller pathogens such as arboviruses that are 

unobservable using microscopic methods [64]. Finally, a key strength of MX lies in the ability to 

process vectors in large pools. For LF and onchocerciasis surveillance, a single infective mosquito or 

black fly may be detected in pools of more than 100 uninfected vectors, while algorithmic tools have 

been developed that can reliably predict the overall infection prevalence from the pooled results 

[65, 66]. The resulting higher throughput compared to individual dissection of vectors dramatically 

reduces the labour intensity and improves the efficiency of xenomonitoring methods.  

Xenosurveillance 

The screening of insects for pathogens is not necessarily limited to vector species, as the 

haematophagous behaviour of non-vector insects may also be exploited for disease surveillance. 

Though unable to transmit the disease, non-vectors ingest the nucleic acids of blood-borne 

pathogens during meals, facilitating the detection of this genetic material in collected insects. The 

term ‘xenosurveillance’, though previously used interchangeably with ‘xenomonitoring’, has more 

recently come to define this surveillance of pathogens in insects in which no pathogen development 

or replication takes place [18, 57]. Where multiple VBDs overlap, collecting and screening each 

vector species would present a considerable workload, but the ability of xenosurveillance methods 

to screen for multiple pathogens in a single collected species provides potential to dramatically 

improve the cost-efficiency and sustainability of entomological surveillance systems.  

A key benefit of xenosurveillance is that it maximises the information that can be obtained from 

insect species that make convenient sampling targets, due to their host-feeding preferences and 

behaviours. For example, Anopheles gambiae mosquitoes are highly anthropophilic and rest indoors 

after taking a bloodmeal. Consequently, they have a higher likelihood of ingesting pathogens of 

human health importance, and blood-fed females are relatively easy to collect. Several studies have 

demonstrated the detection of a wide range of pathogens in experimentally-infected or wild-caught 

An. gambiae, including Middle East Respiratory Syndrome Coronavirus, Zika Virus, Bacillus anthracis 

- the bacterial causative agent of anthrax, and Trypanosoma brucei gambiense – the parasite 

responsible for Gambian HAT (gHAT) [67].  
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Limitations of MX 

As a community-level surveillance approach, MX naturally cannot be used to identify specific 

individuals in the human population who are infected with parasites. Whilst this may present a 

significant limitation of MX for the surveillance of diseases controlled by active screening and 

treatment of infected individuals, MX has significant potential for the surveillance of diseases 

controlled by PC, such as LF and onchocerciasis. In such programmes, the identification of specific 

infected individuals is of minor importance, as the detection of ongoing transmission will lead to the 

mass administration of treatment drugs to the entire at-risk population. Similarly, MX may be an 

important surveillance tool for VBDs for which there are no specific treatments available, and where  

vector control interventions are the primary method for controlling the disease, such as dengue, zika 

and chikungunya arboviruses [57].      

Advantages of MX and xenosurveillance 

While the benefits of MX and limitations of alternative surveillance methods are often disease-

specific, there are several generalisable advantages of MX for the surveillance of VBDs in elimination 

settings. Firstly, they are non-invasive, allowing continuous disease monitoring without requiring the 

repetitive collection of blood or tissue samples from the human population. Second, due to the 

chronic and progressive nature of several NTDs, individuals often have a long period in which they 

are infectious but asymptomatic, and consequently health services may not be alerted to an increase 

in case numbers until many years after the disease has begun to recrudesce [68, 69]. MX allows early 

detection of exposed vectors and avoids the need to wait for these chronic symptoms to manifest.  

Third, it is not limited by hard-to-reach human populations that may not comply with MDA 

treatment regimens or human screening programmes and therefore remain undetected by more 

traditional surveillance methods. Finally, MX can be used to detect the DNA of multiple pathogens in 

both vector and non-vector species, presenting huge opportunities to maximise resources through 

the development of an integrated NTD surveillance system.  

 

Remaining questions for MX  

Despite the above advantages, MX is currently used primarily as a supplement to human surveillance 

methods, and there are several key areas of uncertainty that need to be addressed before it can be 

considered as a viable replacement for them. Some of the questions that remain to be answered 

include: 
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(1) How accurate is MX for identifying communities with ongoing cases?  

In settings where transmission has been successfully interrupted through PC, the cost-effectiveness 

of human surveillance methods is reduced, but sensitivity to ongoing hotspots of transmission 

remains important to prevent resurgence of the disease. Though MX is a recommended approach 

for post-interruption surveillance of both LF and onchocerciasis, the sensitivity of MX to detect 

communities with active cases of either disease has never been evaluated [18, 42]. An 

understanding of the sensitivity of MX in comparison to human sampling methods – and an 

evaluation of the settings and circumstances in which this sensitivity is adequate or inadequate – 

would support programme managers to implement MX-based surveillance where it is appropriate to 

do so and to have confidence in the results obtained.  

 

(2) What is the correlation between the prevalence of pathogen DNA in vectors and the infection 

prevalence in the human population? 

The relationship between the proportion of the vector population found to contain pathogen DNA – 

hereafter referred to as the ‘MX rate’ - and the infection prevalence in the human population is 

poorly understood. This presents a key barrier to the use of MX for programmatic decision-making, 

for example, deciding when MDA programmes for LF can be stopped, as this continues to be based 

on estimates of the prevalence in the human population [23]. Furthermore, the potential usefulness 

of MX would expand if MX rates could be used to reliably approximate the human prevalence, with 

scope to be used as an informative metric for evaluating the impact of interventions such as MDA 

and vector control [57].       

 

(3) How should a reliable, situation-specific and cost-effective sampling strategy be developed? 

Developing an effective and reliable sampling strategy for MX has proven to be extremely complex, 

and a target sample size alone (as is given by current recommendations for LF and onchocerciasis) is 

unlikely to be universally applicable across different transmission settings [18, 42]. One reason for 

this is that there are many different strategies used for collecting vectors. For example, adult 

mosquitoes may be collected when seeking a host to blood-feed upon, while resting indoors after 

taking a bloodmeal, or while searching for a site to lay their eggs [70]. Choices between these 

methods will preferentially select mosquitoes with different levels of recent exposure to infected 

humans, and consequently the sensitivity of MX is likely to be influenced by the method adopted 

[71].  
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Furthermore, across the three genera of mosquitoes that contribute most to the transmission of 

human VBD - Culex, Aedes and Anopheles - there are species that differ greatly in their flight ranges, 

favoured habitats and host preferences [72-74]. These factors are also likely to influence the 

optimum methods of collection, spacing of sampling locations, and total sample sizes that must be 

screened to be certain of the absence of disease transmission.  

 

(4) Which pathogens are amenable to MX and xenosurveillance?  

Given the range of mosquito-borne, non-mosquito-borne and even non-vector-borne pathogens 

that have been detected in mosquitoes, there is optimism about the wide range of diseases that 

mosquito xenosurveillance could be used to monitor [67]. However, there may be biological barriers 

that prevent the use of mosquitoes as sampling targets for the surveillance of certain pathogens. For 

example, many filarial worm species exhibit periodicity, where the numbers of microfilaria (mf) - the 

transmissible forms of the parasite - circulating in the blood increase at certain times of the day to 

coincide with the peak biting activity of the vector insect [75]. Consequently, the collection of night-

biting mosquito species may be unsuitable for the surveillance of a diurnally periodic pathogen such 

as Loa loa, the filarial parasite that causes loiasis. In addition, the combination of the feeding 

mechanism used by sampled insects and the typical location of pathogens may present a natural 

barrier to cross-vector surveillance. For example, as mosquitoes feed using needle-like structures 

that take blood directly from the capillaries, they may not ingest DNA from parasites that could be 

dwelling in the skin, such as O. volvulus or T. brucei [76-78] .          

 

(5) What is the correlation between pathogen detection rates in vectors and non-vector species?    

Though multiple studies have successfully screened mosquitoes for the DNA of pathogens that are 

not transmitted by mosquitoes, the interpretation of these results remains challenging [67, 79]. As 

ingested pathogens will not undergo replication or development in an incompetent vector, and the 

majority of DNA is assumed to be excreted within days of ingestion, DNA detection rates may be 

expected to be much lower in non-vector species [80]. Consequently, much larger sample sizes of 

non-vectors than vector insects may be required to have equivalent sensitivity to human cases. An 

understanding of the relationship between MX rates in natural vectors and those of non-vector 

mosquitoes collected from the same location could be used to identify what modifications to the 

sampling strategy, if any, are required when using a non-vector species for surveillance.        
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Thesis Aims and Objectives 

The overall aim of this research was to evaluate the reliability of MX for the surveillance of NTDs and 

explore how MX results can be used to inform surveillance programmes for both mosquito-borne 

and non-mosquito-borne diseases.  

 

The specific objectives of this thesis are:  

1. To assess the sensitivity of MX methods for detecting communities in which there are 

individuals infected with LF or onchocerciasis 

 

2. To evaluate the relationship between MX rates in vectors and the infection prevalence in the 

human population 

 

3. To measure the impact that different mosquito sampling strategies have on MX results  

 

4. To explore further non-mosquito-borne pathogens that may be amenable to mosquito-

based xenosurveillance  

 

5. To compare MX rates between vector and non-vector species.  
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Thesis organisation  

The remainder of Chapter 1 provides a background to each of the diseases that will be considered 

within this thesis, including estimates of the global burden, a description of the methods currently 

used for surveillance, the limitations of such methods and the potential advantages of MX. The 

following five experimental chapters are divided into two parts, with Chapters 2, 3 and 4 including 

novel analyses of previously-conducted research using systematic review and meta-analysis 

methods, while Chapters 5 and 6 describe original field and laboratory-based research.  

Chapter 2 provides a review of all previously-conducted LF studies that reported both results from 

MX surveys and equivalent estimates of current infection in the human population. These data are 

used to estimate the sensitivity of MX for detecting positive communities, evaluate the factors that 

affect this sensitivity, and assess the relationship between MX rates and human indicators of 

disease. The chapter is presented as a complete manuscript that was published in Clinical Infectious 

Diseases in June 2021. Chapter 3 uses the same methodological approach as Chapter 2 for 

equivalent studies relating to onchocerciasis. The chapter is presented as a complete manuscript 

that was published in PLoS NTDs in November 2021. Chapter 4 considers the data from previous 

studies that utilised a combination of different methods for the sampling strategy, collection and 

molecular analysis of mosquitoes for the surveillance of LF. Comparisons are made between the 

different methods and meta-analysis methods are used to estimate how MX rates vary in response 

to the strategy employed.  

Chapter 5 presents the results of two large-scale MX programmes conducted in Nigeria and Liberia 

as part of an assessment to determine whether or not LF is present and interventions are required to 

control the disease. Mosquito samples from Liberia and Nigeria were collected by in-country field 

workers funded by the Coalition for Operational Research on Neglected Tropical Diseases (COR-NTD) 

and the non-governmental organisation Sightsavers, respectively. Chapter 6 describes a study in 

which mosquitoes were collected in a loiasis-endemic focus in Cameroon. Mosquitoes were 

screened for L. loa to determine the feasibility of using mosquito-based xenosurveillance to detect 

areas where loiasis is endemic. To further evaluate the potential of this method for integrated 

surveillance of multiple diseases, all collected mosquitoes were concurrently screened for causative 

agents of LF, malaria and mansonellosis. The chapter is presented as a complete manuscript that has 

been accepted for publication in PLoS NTDs.  

Finally, Chapter 7 explores how the information gathered from these chapters addresses current 

gaps in MX knowledge, and makes recommendations for programmatic actions and future research. 
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Chapter Two: Evaluating the accuracy of MX for detecting 
lymphatic filariasis   
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Chapter outline  

This chapter includes a systematic review and meta-analysis of all previously-conducted LF studies 

that report results from MX surveys and equivalent estimates of current infection in the human 

population. These data are used to estimate the sensitivity of MX for detecting positive 

communities, evaluate the factors that affect this sensitivity, and assess the relationship between 

MX rates and human indicators of disease.  

The chapter is presented as a complete manuscript that was published in Clinical Infectious Diseases 

in June 2021, as part of a supplement for the NTD modelling consortium, under the title “Evaluating 

the diagnostic test accuracy of molecular xenomonitoring methods for characterising community 

burden of lymphatic filariasis” (Figure 2.1) [81]. The text, tables and figures of the thesis chapter are 

completely unchanged from the published article, and all supplementary material submitted 

alongside the manuscript have been included in the thesis appendices. However, the reference, 

figure, table and appendix numbers have been amended to allow sequential numbering throughout 

the thesis.  

 

Figure 2.1 - Pryce and Reimer 2021 publication in Clinical Infectious Diseases 
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Abstract 

 

Background 

Molecular xenomonitoring (MX), the detection of pathogen DNA in mosquitoes, is a recommended 

approach to support lymphatic filariasis (LF) elimination efforts. Potential roles of MX include 

detecting presence of LF in communities and quantifying progress towards elimination of the 

disease. However, the relationship between MX results and human prevalence is poorly understood. 

Methods 

We conducted a systematic review and meta-analysis from all previously conducted studies that 

reported the prevalence of filarial DNA in wild-caught mosquitoes (MX rate) and the corresponding 

prevalence of microfilaria (mf) in humans. We calculated a pooled estimate of MX sensitivity for 

detecting positive communities at a range of mf prevalence values and mosquito sample sizes. We 

conducted a linear regression to evaluate the relationship between mf prevalence and MX rate.  

Results 

We identified 24 studies comprising 144 study communities. MX had an overall sensitivity of 98.3% 

(95% CI 41.5, 99.9%) and identified 28 positive communities that were negative in the mf survey. 

Low sensitivity in some studies was attributed to small mosquito sample sizes (<1,000) and very low 

mf prevalence (<0.25%). Human mf prevalence and mass drug administration status accounted for 

approximately half of the variation in MX rate (R2 = 0.49, p<0.001). Data from longitudinal studies 

showed that, within a given study area, there is a strong linear relationship between MX rate and mf 

prevalence (R2 = 0.78, p < 0.001). 

Conclusion 

MX shows clear potential as tool for detecting communities where LF is present and as a predictor of 

human mf prevalence.   
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Introduction  

 

Lymphatic filariasis 

There are sixty-five million people currently infected with lymphatic filariasis (LF) worldwide [15, 21], 

making it the second-most common vector-borne disease after malaria. The disease is associated 

with inflammation and dysfunction of the lymphatic system leading to severe pain and the 

development of chronic symptoms. More than 90% of LF cases are caused by the filarial nematode 

Wuchereria bancrofti, which is prevalent in many tropical and subtropical areas. Species from three 

major mosquito genera can act as vectors for W. bancrofti: Culex quinquefasciatus in urban areas, 

Anopheles species in rural areas of Africa and Aedes species in the South Pacific [82].  

The Global Programme to Eliminate Lymphatic Filariasis (GPELF) was launched in 2000 to eliminate 

LF as a public health problem through mass drug administration (MDA) of preventative 

chemotherapy and morbidity management to alleviate suffering [20]. The drugs used in MDA do not 

kill the adult worms and instead target the juvenile microfilariae (mf) that are transmissible to 

mosquitoes. It is therefore necessary to repeat MDA for a minimum of five years, the duration of the 

adult worm lifespan, in order to interrupt transmission. Despite significant progress, LF has been 

eliminated from just 16 of the 72 previously endemic countries or territories, while a further seven 

countries have completed the required number of MDA campaigns [83]. The target for elimination 

as a public health problem was recently updated from 2020 to 2030 [84]. 

LF surveillance  

Traditional LF surveillance involves screening the human population for the presence of mf, LF 

antigens or host antibodies [85]. If, after completing a programme of MDA, an implementation unit 

records either an mf prevalence of <1% or antigen prevalence of <2% at each sentinel and spot 

check site, a transmission assessment survey (TAS) is conducted. TAS determines whether the 

antigen prevalence is <2% in 6 to 7-year-old children, an indicator that transmission has been 

successfully interrupted and MDA can be stopped. TAS is repeated during post-MDA surveillance to 

ensure the interruption of transmission has been sustained [85].  

These tools are not without their limitations. Antigen or antibody tests are unable to differentiate 

between current or prior infections. Mf detection through microscopy or PCR captures current 

infections but must often be conducted at night due to the nocturnal periodicity of many filarial 

strains. Furthermore, their sensitivity for detecting areas with very low but persistent transmission 

has been brought into question by a number of examples where achieving the 1% target did not lead 

to elimination and prevalence rebounded [32, 86-88].  
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In addition, obtaining human biological samples is invasive, resource-intensive and operationally 

challenging at large scales [89]. Such costs may be justified when the prevalence of a disease is high, 

but as progress towards elimination is made and the number of cases identified per survey 

decreases, funding bodies and at-risk populations may lose enthusiasm for the continued use of 

invasive and expensive methods. 

Xenomonitoring 

While entomological surveillance for vector-borne diseases typically involves the detection of 

infected or infective vectors to assess disease transmission, molecular xenomonitoring (MX) involves 

the detection of pathogen DNA in the vector and is a proxy for the presence of the pathogen in the 

human population [90]. The use of MX as a surveillance tool overcomes many of the challenges 

associated with case surveillance as it does not rely on human blood sampling, it is relatively 

inexpensive, is indicative of current infections and is amenable to integrated surveillance of multiple 

diseases [91]. 

The WHO recommends that MX is incorporated into LF surveillance strategies and it is increasingly 

being used to lend support to programme decisions [18]. A recent meta-analysis showed that over 

300,000 mosquitoes have been collected and analysed for infection [14]. However, there is no 

standardised approach for conducting MX surveillance.  

Developing a systematic strategy for MX first requires clarification of its intended use(s). While MX 

methods cannot be used to identify whether individual humans are positive for LF, there are two 

distinct ways in which MX can support the surveillance activities of elimination programmes. First, 

MX may be used to determine whether LF is present in communities, particularly in areas of very low 

prevalence where cases may not be detected by TAS. Second, it may serve as a proxy for human 

prevalence and help monitor progress towards elimination. However, the sensitivity of MX to detect 

LF positive communities, in comparison to traditional human sampling methods, has never been 

evaluated. In addition, the relationship between MX rates (defined as the proportion of the 

mosquito population that is positive for LF DNA) and human prevalence is poorly understood. 

Programme decisions to stop or re-instate MDA continue to be based on specific estimates of 

human infection prevalence, which MX surveys are currently unable to provide.   

The primary aim of this systematic review and meta-analysis is to assess the sensitivity of MX to 

detect areas of above zero LF prevalence and explore the factors that affect sensitivity. A secondary 

aim was to evaluate the relationship between mf prevalence and MX rates in areas of above zero 

prevalence and determine whether MX rates reflect changes in human mf prevalence.  
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Methods  

For this review and meta-analysis, we followed the Preferred Reporting Items for Systematic 

Reviews and Meta Analyses guidelines [92]. The review follows a protocol registered with the 

PROSPERO international database of prospectively registered systematic reviews in health and social 

care (CRD42020200351).  

Search strategy  

We searched five online bibliographic databases incorporated into EBSCO host (CINAHL Complete, 

MEDLINE Complete, Global Health, eBook Collection, Global Health Archive) for records published up 

to 9th July 2020. The search strategy is presented in Appendix 2.1. We additionally searched the 

reference lists of all identified articles.  

Inclusion criteria  

Primary research studies were suitable for inclusion if they a) collected wild mosquitoes of any genus 

and used molecular methods to report the MX rate and b) reported the mf prevalence in the human 

population living in the area where mosquitoes were collected. We excluded studies where 

measurements of MX rate and mf prevalence were taken more than 18 months apart, or if MDA was 

distributed in the study area between the two time points. 

Data extraction and management 

After initial screening of the titles and abstracts of identified articles, the full texts of potentially 

relevant studies were read and evaluated against the inclusion criteria. Information from the 

included studies was extracted using prepared proformas. Each stage was completed by JP with 

areas of uncertainty discussed with LJR.  

We extracted data on the study setting, objectives, history of MDA and other interventions, details 

of the primary vector and parasite species, and methods used for sampling and screening mosquito 

and human populations. In case of missing data, we attempted to contact study author(s) for 

clarification. Where studies reported outcome data at sub-units of the overall geographical area 

covered, eg. individual villages within a district, we extracted information at the smallest available 

level. For each study area, we recorded the mf prevalence, MX rate, and binary measures of the 

presence or absence of filaria-positive mosquitoes and humans. Where necessary, we estimated the 

MX rate from the reported data using PoolScreen v2.0 [93]. Where studies screened different 

mosquito genera separately, we combined the survey results to determine the presence or absence 

of positive mosquitoes and overall MX rate.  
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We assessed each study’s methodological quality for answering the review objectives using a 

checklist adapted from the QUADAS-2 tool [94]. Studies were evaluated based on five assessment 

criteria: whether those interpreting mf survey results were blinded to the MX results and vice versa, 

the length of time between surveys, the degree to which the two sampling strategies targeted the 

same communities, and the continuity of methodology between sampling timepoints (longitudinal 

studies only). For each criteria, studies were graded as high, low or unclear risk of bias based on pre-

determined specifications (Appendix 2.2). The assessments were conducted by JP with areas of 

uncertainty discussed with LJR.   

Statistical analyses 

To evaluate the sensitivity of MX, we treated study areas as the unit of observation and used typical 

diagnostic test evaluation methods. We considered MX results as the index test and mf survey 

results as the reference standard to calculate the number of true positives, true negatives, false 

positives and false negatives in each study. We used a bivariate model utilising the metandi and 

xtmelogit commands in Stata version 14 to obtain a pooled estimate of the sensitivity of MX. We 

compared the MX sensitivity between surveys of varying mosquito sample sizes and at a range of mf 

prevalence values. Confidence intervals were calculated using the Wilson method [95]. We did not 

evaluate MX specificity due to known limitations in the sensitivity of the reference standard and 

strong evidence that molecular detection methods are highly specific [96]. We instead report the 

number of areas in which positive mosquitoes were detected despite mf surveys reporting zero 

positive humans.  

To evaluate the relationship between mf prevalence and MX rate, we conducted a linear regression. 

We included covariates for primary vector genus and progress towards elimination and weighted the 

regression by mosquito sample size. To determine whether MX rates reflect changes in mf 

prevalence within a given study area, we conducted a further linear regression incorporating data 

from longitudinal studies only and including covariates for sampling timepoint and study site. 

Models were constructed using the lm() function in R version 3.6.2.        
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Results  

 

Search Results 

The electronic search strategy identified a total of 1,003 records. A further three records were 

identified by other sources. After removal of duplicates, 335 records were screened. A total of 26 

records corresponding to 24 unique studies met the inclusion criteria for the review (Figure 2.2) [32, 

79, 86, 97-119].  

 

Figure 2.2 - Results of the search and reasons for exclusion of studies 
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Details of included studies 

Included studies had been conducted across a variety of geographical settings, primary vector 

species and elimination stages (Figure 2.3). 

The objectives of the included studies were wide-ranging. The most common aim was to identify the 

presence or map the distribution of LF (12 studies). Six studies aimed to evaluate the usefulness of 

MX methods or compare MX results to other surveillance methods. Other objectives included 

measuring the impact of MDA implementation (three) or insecticide-treated net distribution (one) 

on LF indicators, and evaluating the field-use of novel molecular detection methods (four) or trap 

types (one).  

All studies screened mosquito carcasses for filarial DNA. One study additionally reported the 

prevalence in mosquito excreta/faeces [79]. However, for consistency with the other studies, we 

only included the mosquito carcass MX rate in our analyses. The methods used for trapping 

mosquitoes, pooling, and DNA extraction and amplification varied greatly between studies. A full 

description of these methods is presented in Appendix 2.3. 

Across the 24 included studies, MX and mf survey data were available for 144 distinct areas, ranging 

in size from district to village level. The median number of people surveyed in each area was 509.5 

(range 41 to 3,795). The median number of mosquitoes surveyed was 1,258 (range 23 to 5,280). 

Three studies and four study sites provided longitudinal data with a minimum of three sampling 

timepoints [110, 111, 115].   

Assessment of methodological quality 

Overall, there were few concerns about methodological quality across the included studies. In most 

studies, the mf and MX surveys were conducted within six months of one another, though two 

studies conducted the surveys approximately 12 to 18 months apart [32, 113]. In two studies, the 

MX and mf surveys did not specifically target the same communities within the study site [105, 113]. 

There were no concerns about the continuity of methodology in longitudinal surveys. Five studies 

limited their mf surveys to specific populations and the estimate of prevalence may therefore have 

limited applicability to the wider population. The quality assessments for each included study are 

provided in Figure 2.4 (with further detail provided in Appendix 2.4)  
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Figure 2.3 - Forest plot summarising the study details and the sensitivity of MX for detecting communities that were positive for LF as determined by microfilaria surveys. The 
pooled estimate of sensitivity is indicated by the black square. Abbreviations: MDA (Mass Drug Administration), TP (True Positives), FP (False Positives), FN (False Negatives), 
TN (True Negatives), PS (Preliminary Survey) 
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Figure 2.4 - Summary of the results of the methodological quality assessment for each study. Continuity of 
methods was only assessed for studies that conducted mf and MX surveys at three or more timepoints. 
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Evaluating the sensitivity of MX methods 

Positive mosquitoes were identified in 92 of the 144 surveyed areas (63.9%). The overall sensitivity 

of MX for detecting mf-positive areas was 98.3% (95% CI 41.5 to 99.9%, Figure 2.5). In addition, MX 

detected positive mosquitoes in 28 areas where mf surveys failed to detect any positive 

individuals.    

The sensitivity of MX at a range of human mf prevalence values and mosquito sample sizes is shown 

in Figure 2.4. Where the human mf prevalence was very low (<0.25%), MX surveys screening fewer 

than 1,000 mosquitoes had a sensitivity of 0.33 (95% CI 0.06 to 0.79). However, sensitivity increased 

to 0.80 (95% CI 0.38 to 1.00) when screening either 1,000-1,999 or 2,000-3,999 mosquitoes, and to 

1.00 (95% CI 0.67 to 1.00) when screening 4,000-5,999 mosquitoes. At low mf prevalence levels 

(>0.25 to 0.5%), surveys of fewer than 1,000 mosquitoes had a sensitivity of 0.67 (95% CI 0.30 to 

0.95), but all surveys screening more than 1,000 mosquitoes had a sensitivity of 1.00. Where the 

human mf prevalence was moderate (0.51 to 1%) or high (>1%), MX sensitivity was 1.00, regardless 

of the number of mosquitoes screened.  

 

 

Figure 2.5 - MX sensitivity for detecting communities that are positive for LF (as determined by microfilaria 
surveys) at a range of microfilaria prevalence and with varying mosquito sample size 
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Correlation between MX rate and mf prevalence 

Mf prevalence was significantly associated with MX rate (R2 = 0.49, p<0.001). The inclusion of 

primary vector genus as a covariate did not improve the predictive power of the model. The strength 

and slope of the relationship between MX rate and mf prevalence was lowest in study areas that had 

not yet received MDA and increased in areas that had made greater progress towards elimination 

(Figure 2.6.A). Within each of these contexts, a large proportion of the variation between 

measurements of MX remained unexplained. However, data from longitudinal studies showed a 

strong linear relationship between MX rate and mf prevalence (R2 = 0.78, p < 0.001) (Figure 

2.6B). Similar declines in both MX rate and mf prevalence were observed in the four included study 

areas over time (Figure 2.7).  

 

 

Figure 2.6 – A: Linear regression models demonstrating the relationship between human mf prevalence and MX 
rate in a variety of elimination phases. B: Linear regression model demonstrating the relationship between 
human mf prevalence and MX rate when consistent methods are used for sampling and screening of humans 
and mosquitoes (using data provided by longitudinal studies only). Abbreviations: PNG – Papua New Guinea, 
MDA – Mass Drug Administration    
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Figure 2.7 - Observations of mf prevalence and MX rate over time. Longitudinal data were provided from three 
studies: Ramzy 2006 [110], Weil 2008, [115], and Rao 2014/2017 [27, 86] 

 

Discussion  

The GPELF recommends the implementation of MX alongside TAS for post-MDA surveillance, 

advising that 5,000-10,000 mosquitoes should be screened due to the low expected infection rate in 

elimination settings [18]. MX has increasingly been taken up by national LF programmes [87, 120, 

121]. However, utility is limited without an understanding of the relationship between MX rates and 

disease prevalence. To match the evolving needs of LF programmes approaching elimination, the 

scope of this review was to evaluate the suitability of MX against a range of programmatic goals. 

Our primary analysis shows that MX is highly sensitive for detecting filariasis presence compared to 

mf screening. Even when mf prevalence is low, 100% sensitivity was observed with mosquito sample 

sizes of 1,000 or more. When human prevalence is very low (<0.25%), samples of 4,000-6,000 

mosquitoes achieved 100% sensitivity. With the ability to process mosquitoes in pools, this 

corresponds to approximately 200 PCR reactions. Of the two studies with <100% sensitivity, one 

conducted its mf and MX surveys in somewhat different locations [113] and both featured lag times 

of 12-18 months between MX and mf surveys. Coupled with very low mf prevalence measurements 

in each site (<0.3%) and the focal nature of filarial infections after MDA, these factors may explain 

the reduced sensitivity observed in these studies. 

Our secondary analysis shows a significant relationship between MX rates and mf prevalence. The 

strength of this relationship was higher in areas currently undergoing or having completed MDA, 

compared to pre-MDA settings. In each setting, a large proportion of the variation in MX rate 

remains unexplained. However, analysis of a limited number of longitudinal studies revealed strong 

correlations between MX and mf measurements. In these four study communities, the MX rate 

tracked the observed declines in mf prevalence throughout MDA. This finding lends strong support 

for longer term monitoring using MX to track progress towards elimination.  
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The findings of this study should be interpreted with caution due to the limited number of MX 

studies that reported the corresponding mf prevalence and therefore meeting the inclusion criteria 

for this review. Few of the included studies primarily aimed to evaluate the accuracy of MX, and 

consequently the number of paired MX rate and mf prevalence observations for each study is low. 

As a result, the confidence intervals for our estimates of sensitivity are extremely wide.  Further 

evidence will be required to confirm the sensitivity of MX with a high degree of certainty, particularly 

in areas of very low mf prevalence.  

The lack of consistent methodology between the studies must also be acknowledged. Besides the 

variables that were controlled for in our analyses (MDA status and primary vector), the included 

studies also employed a variety of mosquito collection methods. As these demonstrate biases 

towards different physiological states, MX rates measured with different strategies may differ even 

when the mf prevalence is constant [122]. Similarly, the different methods used for counting mf may 

result in different estimates of the human prevalence [123]. Included studies also differed 

methodologically in terms of the size of area covered, level of sampling intensity and molecular 

methods used for parasite detection, as well as environmentally in terms of season, presence of 

vector control and vector age structure. Whilst MX sensitivity appeared reliably strong despite the 

inconsistencies, these factors may contribute to the unexplained variation in MX rate at different 

levels of mf prevalence.  

Conclusions 

For MX to have applicability to current LF programme thresholds, it must accurately predict mf 

prevalence values below 1%, the threshold for stopping MDA. The strength of the relationship 

between the two variables provides reason for optimism that MX methods could be used to 

estimate infection rates. However, the degree of unexplained variation suggests further work is 

needed to understand the variables that influence MX rates before they can be used for decisions to 

stop MDA. This variation appears to be driven in part by methodological inconsistencies, and the 

explanatory power of MX would therefore be strengthened with clear normative guidance for its 

implementation, including collection methods, frequency, geographical scale and sample size. 

Furthermore, MX shows clear potential to detect positive communities where case surveillance does 

not, and we have shown that presence/absence detection can be achieved with relatively low 

mosquito sample sizes. MX could therefore play a future role in sensitively detecting resurgence in a 

non-invasive, sustainable way. 
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Chapter Three: Evaluating the accuracy of MX for 
detecting onchocerciasis   
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Chapter outline  

Using methods analogous to the previous chapter, the aim of this chapter was to estimate the 

sensitivity of MX for detecting onchocerciasis-positive communities, evaluate the factors that affect 

this sensitivity, and assess the relationship between MX rates and human indicators of disease.  

The chapter is presented as a complete manuscript that was published in PLoS NTDs in November 

2021, under the title “Evaluating the diagnostic test accuracy of molecular xenomonitoring methods 

for characterising the community burden of onchocerciasis” (Figure 3.1) [124]. As in the previous 

chapter, only the reference, figure, table and appendix numbers have been amended to allow 

sequential numbering throughout the thesis.  

 

 

Figure 3.1 – Pryce, Unnasch and Reimer 2021 publication in PLoS NTDs 
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Abstract 

Background 

Molecular xenomonitoring (MX), the detection of parasite nucleic acid in the vector population, is 

recommended for onchocerciasis surveillance in elimination settings. However, the sensitivity of MX 

for detecting onchocerciasis-positive communities has not previously been evaluated. MX may have 

additional applications for control programmes but its utility is restricted by a limited understanding 

of the relationship between MX results and human prevalence.  

Methods 

We conducted a systematic review of studies reporting the prevalence of Onchocerca volvulus DNA 

in wild-caught Simulium spp. flies (MX rate) and corresponding prevalence of microfilaria (mf) in 

humans. We evaluated the sensitivity of MX for detecting onchocerciasis-positive communities and 

describe the characteristics of studies with reduced sensitivity. We conducted a linear regression to 

evaluate the relationship between mf prevalence and MX rate.  

Results 

We identified 15 relevant studies, with 13 studies comprising 34 study communities included in the 

quantitative analyses. Most communities were at advanced stages towards elimination and had no 

or extremely low human prevalence. MX detected positive flies in every study area with >1% mf 

prevalence, with the exception of one study conducted in the Venezuelan Amazonian focus. We 

identified a significant relationship between the two measurements, with mf prevalence accounting 

for half of the variation in MX rate (R2 0.50, p<0.001).  

Conclusion 

MX is sensitive to communities with ongoing onchocerciasis transmission. It has potential to predict 

human mf prevalence, but further data is required to understand this relationship, particularly from 

MX surveys conducted earlier in control programmes before transmission has been interrupted.  
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Author Summary 

Traditional surveillance of onchocerciasis relies on the detection of Onchocerca volvulus microfilaria 

or antibodies in human skin or blood samples. Molecular xenomonitoring, the detection of parasite 

nucleic acid in vector insects, provides a non-invasive alternative. The sensitivity of molecular 

xenomonitoring to areas where infected people are found has not previously been evaluated and 

the extent to which xenomonitoring can be used to predict human prevalence is unknown. We 

searched for previous studies that reported the infection rates in humans and detection rates in 

black flies, finding 15 studies comprising 34 study communities that contributed to our analyses. 

Studies were conducted across Africa and the Americas, mostly in areas of very low prevalence. The 

findings show molecular xenomonitoring was sensitive to areas with greater than 1% microfilaria 

prevalence in the human population, indicating that molecular xenomonitoring is effective at 

detecting ongoing transmission. We further found evidence that infection rates in humans and 

detection rates in flies were related, providing scope for the use of xenomonitoring to predict 

human prevalence. With further research to better understand this relationship, control 

programmes may be able to use xenomonitoring for other purposes such as identifying areas that 

require intervention and monitoring the impact of treatments.       

 

Background 

Onchocerciasis is a filarial disease associated with skin pathology and blindness [17]. Worldwide, 218 

million people live in endemic areas, with more than 99% of those at risk living in Africa [9].  

Mass drug administration (MDA) with the anthelminthic drug ivermectin is the primary method of 

controlling the disease. In the Americas, MDA programmes have helped to eliminate onchocerciasis 

from 11 of 13 previously endemic regions and the international community has outlined a MDA-

based strategy for eliminating onchocerciasis from 80% of African countries by 2025 [18, 37, 125]. 

During onchocerciasis programmes, the treatment phase is conducted for 12-15 years, coinciding 

with the reproductive lifespan of adult worms. When onchocerciasis transmission has been 

successfully interrupted, the distribution of ivermectin is halted and programmes undertake 3-5 

years of post-treatment surveillance followed by 3–5 years of post-elimination surveillance to ensure 

against resurgence of the disease [42].  
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Surveillance of onchocerciasis 

A variety of diagnostic methods have been used for the surveillance of onchocerciasis. The gold 

standard diagnostic technique involves superficial skin biopsies (known as ‘skin snips’) which are 

screened for O. volvulus microfilariae (mf) [40]. Communities with greater than 1% mf prevalence 

require treatment to interrupt transmission, but below this threshold transmission is considered to 

be unsustainable [126]. In communities with high infection intensity, ie. a high microfilarial load, skin 

snip surveys are both sensitive and specific. However, sensitivity is significantly reduced at low 

infection intensities [41]. As successful MDA implementation decreases both the mf prevalence and 

infection intensity within a community, the potential for false negatives increases as the programme 

progresses. In addition, skin snips are invasive and often painful, and programmes may encounter 

broad refusal from community members to participate in the surveys [13]. Consequently, skin snip 

surveys are not recommended for determining whether transmission has been interrupted or for 

post-treatment monitoring [127].  

Serological methods are less invasive, requiring only a finger prick blood sample from participants. 

Control programmes often utilise an enzyme-linked immunosorbent assay (ELISA) to detect IgG4 

antibodies to the O. volvulus antigen Ov16 [40]. Ov16 assays provide a more sensitive measure of 

exposure to O. volvulus parasites than parasitological surveys and consequently have greater use in 

the latter stages of elimination programmes [42]. However, Ov16 assays are unable to distinguish 

current infections from historical exposure [128]. Skin snips may therefore be needed to confirm 

whether Ov16 positive individuals have an active infection.  

Molecular xenomonitoring (MX), the detection of parasite nucleic acid in vector insects, is a third 

surveillance option. The detection of O. volvulus DNA in the Simulium spp. black fly vectors of 

onchocerciasis can be used as a proxy indicator for parasite presence in the human population. The 

PCR-based diagnostic O-150 can detect O. volvulus DNA in pools of more than 100 flies, while an 

algorithmic tool can be used to reliably predict the proportion of vectors containing parasite DNA 

(hereafter defined as ‘MX rate’) from the pooled results [66, 129]. Furthermore, the dissection and 

screening of black fly heads can be used to determine the proportion of flies containing infective 

stage larvae. A minimum of 6,000 black flies must be screened and confirmed negative to assure the 

upper bound of the 95% confidence interval for infectivity is below 0.05% (or 0.1% of parous flies, 

assuming a parity rate of 50%) and provide sufficient certainty that transmission has been 

interrupted [42]. MX overcomes many of the challenges associated with parasitological and 

serological surveillance as it measures current infections and does not require invasive sampling.  
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Currently, MX is recommended for onchocerciasis programmes aiming to demonstrate interruption 

or elimination of transmission [42]. MX may also become a valuable surveillance tool at earlier 

stages of control programmes, particularly if the results could be used to approximate the 

prevalence of onchocerciasis in the human population.  

The development of the guidelines for onchocerciasis surveillance in elimination settings was 

supported by an unpublished review which based its conclusions primarily on the reports of two 

longitudinal observational studies [42]. In the years since the guidelines’ publication, several foci 

have eliminated onchocerciasis and new studies have been published that add to this data. In 

addition, the existing review did not provide a comparative analysis of MX against other surveillance 

methods. Consequently, the sensitivity of MX for identifying onchocerciasis-positive communities 

and the relationship between MX rates and mf prevalence is poorly understood.  

Aims and objectives 

The overall aim of this review was to evaluate the diagnostic accuracy of MX methods for 

characterizing the community burden of onchocerciasis. The primary objective was to assess the 

sensitivity of MX for detecting onchocerciasis-positive areas and explore the factors that affect this 

sensitivity. A secondary objective was to evaluate the relationship between mf prevalence and MX 

rates, specifically exploring whether MX rates can predict whether mf prevalence is greater or lower 

than 1%.  

Methods 

We conducted a systematic review and meta-analysis following the Preferred Reporting Items for 

Systematic Reviews and Meta Analyses guidelines [130]. The methods followed a protocol adapted 

from a recent review evaluating the accuracy of MX for lymphatic filariasis surveillance [131] and 

registered with the PROSPERO international database of prospectively registered systematic reviews 

in health and social care (CRD42021229511). 

Search strategy 

We conducted an electronic search of five bibliographic databases incorporated into EBSCO host 

(CINAHL Complete, MEDLINE Complete, Global Health, eBook Collection, Global Health Archive) for 

records published up to 7th January 2021. A complete description of the search terms is provided in 

Appendix 3.1.  
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Inclusion and exclusion criteria  

Primary research articles were suitable for inclusion if they a) report the MX rate from wild-caught 

black flies and b) reported the human mf prevalence in the same area where black flies were 

collected.  

For the reporting of MX rate, we placed no limitations on the species of black fly collected, methods 

used for black fly collection or molecular methods used for the detection of parasite genetic 

material.  We included studies where MX methods were used to detect genetic material of any 

parasite life stage or infective parasites only, but we considered these outcomes to be distinct and 

analysed them separately. For the reporting of human mf prevalence, we included studies that 

collected and screened skin snip samples from the entire sampled population, as well as studies that 

used serological methods to detect individuals positive for antibodies and subsequently screened 

skin snips from each antibody-positive individual to confirm the mf prevalence in the overall 

sampled population. Accordingly, we also included studies that used serological methods and found 

zero antibody-positive cases, considering the mf prevalence to also be zero. We excluded studies 

where measurements of MX rate and mf prevalence were taken more than 18 months apart, or if 

MDA was distributed in the study area between the two time points. 

Selection of studies and data extraction 

We screened the titles and abstracts of articles identified by the search and then screened the full 

texts of potentially relevant studies to identify those meeting the inclusion criteria. Using a prepared 

proforma, we extracted data on the geographical setting, study objectives, MDA history and 

methods used for sampling and screening of black fly and human populations. In the event of 

missing data, we made efforts to contact study authors for further information.  

We extracted information at the smallest reported level, eg. individual villages within a district, if 

available. For each study area, we recorded the number of humans and black flies screened, 

measures of the biting density, mf prevalence, and MX rate. If data were presented graphically, we 

digitized the figures to obtain numerical values using the graph digitizing software 

WebPlotDigitizer (automeris.io/WebPlotDigitizer) and, where necessary, calculated the MX rate 

from the reported data using PoolScreen v2.0 [93].  

  

https://automeris.io/WebPlotDigitizer
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Assessment of methodological quality  

We reviewed the methodological quality of included studies using an established tool for evaluating 

the quality of MX accuracy studies based on the QUADAS-2 tool [94, 131]. The five criteria used to 

assess methodological quality were: whether the researchers interpreting the mf prevalence results 

were blinded to the MX rate results; whether the researchers interpreting the MX rate results were 

blinded to the mf prevalence results; whether there was a delay between MX and mf surveys; 

whether MX and mf surveys adequately targeted the same communities; and whether methods 

used were consistent across sampling timepoints. We further evaluated the applicability of human 

and black fly populations surveyed in each study in terms of their suitability for representing the 

overall human and black fly populations in the surveyed areas. For each criteria, studies were graded 

as high, low or unclear risk based on pre-determined specifications (Appendix 3.2).  

Evaluation of sensitivity of MX 

We evaluated the sensitivity of MX using standard methods for assessing diagnostic test accuracy 

adapted for the community-level detection of MX. We treated study areas as the unit of 

observation, and for each study area used binary measures of the presence/absence of mf-positive 

humans and presence/absence of black flies positive for O. volvulus DNA as the reference standard 

and index test results, respectively.  For each study, we calculated the number of study sites that 

were true positives (+index; +reference), true negatives (-index; -reference), false positives (+index; -

reference) and false negatives (-index; +reference). We calculated the sensitivity of MX as true 

positives / (true positives + false negatives). We plotted the sensitivity observed in each study in a 

Forest plot. As the dataset was too limited for our proposed analyses to determine an overall 

estimate of sensitivity and explore the factors affecting it, we provided a narrative summary of 

studies with reduced sensitivity.     

Evaluating the relationship between mf prevalence and MX rate  

We conducted a linear regression to evaluate the relationship between mf prevalence and MX rate. 

We considered black fly biting density as a potential covariate and weighted the regression by black 

fly sample size. Forwards stepwise multiple linear regression methods were used to select the most 

suitable set of explanatory variables based on Akaike Information Criterion, using the stepAIC() 

function in the ‘MASS’ package of R version 3.6.2.  
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Results 

Search Results 

The electronic search strategy identified a total of 413 records. A total of 22 records corresponding 

to 15 unique studies met the inclusion criteria for the review [132-152]. Of these, 20 records 

corresponding to 13 unique studies were suitable for inclusion in the quantitative analysis (Figure 

3.2).  

 

 

Figure 3.2 - Flowchart showing the article selection process 
 

 

Characteristics of included studies  

Included studies were conducted across a variety of geographical settings (Table 3.1). Almost all 

studies were conducted in areas in advanced stages of the elimination programme, with thirteen 

conducted with the objective of demonstrating transmission suppression or verifying elimination of 

transmission. None aimed to compare MX surveillance with epidemiological indicators.
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Table 3.1 - Characteristics of studies and study sites included in the reviews’ quantitative analyses. Abbreviations: mf – ‘microfilaria’; pppts – ‘per person per transmission 
season’; pppy – ‘per person per year’. 

 

Study [Reference] Country  No. sites 
(timepoints) 

No. humans 
screened 

Human mf 
prevalence (%) 

Black flies 
screened 

Black fly 
pool size 

Biting density 

Botto 2016 [132] Venezuela 3 Not stated 2.0 to 7.3% 27,666 200 13,048 to 130,143 bites pppts 

Cruz-Ortiz 2012 [134] Guatemala 1 3,118 0.0% 8,252 50b 5,765 bites pppts 

Evans 2014 [136] Nigeria 6 2,197 0.0 to 0.6% 1,568 100 700 bites ppptsa  

Guderian 1997 [137] Ecuador 1 (2) 458 0.0 to 64% 20,000 50 10,710 bites ppptsa 

Katabarwa 2020a [140] Sudan, Ethiopia 6 10,903 0.0% 74,891 200 Not reported 

Katabarwa 2020b [141] Uganda 1 2,953 0.0% 854 100 37 bites pppy 

Komlan 2018 [142] Togo 3 437 2.9 to 10% 4,475 25 15,519 bites pppy 

Lindblade 2007 [143] Guatemala 1 4,127 0.0% 11,621 50 2,380 bites pppts 

Nicholls 2018 [144] Colombia 1 (2) 375 0.0 to 0.85% 16,065 50b 2,919 to 73,958 bites pppts 

Rodriguez-Perez 1999 [146, 147] Mexico 1 226 13.0% 10,550 50 Not reported 

Rodriguez-Perez 2013 [148-150, 153] Mexico 4 (2); 2 (1) >1,150 0.0 to 16% >80,000 50 13,824 to 72,794 bites pppts  

Traore 2012 [135, 154] Mali, Senegal 3 (2) 16,966 0.0 to 0.1% 492,600 300b 8,300 to 13,950 bites ppptsa 

Zarroug 2016 [138, 139, 152] Sudan 1 (3) 6,244 0.0 to 0.5% 65,951 100 Not reported 

Footnotes: 
a
 Unpublished information estimated by reviewers from available study data 

b
 Unpublished information obtained through personal communication with study authors 
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A detailed report of each study’s survey methodology is presented in Appendix 3.3.  The included 

studies exclusively used human landing catches to collect black flies. Four studies screened pools of 

fly abdomens or whole carcasses and four studies screened pools of fly heads. Seven studies 

dissected fly heads from the bodies prior to DNA extraction and screened the bodies initially, with 

heads screened only if positive bodies were identified.  

Across the 15 included studies, matched MX and mf survey data were available for 34 distinct areas, 

ranging in size from district to village level. The median number of people surveyed in each area was 

352.5 (range 20 to 5,266). The median number of black flies screened per study area was 10,525 

(range 110 to 122,100) with a median sampling effort of 1,210 hours per study area (range 77 to 

8,032). A summary of the timing and outcomes of MX and epidemiological surveys that were 

conducted during each study is provided in Figure 3.3. Although many studies presented data 

collected using a variety of surveillance methods throughout the elimination process, only one study 

provided matched MX and mf data with a minimum of three sampling timepoints [152].  

 

Assessment of methodological quality  

Overall, there were few concerns about methodological quality across the included studies. In most 

studies, the mf and MX surveys were conducted within six months of one another. Two studies 

reported a combined result from MX surveys that were conducted over several years, during which 

time MDA had continued to be implemented biannually, and it was therefore not possible to extract 

paired mf and MX data from a single timepoint [133, 145]. The data from these studies were 

therefore excluded from the review’s quantitative analyses. In four studies, the MX survey sampling 

points were limited in number and not matched to the specific villages in which mf surveys took 

place. Additionally, there were few concerns about applicability of the black fly populations screened 

by the included studies. Five studies limited their mf surveys to children and may therefore have 

reduced applicability to the overall human population. One study encountered challenges with 

participation in the last round of skin snip surveys with several entire villages refusing to take part. 

The absence of data from these villages was considered to reduce the applicability of the dataset. A 

summary of the quality assessments for each included study is provided in Fig 3.4. Details of the 

reasons given for each judgement are provided in Appendix 3.4.   
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Figure 3.3 - Summary of the timing and outcomes of entomological and parasitological surveys conducted 
during the time period of the included studies. Abbreviations: mf – ‘microfilaria’; MX – ‘molecular 
xenomonitoring’  
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Figure 3.4 - Summary of assessments of methodological quality 
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Evaluating the sensitivity of MX 

Estimates of the sensitivity of MX for each of the included studies are shown in Figure 3.5. The 

quantitative data extracted from each included study is available in Appendix 3.5. 

Across the nine studies that screened whole carcasses or fly abdomens, mf-positive individuals were 

detected in 15 areas, of which positive flies were detected in eight (53.3%). Across the five studies 

that screened fly heads separately from abdomens, mf-positive individuals were identified in two 

study areas, of which positive heads were identified in both. 

 

 

Figure 3.5 - Forest plot summarising the sensitivity of MX of black flies, whether screening whole 
carcasses/abdomens or fly heads only, for the detection of communities that were positive for onchocerciasis as 
determined by human microfilaria prevalence surveys. Abbreviations: TP (True Positives), FP (False Positives), FN 
(False Negatives), TN (True Negatives). 

 

Overall, six studies detected positive flies in every study area in which mf-positive individuals were 

found [137, 142, 144, 146, 148, 152]. In four studies, MX also detected positive flies in areas where 

no mf-positive individuals were detected [137, 140, 144, 151, 152]. However, there were three 

studies in which MX surveys found no positive flies despite the presence of mf-positive individuals  

[132, 136, 154]. In each case, the surveys were conducted in areas that had undergone a minimum 

of 12 years of MDA. In two of these studies, mf prevalence was below the threshold required to 

interrupt transmission; between 0.05 and 0.13% in Mali and Senegal [154], and 0.59% in Nigeria 

[136].  
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In the latter, the number of black flies sampled was also below the minimum recommendation of 

6,000, with a total of 1,568 flies screened across six study areas. In the third study, the mf 

prevalence varied between 2.0 and 7.3% [132]. The study was conducted in the Amazon region of 

Venezuela, a challenging focus where the indigenous Yanomami population are highly migratory. 

Personal communication with the study authors suggested that this could have resulted in the 

detection of human cases and simultaneous collection of flies in areas other than where 

transmission occurred.  

Correlation between MX rate and mf prevalence 

Across the nine studies that screened fly abdomens or whole carcasses, mf prevalence was 

significantly associated with MX rate, though a large proportion of the variation between 

measurements of MX rate remained unexplained (R2 = 0.50, p < 0.001) (Fig 5). The inclusion of black 

fly biting density as a covariate did not improve the predictive power of the model.  

 

 

Figure 3.6 - Linear regression model demonstrating the relationship between human microfilaria prevalence of 
onchocerciasis parasites and MX rate when screening black fly abdomens or whole carcasses 

 

Very few MX surveys were conducted in areas with mf prevalence near the threshold of 1%, 

preventing any analyses to determine the suitability of MX for predicting mf prevalence above or 

below this threshold. A total of six study areas reported a mf prevalence between zero and 1.0%, 

with four of these falling below 0.15%. No study areas reported a mf prevalence between 1.0 and 

2.0%.    
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Data were insufficient to analyse the relationship between the MX rate in fly heads and mf 

prevalence in humans. 

Discussion 

The utility of MX is currently restricted by an inability to interpret MX results in the context of the 

disease indicators that guide programme decisions. The aim of this review was to evaluate the 

suitability of MX for a range of programmatic goals. 

With the exception of the Amazonian focus, MX detected positive flies in every study area in which 

the mf prevalence was greater than 1%. Given onchocerciasis transmission is considered 

unsustainable below this threshold, the reduced sensitivity of MX observed in communities with mf 

prevalence well below 1% may be operationally unimportant [126]. Furthermore, there were several 

study communities identified as onchocerciasis-positive by MX that were not detected by mf 

surveys. Such instances may indicate the detection of individuals with potentially high mf levels that 

do not participate in MDA programmes or skin snipping surveys and otherwise present a challenge 

to control programs. Overall, this evidence exhibits the strengths of MX in identifying areas of 

ongoing transmission and supports the existing recommendations for MX use to determine whether 

transmission has been interrupted and for post-treatment surveillance [42]. However, these 

conclusions are drawn from an extremely limited data set where very few study areas were mf 

positive, preventing a precise estimate of the sensitivity of MX.  

The failure to detect positive flies in the Amazonian focus may be due to the migratory behaviour of 

the human population, which makes the comparison of entomological and epidemiological surveys 

in the region difficult. However, there could be several potential explanations for observing 

unexpected MX results. MX sensitivity may be affected by the sample size or species composition of 

collected black flies, with different species exhibiting distinct ecological, behavioral, and vectorial 

capacity traits. Unfortunately, we were unable to quantitatively evaluate the degree to which these 

variables influenced sensitivity.  

Our secondary analysis shows evidence of a linear relationship between MX rate and mf prevalence. 

These findings demonstrate potential of MX to aid control programmes at earlier stages of progress 

towards elimination, for example when monitoring the impact of treatment, without conducting 

invasive surveys. Half of the observed variation in MX rate across the studies was explained by 

variation in human mf prevalence, indicating a correlation between mf and MX rates similar to that 

seen for lymphatic filariasis [131].  



 

54 
 

The remaining variation may be explained by differences in geographical setting and sampling 

methods between the included studies. While evidence from lymphatic filariasis studies suggests 

that a greater correlation will be observed in a given setting with consistent sampling methodology 

[131], there was a lack of data from longitudinal studies to validate this observation for 

onchocerciasis. In addition, we were unable to evaluate the accuracy of MX for determining whether 

a community mf prevalence is greater or lower than 1% due to the absence of data from areas at or 

near this threshold.   

Data comparing MX surveys with concurrent parasitological surveys across a greater range of 

transmission levels would strengthen our certainty in the existing recommendations and help inform 

our interpretation of MX results for other programmatic goals. Collection of such data could be 

facilitated by control programmes utilizing MX methods earlier in the elimination pathway. Other 

areas for future research include improving the sustainability of MX, for example through the 

development of a sampling strategy that does not depend on human landing catches. Though this 

has been the primary method for sampling black flies for decades, concerns over the time-

intensiveness, inefficiency and, in particular, the ethical suitability of such methods have led to calls 

for novel methods for sampling black fly vectors to be developed [155].  As each of the studies 

included in this review depended on human landing catches, we are currently unable to say with 

certainty whether MX would still be expected to detect onchocerciasis-positive communities if 

alternative vector trapping methods were used. 

Conclusions and recommendations  

The sensitivity of MX in areas of ongoing onchocerciasis transmission supports the current 

recommendations for MX use in elimination settings. While a large degree of variation in MX rates 

could not be explained by mf prevalence alone, evidence of a relationship between the two variables 

provides scope for expanding the utility of MX in future to include predicting the prevalence of 

disease and monitoring the impact of treatment. To improve our understanding of the potential of 

MX to meet these programmatic goals, valuable information will come from control programmes 

that utilise MX methods earlier in their progress before transmission has been interrupted.   
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Chapter Four: Exploring the impact of sampling strategy on 
MX results  
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Chapter Outline  

This chapter summarises the variety of different MX sampling strategies that may be used for the 

surveillance of LF, including collection methods, sampling intensity, target species and sample type. 

Using data from previously-conducted studies, meta-analytical methods are used to estimate the 

impact that choices between strategies may have on MX results.  

 

Background 

In Chapter 2, a significant relationship was identified between MX rates for LF and the corresponding 

human mf prevalence. When combining data from studies that were conducted in different settings 

and using different methodology, approximately 50% of the observed variation in MX rate remained 

unexplained. However, there was much less unexplained variation in MX rates when looking 

exclusively at longitudinal studies that used consistent sampling methodology over time. A potential 

explanation for this finding is that differences in sampling methodology and geographical location 

can lead to variation in measurements of MX rates, even when there is comparable human mf 

prevalence and equivalent mosquito sample sizes are collected. Consequently, current WHO 

recommendations that provide a target mosquito sample size alone may not be enough guidance for 

LF control programmes looking to implement MX [18]. Developing appropriate, setting-specific 

guidelines for sampling mosquitoes requires an understanding of the range of collection strategies 

that are available for MX and how choices between these strategies influence the rates at which 

parasite DNA is detected.    

One important factor that may be expected to contribute to variation in this rate is the collection 

method used for sampling mosquitoes. As discussed in Chapter 1, there are numerous methods 

available for trapping and collecting adult mosquitoes that have been used for the purposes of 

xenomonitoring for LF. Each method is designed to exploit a specific process in the gonotrophic 

cycle, and consequently, each of these methods can be expected to predominantly (though not 

exclusively) collect mosquitoes from a specific stage of this cycle. For the purposes of this review, 

these methods have been broadly categorised into three groups.  First, there are “fed” collection 

methods, those which primarily target recently blood-fed mosquitoes. These include Indoor Resting 

Catches (IRC) (Figure 4.1), where mosquitoes are collected from their indoor resting places either by 

direct aspiration or through the use of Pyrethrum Spray Collection (PSC) methods, where insecticide 

is sprayed on the walls in order to collect knocked-down mosquitoes [90]. Exit Traps (ET), which are 

fixed to windows and collect mosquitoes as they attempt to leave the building, are also an example 

of fed collection methods [71] (Figure 4.2).  
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Figure 4.1 - Resting mosquitoes collected using a mouth aspirator (left; WHO EMRO [156]), battery-powered 
Provopak aspirator (centre; JW Hock [157]), and CDC backpack aspirator (right; Kreppel et al., [158]) 

 

 

 

Figure 4.2 - Diagrams demonstrating the placement and intended use of a Window Exit Trap (left and centre; 
WHO 1995 [159]) and a Window Exit Trap in use in Dar Es Salaam, Tanzania (right; Govella et al., [160]) 

 

 

Second, there are “gravid” collection methods, ie. gravid traps, which lure and trap gravid females 

seeking a site to oviposit (Figure 4.3) [161]. Finally, there are “unfed” collection methods, those 

which aim to trap mosquitoes that are actively looking for a bloodmeal by exploiting their host-

seeking behaviour (Figure 4.4). Commonly-used unfed collection methods include light traps (LT) 

[162], odour baited-traps - such as the BioGents sentinel (BG-S) trap [163, 164] - and human landing 

catches (HLC), in which mosquitoes are lured to a human volunteer and caught as they land to take a 

blood meal [165]. As the presence of parasite DNA in the mosquito is assumed to be dependent on a 

previous bloodmeal having been taken from an LF-infected host, blood-fed or gravid mosquitoes 

have a greater risk of exposure than unfed mosquitoes [71]. “Unfed” collection methods might 

therefore be expected to yield a lower MX rate than fed or gravid collection methods. 
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Figure 4.3 - Biogents BG-GAT 2 gravid trap for Aedes mosquitoes (left; Biogents [166]) and CDC Gravid Trap with 
description of key components (right; amended from JW Hock [157]). 

 

 

 

Figure 4.4 - Light-baited CDC Light traps (left; CDC [167]) Odour-baited BG-Sentinel 2 Trap with description of 
key components (centre; Biogents [166]) and a human volunteer using himself as bait to collect mosquitoes as 
they land to take a bloodmeal (right; Degefa et al. [168]) 

 

 

A second factor that may affect the rate at which parasite DNA is detected in the mosquito 

population is the intensity of the sampling protocol. LF is a highly focal disease [169]. As local 

transmission is influenced by a combination of environmental, climatic, and socioeconomic 

conditions, small hotspots of high transmission can persist in districts that have very low 

transmission overall [170, 171]. The likelihood of detecting a positive mosquito may therefore be 

expected to increase when increasing the number of sampling locations, for example, a higher 

proportion of villages per district, or a higher proportion of houses per villages. Similarly, when 

considering the potential seasonality of LF transmission, increasing the frequency of collections – 

without changing the total number of mosquitoes collected - may increase the likelihood of 

detecting a positive mosquito [172]. 
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A third potential factor that may influence MX rates is the predominant species of mosquitoes 

collected. For example, MX rates may be expected to be higher in mosquito species that act as 

vectors for the disease than those that do not. In competent vectors, mf that have been ingested 

from an infected host can begin to develop into infective stage larvae, a process that takes a 

minimum of 10-12 days, and DNA of the parasite may be detectable for the remainder of the 

mosquito’s life [71, 173]. In incompetent vectors, however, parasite DNA often undergoes a rapid 

expulsion that is completed within 48 hours of the initial ingestion [80]. Due to the longer window of 

detection in competent vectors, MX rates may be expected to be higher in vector species than non-

vectors. Another consideration that may cause variation in MX rates between mosquito species is 

the difference in the size of bloodmeals taken; Cx. quinquefasciatus has been shown to ingest 

around twice as many W. bancrofti mf as Ae. aegypti under experimental conditions [72]. 

Differences in biting behaviour may also be significant. More anthropophilic species, such as An. 

gambiae, will likely have greater exposure to parasite DNA than those that feed from a variety hosts, 

as may those with a greater tendency to take several incomplete bloodmeals and therefore feed 

from a greater number of hosts per gonotrophic cycle [72-74].  

Finally, once collected, mosquitoes can provide different sample types for molecular detection of 

parasite DNA. The most commonly-used method is to extract DNA from homogenised pools of 

mosquito carcasses [131]. However, an alternative method has recently been developed based on 

the collection of mosquito excreta/faeces (E/F) from pools of mosquitoes using a superhydrophobic 

cone [174, 175]. In both cases, Poolscreen software can be used to estimate the prevalence in the 

mosquito population from the pooled results using algorithmic methods [93]. The primary 

advantage of E/F collection over carcass screening is the improved ratio of parasite to mosquito 

DNA, allowing a greater number of mosquitoes to be pooled and ultimately reducing the amount of 

time and reagents needed to process equivalent numbers of mosquitoes [174]. However, it is 

currently unknown whether the number of mosquitoes needed to be screened to have confidence in 

the absence of LF will differ when using E/F samples to when screening carcasses. Evaluating the 

suitability of current sample targets for E/F-based surveillance requires an understanding of the 

relationship between the mosquito prevalence when estimated from E/F with that estimated from 

mosquito carcasses.  
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In addition to these four factors, several recent studies have demonstrated the ability to detect in 

mosquitoes the DNA of pathogens that are circulating in the human population but are not vectored 

by mosquitoes [79, 80, 174]. Given that multiple vector-borne diseases often co-exist in a single 

transmission area, the findings of these studies provide optimism for the potential of collecting 

mosquitoes – or other blood-feeding insects – as a single sampling target for the integrated 

surveillance of multiple diseases [15, 57]. However, a key obstacle to the use of mosquito 

surveillance for informing non-mosquito borne disease control programmes will lie in the 

interpretation of rates of parasite detection in mosquitoes. An understanding of the relationship 

between MX rates in non-vector mosquitoes and equivalent rates in vector insects would help with 

this interpretation and ultimately aid the development of a mosquito sampling strategy that is 

appropriate for the surveillance of non-mosquito-borne diseases.     

 

Aims and objectives 

The overall aim of this systematic review was to determine the influence of sampling strategy on MX 

rates. The specific objectives were to compare MX rates when measured using two or more different 

methods from within the following five categories:         

(1) Mosquito collection methods: “Fed” vs. “gravid” vs. “unfed” collection methods 

(2) Sampling intensity: High intensity strategy vs. a less intensive sampling strategy  

(3) Mosquito genera: Anopheles vs. Culex vs. Mansonia vs. Aedes vs. Armigeres 

(4) Mosquito sample type: Carcass vs. E/F  

(5) Vector insects vs. Mosquitoes (for MX rates of parasites not transmitted by mosquitoes).  

 

Methods 

This systematic review followed the Preferred Reporting Items for Systematic Reviews and Meta 

Analyses (PRISMA) guidelines [130] using pre-determined methods from a protocol registered with 

the PROSPERO international database of prospectively registered systematic reviews in health and 

social care (CRD42020200351). 
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Criteria for considering studies for this review 
 

Types of studies 

Any cross-sectional or longitudinal study design was considered suitable for inclusion if it utilised 

two or more collection strategies to sample wild mosquito populations and used molecular methods 

to measure and report the MX rate for at least one filarial worm of human health importance.  

Types of conditions  

We included studies that reported the mosquito prevalence of genetic material from the causative 

agents of LF (W. bancrofti, B. malayi, B. timori), onchocerciasis (O. volvulus) or other filarial diseases 

of human importance (L. loa, M. perstans, M. ozzardi, M. streptocerca). 

Types of participants 

We included studies that screened wild mosquitoes collected from any areas where transmission of 

at least one filarial worm of human health importance was occurring or believed to be potentially 

occurring. Mosquitoes of any genera were suitable for inclusion. 

To evaluate the use of mosquitoes for surveillance of non-mosquito-borne filarial parasites, we 

included studies that reported the prevalence of genetic material of O. volvulus, L. loa, or 

Mansonella parasites in samples of their typical vector insects as well as mosquito populations.  

Types of sampling methods  

For inclusion, studies were required to report separate MX rate results when measured using at least 

two alternative sampling methods. The following types of comparisons were considered suitable for 

inclusion:  

(1) Collection methods: “fed” sampling strategies – those that primarily target recently blood-

fed mosquitoes (eg. IRC) vs. “unfed” - those that target host-seeking mosquitoes (eg. HLC) 

vs. “gravid” - those that target gravid mosquitoes (eg. GT) 

(2) Sampling intensity: High intensity strategy vs. a less intensive sampling strategy (eg. Every 

household in the village vs. 10% of households; nightly collections vs. monthly collections) 

(3) Mosquito genera: Anopheles vs. Culex vs. Mansonia vs. Aedes vs. Armigeres 

(4) Mosquito sample type: Carcass vs. excreta/faeces  

(5) Vector insects vs. mosquitoes (for MX rates of parasites not transmitted by mosquitoes).  

We included studies that used any molecular methods to detect parasite genetic material, including 

PCR, genetic sequencing or loop-mediated isothermal amplification (LAMP).  
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Search methods for identification of studies  

Electronic Searches  

Using the EBSCO host platform, we concurrently searched five bibliographic databases (CINAHL 

Complete, eBook Collection, Global Health, Global Health Archive and MEDLINE Complete) for all 

records up to 9th July 2020. The search strategy followed that of Chapter 2, and is presented in 

Appendix 2.1.  

Searching other resources  

To identify further potentially-relevant studies, we contacted authors with related publications and 

checked the reference lists of included studies. 

 

Data collection and analysis  

Selection of studies  

The titles and abstracts of all articles identified by the literature search were screened, removing 

those obviously unsuitable for inclusion. The full‐text articles of potentially relevant studies were 

then read and evaluated against a proforma to identify those that matched the above-described 

inclusion criteria. The reason for exclusion of any studies was recorded and described in a PRISMA 

diagram.  

Data extraction and management 

We extracted the following information for each included study: 

 Study design and objectives  

 Study setting: Location and time of study, epidemiological background, size of study area, 

population covered, history of MDA and other interventions 

 Parasite(s) of interest and primary vector(s) 

 Sampling methods: For each sampling strategy providing a comparison for the review, we 

recorded the sampling strategy, frequency/timing of sampling, trapping methods used, 

species and sample type screened, extraction and molecular detection methods, number of 

samples tested, pool size, estimated proportion positive for parasite genetic material and 

associated 95% confidence intervals.   

Where studies reported outcome data broken down by sub-units of the overall geographical area 

included in the study, eg. individual villages within a district, we extracted the information at the 

smallest-available level.  
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Dealing with missing data 

Where estimates of the MX rate and associated 95% CI were not reported, we calculated these 

where possible using the available reported data. If mosquitoes were screened individually, we 

calculated the MX rate and associated 95% CI from the number of positive mosquitoes and total 

number screened using software based on the E. B. Wilson method and available 

at http://vassarstats.net/prop1.html [95]. Where mosquitoes were screened in pools, we estimated 

the MX rate and 95% CI from the total number of mosquitoes screened, the size of the pools, and 

the proportion of pools that were positive using Poolscreen v2.0 [93]. If the sizes of individual pools 

were not reported, we used the mean pool size for Poolscreen calculations. 

Assessment of methodological quality  

The methodological quality of the included studies was assessed using the QUADAS‐2 tool for 

evaluating the methodological quality of diagnostic test accuracy studies [94]. The tool was adapted 

for evaluation of community-level surveillance methods and an a priori rating guideline was 

developed (Appendix 4.1). 

 

Statistical analysis and data synthesis 

Measures of treatment effect  

We used rate ratios (RRs) to compare MX rates recorded when different sampling strategies were 

utilised, and presented all results with their associated 95% CIs. All RRs and 95% CIs were calculated 

using Review Manager 5 (Review Manager 2020).    

Adjustments for mosquitoes screened in pools 

When screening mosquitoes in pools, PoolScreen software considers the number of pools screened, 

size of the pools and number of pools positive to estimates the overall prevalence. The software also 

estimates appropriate 95% CIs that are wider than those calculated if the same number of 

mosquitoes had been screened individually. This accounts for the extra uncertainty when screening 

in pools.  

For the analyses conducted in Review Manager, inputting the total numbers of mosquitoes screened 

would have ignored this extra imprecision, resulting in artificially narrow confidence intervals for the 

estimates of MX rate, and of the difference in MX rates between methods. To ensure that the extra 

uncertainty coming from pooled data was reflected in the review’s analyses, an adjustment to the 

extracted data was required before inputting into Review Manager. 

http://vassarstats.net/prop1.html
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We used the estimates of prevalence and confidence intervals from PoolScreen to calculate the 

‘effective sample size’ – ie. the equivalent number of mosquitoes that, if screened individually, 

would have created the same degree of confidence in the estimates of prevalence.       

The calculation used was based on the below equations for calculating the standard error of the true 

proportion (SE) and 95% CIs from the observed proportion positive (P) and total number sampled 

(N): 

(1) 𝑆𝐸 = √
𝑃(1−𝑃)

𝑁
 

(2) 95% 𝐶𝐼 = 𝑃 ± (𝑆𝐸 × 1.96) 

We calculated effective sample sizes (EN) from the estimated values of P and upper confidence 

interval (UCI) given by PoolScreen, as below: 

(3) 𝑆𝐸 =
(𝑈𝐶𝐼−𝑃)

1.96
 

(4) 𝐸𝑁 =
𝑃(1−𝑃)

[(𝑈𝐶𝐼−𝑃)/1.96]2 

Where 0 positives were found (P = 0.0%), we transformed 0.0% to 0.1% for calculations of effective 

sample size.  

 
 
Data synthesis 

We performed meta-analyses using a generic inverse variance model in Review Manager 5. Where 

heterogeneity was absent or moderate (<60%), we used a fixed‐effect meta‐analysis to combine 

data. If heterogeneity was considerable or substantial (≥60%), we used a random-effects meta-

analysis [176].   

Subgroup analyses and investigations of heterogeneity  

To explore reasons for substantial heterogeneity, we performed subgroup analyses by filarial 

parasite species, genera of the study site’s primary vector species (eg. Culex vs Anopheles), and 

specific trapping methods used (eg. Indoor resting catch vs exit traps). We performed Chi² tests to 

test for significant differences between subgroups, using a cut-off of P<0.1.  

Sensitivity analyses 

We performed sensitivity analyses to evaluate the effect of exclusion of trials that had a judgement 

of high risk of bias for any of the QUADAS-2 domains.  
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Assessment of reporting biases 

Where 10 or more studies were included in a meta‐analysis, we investigated the risk of publication 

bias using funnel plots, assessing the funnel plot visually for asymmetry [177].  

Certainty of the evidence 

We assessed the certainty that the true differences between sampling methods lie close to those 

estimated by our meta-analyses using the GRADE approach [178]. As all the included studies were 

observational studies, the evidence for each outcome started as low certainty, but could be 

downgraded further due to concerns in any of the following five domains: risk of bias, imprecision, 

inconsistency, indirectness, and reporting bias [179].  

The certainty could be upgraded if there was a large magnitude of effect, or if all confounding 

factors would be expected to decrease the magnitude of effect. However, the certainty could only 

be upgraded if there were no concerns in any of the other domains [180]. 

 

Results  

Results of the search  

We identified 1003 records through the electronic search and three records through contact with 

study authors. After removal of duplicates, 335 records were screened. Of these, 94 potentially-

relevant records were identified for full-text screening. A total of 17 records described studies that 

met the review’s inclusion criteria (Figure 4.5). The most common reason for excluding a study was 

due to it not providing a comparison between sampling strategies (n=57), with either a single 

collection method being used, or a single overall MX rate being reported from a combination of 

collection strategies used.  
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Figure 4.5 - PRISMA diagram summarising the search and screening results 

 

Characteristics of included studies  

Of the 17 included studies, nine were conducted in Africa (Sierra Leone and Liberia, Egypt, Tanzania, 

Guinea, Nigeria, Cote D’Ivoire and three in Ghana), five were conducted in Asia (India, Sri Lanka and 

three in Indonesia), two in the Pacific (Papua New Guinea, American Samoa) and one in the 

Americas (Brazil). The characteristics of the included studies are summarised in Table 4.1.  

The mean number of mosquitoes screened across the included studies was 8,145 (range 280 to 

57,357). All included studies screened collected mosquitoes for lymphatic filariasis parasites, with 14 

screening for W. bancrofti, two for B. malayi and one for B. timori. One study additionally screened 

mosquitoes for the non-mosquito-borne filarial parasite M. perstans (Minetti 2020) [79]. No studies 

screened mosquitoes for any other filarial worm species of human health importance. One study 

additionally screened mosquitoes for the animal filarial parasites Dirofilaria immitis and D. repens 

but these results did not fall within the scope of this review (Dyab 2016) [181].  
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Table 4.1 - Characteristics of included studies 

Abbreviations: HLC: Human Landing Catch; LT; Light Tap; IRC: Indoor Resting Catch; GT: Gravid Trap; BGS: Biogents Sentinel Trap; ET: Exit Trap; E/F: Excreta/Faeces  

 

 

 

Study ID Study location Urban/Rural Parasite of interest Primary vector No. mosquitoes Comparison  

 Comparison 1: Collection Methods 

Bockarie 2000 [182] Papua New Guinea  Rural W. bancrofti An. punctulatus 621 HLC v LT 

Hoti 2002 [183] India  Rural W. bancrofti Cx. quinquefasciatus 4,940 HLC v IRC 

Irish 2015 [184] Tanzania Rural W. bancrofti Cx. quinquefasciatus 5,737 GT v LT 

Opoku 2018 [107] Ghana Rural W. bancrofti An. gambiae s.l. and An. funestus 734 GT v LT v BGS v ET v IRC 

Owusu 2015 [108] Ghana Rural W. bancrofti An. gambiae s.l. 4,500 GT v IRC 

Pam 2017 [109] Nigeria Urban W. bancrofti An. gambiae s.l. 10,528 GT v ET v IRC  

Ramesh 2018 [185] Brazil Urban W. bancrofti Cx. quinquefasciatus 856 IRC v LT 

 Comparison 2: Sampling Intensity 

Rao 2016 [113] Sri Lanka Rural W. bancrofti Cx. quinquefasciatus 57,357 300 v 150 v 75 trap locations  

 Comparison 3: Mosquito genera 

deSouza 2014 [186] Sierra Leone and Liberia Urban W. bancrofti An. gambiae s.l. 16,073 Anopheles v Culex  

Dyab 2016 [181] Egypt  Both W. bancrofti Cx. pipiens 1,600 Aedes v Anopheles v Culex  

Fischer 2002 [100] Indonesia Rural B. timori An. barbirostris 1,266 Anopheles v Culex 

Kouassi 2015 [187] Guinea Urban W. bancrofti An. gambiae s.l. 3,747 Anopheles v Culex 

Mulyaningsih 2019 [188] Indonesia Rural B. malayi Unknown. Typically Mansonia spp. 1,280 Armigeres v Culex v Mansonia 

Schmaedick 2014 [29] American Samoa Rural W. bancrofti Ae. polynesiensis 17,448 Aedes v Culex 

Supriyono 2020 [189] Indonesia Rural B. malayi Unknown. Typically Mansonia spp. 208 Aedes v Anopheles v Culex v Mansonia 

Yokoly 2020 [117] Cote D'Ivoire Rural W. bancrofti An. gambiae s.l.  9,244 Anopheles v Culex 

 Comparison 4: Mosquito sample type 

Minetti 2020 [79] Ghana Rural W. bancrofti 
M. perstans 

An. gambiae s.l. and An. funestus 
Culicoides  

2,331 Carcasses v E/F 

 Comparison 5: Mosquito vs. Non-mosquito vector insect 

 [No studies identified] 
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Methodological quality of the included studies  

A summary of the methodological quality of the included studies is provided in Figure 4.6. No studies 

were considered at risk of study site selection bias: 10 studies described a random sampling process, 

while the remaining seven studies did not describe the sampling process in enough detail to allow a 

judgement and were therefore considered to have an unclear risk of bias.  

The sampling methods used in one study was judged to introduce a high risk of bias when making 

comparisons between different methods (Hoti 2002) [183]. The study compared mosquitoes caught 

by fed collection methods (IRC) with those caught by unfed collection methods (HLC) and screened 

the mosquitoes in different pool sizes for IRC mosquitoes (10) than HLC mosquitoes (50). The study 

also provided a comparison of molecular xenomonitoring methods with traditional methods based 

on microscopic examination of dissected mosquitoes for the detection of larvae. The authors 

observed that molecular screening using pool sizes of 50 led to lower estimates of infection rates 

than when using traditional methods, while pool sizes of 10 led to equivalent detection to traditional 

methods. The reduced sensitivity of molecular methods in this study when using pool sizes of 50 

prevents an unbiased comparison of mosquitoes collected by HLC with those collected by IRC.  

One study was considered at high risk of bias for the flow and timing domain (Minetti 2020) [79]. 

The study provided a comparison between MX rates for W. bancrofti and M. perstans in mosquito 

carcasses and E/F samples. However, carcasses were not processed until after providing a E/F 

sample for approximately 35 hours. As the majority of parasite DNA may be expected to be excreted 

within this timeframe, particularly in the case of M. perstans which is not vectored by mosquitoes, 

this approach may lead to lower parasite DNA detection in carcasses than would be expected had 

the carcasses been processed immediately. Immediately-processed carcasses would therefore have 

provided a less biased comparison with E/F collection methods. 

There were no concerns about the applicability of the study sites sampled or the sampling methods 

used, as all studies were conducted in endemic or potentially-endemic areas and compared 

commonly-utilised mosquito sampling methods. A detailed summary of the judgements of 

methodological quality and rationale behind them for each study is provided in Appendix 4.2.  
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Figure 4.6 - Summary of the results of the methodological quality assessment for each study
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Bockarie 2000 L L U L L

Dyab 2016 U L L L L

Hoti 2002 U L H L U

Irish 2015 L L L L L

Kouassi 2015 L L U L L

Minetti 2020 L L L L H

Mulyaningsih 2019 U L L L L

Opoku 2018 U L L L L

Owusu 2015 L L U L U

Pam 2017 L L U L U

Ramesh 2018 L L L L L

Schmaedick 2014 L L L L L

Supriyono 2020 U L L L L

Yokoly 2020 U L U L L

Rao 2016 L L L L L

deSouza 2014 L L L L L

Fischer 2002 U L L L L

Key:

Low risk of bias L

Unclear risk of bias U

High risk of bias H
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Summary of Findings 

Overall, for each comparison, the GRADE working group assessment of the certainty of the evidence 

was considered to be very low.  A summary of the assessments and the justifications for each rating 

are provided in Table 4.2. The data underlying each of these assessments are individually discussed 

in more detail below.  

Table 4.2 - Summary of findings table showing estimates of the effect of a variety of different mosquito 
sampling strategies on MX rate and evaluations of the certainty of the evidence 

Comparison Relative effect 
(95% CI) 

No of Participants 
(studies) 

Quality of the 
evidence 
(GRADE) 

Comments 

Comparison 1: Collection Methods 

'Fed' vs 'Gravid' collection methods 
Rate Ratio 1.54 
(0.46 to 5.16) 

12,711 mosquitoes  
(3 studies) 

⊕⊝⊝⊝ 
Very low 

a, b, c
 

Downgraded for imprecision, 
inconsistency, and indirectness 

'Fed' vs 'Unfed' collection methods 
Rate Ratio 3.53  
(1.52 to 8.24) 

5,167 mosquitoes  
(2 studies) 

⊕⊝⊝⊝ 
Very low 

d, e, f
 

Downgraded for indirectness 
and risk of' bias 

Gravid' vs 'Unfed' collection methods 
Rate Ratio 0.20  
(0.01 to 3.40) 

5927 mosquitoes  
(1 study) 

⊕⊝⊝⊝ 
Very low 

f, g, h
 

Downgraded for serious 
imprecision and indirectness 

Comparison 2: Sampling intensity 

300 vs 150 trapping locations 
Rate Ratio 0.89  
(0.54 to 1.46) 

29,797 mosquitoes  
(1 study) 

⊕⊝⊝⊝ 
Very low 

h
 

Downgraded for indirectness 

300 vs 75 trapping locations 
Rate Ratio 0.90  
(0.54 to 1.51) 

28,624 mosquitoes  
(1 study) 

⊕⊝⊝⊝ 
Very low 

h
 

Downgraded for indirectness 

300 vs 150 trapping locations 
Rate Ratio 1.01  
(0.60 to 1.68) 

27,921 mosquitoes  
(1 study) 

⊕⊝⊝⊝ 
Very low 

h
 

Downgraded for indirectness 

Comparison 3. Mosquito genera 

Anopheles vs Culex mosquitoes: 

 
   - Anopheles-vectored areas  
 
 
   - Culex-vectored areas 
 

 

 
Rate Ratio 6.91  
(1.73 to 27.52) 
 
Rate Ratio 18.00 
(0.77 to 421.57) 

 
 

12,711 mosquitoes  
(3 studies) 
 
475 mosquitoes  
(1 study) 
 

 
⊕⊝⊝⊝ 
Very low 

b, f, i 

 

⊕⊝⊝⊝ 
Very low 

a, h
 

 
Downgraded for imprecision 
and inconsistency 
 
Downgraded for imprecision 
and indirectness 

Comparison 4: Mosquito sample type 

Carcass vs. Excreta/faeces 
Rate Ratio 4.49  
(2.75 to 7.33) 

2,331 mosquitoes  
(1 study) 

⊕⊝⊝⊝ 
Very low 

f, h
 

Downgraded for indirectness 

Footnotes: 
a
 Downgraded for imprecision: The 95% confidence intervals include both no difference and a large difference 

b
 Downgraded for inconsistency: There was substantial heterogeneity that could not be explained by subgroup analyses 

c
 Downgraded for indirectness: All studies were conducted in areas where the primary filariasis vectors belonged to the An. gambiae 
species complex; the findings may not apply to other transmission areas 

d
 Downgraded for indirectness: 92.7% of the weight of the meta-analysis came from a single study; the findings may not apply to other 

transmission areas 
e
 Downgraded for risk of bias: The sampling methods for the main study contributing to the analysis were judged to have a high risk bias as 

mosquitoes collected using fed traps were screened in smaller pool sizes than those collected by gravid traps; this may favour higher MX 
rates in mosquitoes from fed collection methods 

f
 Not upgraded for a large difference due to the presence of concerns in other domains 

g
 Downgraded twice for serious imprecision: 95% confidence intervals includes large differences in favour of each type of collection method 

h
 Downgraded for indirectness: A single study contributed to the meta-analysis; the findings may therefore not apply to other transmission 
areas 

i
 Downgraded for imprecision: though the 95% confidence intervals do not include no effect, they are extremely wide and include both a 

small difference and a very large difference 
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Comparison 1: Collection methods 

 

‘Fed’ vs. ‘Gravid’ collection methods  

Three studies, comprising six study sites, provided comparisons between ‘Fed’ and ‘Gravid’ 

collection methods. Overall, there was a trend towards higher MX rates in mosquitoes collected 

using fed traps than those collected using gravid traps, but this difference was not statistically 

significant (RR 1.54, 95% CI 0.46 to 5.16, Figure 4.7). There was substantial heterogeneity between 

studies (I2 61%). Each of the three studies were conducted in areas where mosquitoes of the An. 

gambiae species complex were the primary vectors of LF. A subgroup analysis by the specific type of 

fed trapping method used (indoor resting catch or exit trap) also failed to explain the heterogeneity 

between studies (Appendix 4.3: Analysis 1.2 and 1.3).  

 

 

Figure 4.7 - Forest plot of comparison 1.1: effect of mosquito collection method (Fed versus Gravid) on MX rate 

 

 

 

 

 

 

 

 

 



 

72 
 

 

‘Fed’ vs. ‘Unfed’ trapping methods  

Two studies, comprising three study sites, provided comparisons between ‘Fed’ and ‘Unfed’ 

collection methods. Overall, MX rates were approximately 3.5 times higher in mosquitoes collected 

using fed traps (RR 3.53, 95% CI 1.52 to 8.24, Figure 4.8). Notably, 92.7% of the weight of the meta-

analysis came from a single study that was considered at high risk of bias (Hoti 2002) [183]. A 

sensitivity analysis excluding this study led to significantly altered results with no difference between 

methods (Appendix 4.3: Analysis 1.5). 

 

Figure 4.8 - Forest plot of comparison 1.2: effect of mosquito collection method (Fed versus Unfed) on MX rate 

 

 

‘Gravid’ vs. ‘Unfed’ trapping methods  

Two studies, comprising three study sites, provided comparisons between ‘Gravid’ and ‘Unfed’ 

collection methods. However, only one site provided evidence from sufficiently large effective 

sample sizes to contribute to the meta-analysis, reporting a higher MX rate in mosquitoes collected 

from unfed collection methods, though this was not statistically significant (RR 0.20, 95% CI 0.01 to 

3.40, Figure 4.9).    

 

Figure 4.9 - Forest plot of comparison 1.3: effect of mosquito collection method (Gravid versus Unfed) on MX 
rate 
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Other comparisons between trapping methods 

One study provided comparisons between human landing catch and light trap methods, and 

between light trap-caught mosquitoes that were alive on inspection with those that had already died 

(Bockarie 2000) [182]. No significant difference was observed in either comparison (Appendix 4.3: 

Analysis 1.7 and 1.8). 

 

Comparison 2: Sampling intensity  

No studies provided a comparison of different longitudinal collection intensities (for example nightly 

collections vs monthly collections). One study provided a comparison based on density of trapping 

locations on W. bancrofti detection rates (Rao 2016) [113]. The study was conducted on a 

programmatic level across two separate study regions with a combined 150,000 inhabitants. The 

coastal region was higher risk for LF transmission than the inland region, but both regions had 

passed TAS by WHO standards. In each region, mosquitoes were collected at each of 300 sampling 

locations. One of the aims of the study was to evaluate the impact on MX sensitivity of reducing the 

number of sampling locations from 300 to 150 or 75. Subsets of 150 and 75 locations were randomly 

chosen from the full set of 300 locations, from which two or four pools of mosquitoes were 

collected, respectively, so that a total of 300 pools of 25 mosquitoes were screened with each 

strategy. All mosquitoes were collected using gravid traps, and after sorting, only bloodfed, 

semigravid or gravid Cx. quinquefasciatus mosquitoes were included in the pools.   

Across both regions, the study found that sampling mosquitoes from 300 locations did not lead to 

higher MX rates than when sampling the same number of mosquitoes from 75 sampling locations 

(RR 0.90, 95% CI 0.54 to 1.51). No difference was observed between any of the three sampling 

strategies (Figure 4.10).     
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Figure 4.10 - Series of Forest plots for comparison 2: effect of sampling intensity (density of trapping locations) 
on MX rate. To provide this comparison, a total of 300 pools of 25 mosquitoes were screened from each of 300, 
150 or 75 trapping locations 
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Comparison 3: Mosquito genera 

Anopheles vs. Culex 

Seven studies, comprising 10 study sites, provided comparisons of MX rates between Anopheles and 

Culex mosquitoes. All studies compared MX rates for causative agents of LF, including six conducted 

in W. bancrofti areas and one in a B. timori area. Six studies were conducted in areas where the 

primary vector species belonged to the Anopheles genus, with the remaining study conducted in a 

Cx. pipiens transmission area (Dyab 2016) [181].   

In almost all included studies, the numbers of Culex mosquitoes collected far outweighed the 

number of Anopheles mosquitoes. However, in Anopheles-vectored LF areas, MX rates were 

approximately 6.9 times higher in Anopheles mosquitoes than Culex mosquitoes (RR 6.91, 95% CI 

1.73 to 27.52, Figure 4.11). A single study in an area of Culex-vectored LF also showed a trend 

towards higher MX rates in Anopheles mosquitoes (RR 18.00, 95% CI 0.77 to 421.57). Substantial 

heterogeneity was observed between studies (I2 73%). Subgroup analyses by filarial worm species 

did not explain this heterogeneity (Appendix 4.3: Analysis 3.2).  

 

 

Figure 4.11 - Forest plot of comparison 3: effect of collected mosquito genera (Anopheles versus Culex) on MX 
rate. 
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The high heterogeneity observed was in part due to several studies showing very large differences 

between mosquito genera, where others showed more modest or insignificant differences. For 

example, one study in Indonesia, conducted entirely using HLC collections, found a prevalence of B. 

timori DNA in 642 Anopheles mosquitoes of 8.8%, while no positive Culex mosquitoes were 

identified in 624, resulting in an estimated RR of 172.72 (Fischer 2002) [100]. Three further studies 

also provided study areas with a RR of 20 or greater (Kouassi 2015, Owusu 2015, Pam 2017) [108, 

109, 187]. Each of these were conducted in Anopheles transmission areas using ‘fed’ collection 

methods exclusively, with the exception of Pam 2017 [109] which also utilised gravid traps. A funnel 

plot for this outcome demonstrated no evidence of publication bias (Appendix 4.3: Analysis 3.4).            

 

Comparisons between other mosquito genera 

Four studies provided comparisons between other mosquito genera besides Anopheles and Culex. 

The limited number of studies contributing to each comparison and absence of any positives in many 

cases prevented a quantitative synthesis for this outcome. The findings of each study have therefore 

been narratively summarised.  

Dyab 2016 screened a total of 250 Aedes mosquitoes, finding no positive pools (MX rate 0.00%, 95% 

CI 0.00 to 0.77%) [181]. This was not significantly different to the rates observed in 1,150 Culex 

(0.18%; 95% CI 0.02 to 0.62%) or 200 Anopheles mosquitoes (0.53%; 0.02 to 2.72%). Schmaedick 

2014 screened a total of 17,448 Aedes mosquitoes, observing an overall MX rate of 0.29% (95% CI 

0.20 to 0.39%) which was not significantly different to that reported in 4,413 Culex mosquitoes 

(0.11%, 95% CI 0.03 to 0.27%) [29]. Supriyono 2020 screened 623 Mansonia, 98 Culex, 55 Aedes, 36 

Armigeres and 19 Anopheles mosquitoes, with no difference observed between any of the different 

genera [189], while Mulyaningish 2019 reported no positives across 651 Mansonia, 599 Armigeres or 

30 Culex mosquitoes [188].    
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Comparison 4: Mosquito sample type (Carcass vs excreta/faeces) 

One study, with two study sites, provided a comparison of MX rates when measured in mosquito 

carcasses with those estimated from mosquito E/F (Minetti 2020) [79]. Mosquitoes collected during 

the study were screened for both W. bancrofti and M. perstans DNA. Overall, MX rates were 

approximately 4.5 times higher when measured from carcasses than estimated from E/F samples (RR 

4.49, 95% CI 2.75 to 7.33, Figure 4.12). Subgroup analysis showed no significant difference in rate 

ratios between the two parasites.   

 

 

Figure 4.12 - Forest plot of comparison 4: effect of mosquito sample type (Carcass versus excreta/faeces) on MX 
rate 

 

 

Comparison 5: Mosquito vs Non-mosquito vector  

Only one study reported the rate of detection in mosquito samples of DNA belonging to a non-

mosquito borne filarial worm of human health importance (M. perstans, Minetti 2020) [79]. 

However, the study did not also report the rate of detection of M. perstans DNA in its natural vector 

(Culicoides spp.). Consequently, no studies reported data that could contribute to this intended 

analysis.  
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Discussion 

Summary of main results and certainty of evidence  

The aim of this chapter was to evaluate whether and to what extent mosquito sampling strategies 

affect the rates of parasite DNA detection. Specific objectives were to explore the impact on MX 

rates observed when using different mosquito collection methods, sampling intensities or sample 

type, and to investigate how MX rates varied between different mosquito genera or non-mosquito 

species.  

The findings suggest that choices between mosquito collection methods can have an important 

impact on MX rates, although precise estimates of the impact of different sampling strategies were 

difficult to obtain. Multiple studies conducted in Anopheles-vectored LF areas reported MX rates in 

mosquitoes collected using fed collection methods that were substantially higher than in those 

collected from gravid traps. However, this effect was not consistent between studies, and it was not 

possible to determine the reasons for this heterogeneity. Consequently, even within the narrow 

scope of Anopheles-vectored bancroftian filariasis in West African countries, we cannot be certain of 

the settings in which fed collection methods will lead to higher parasite detection rates than gravid 

traps, or the extent to which MX rates would differ between the two methods. Furthermore, as all 

the studies providing data for this comparison were conducted in Anopheles transmission areas, it 

was not possible to evaluate how the use of IRC or gravid traps might influence MX rates in Aedes or 

Culex-vectored LF areas. This is an important gap, particularly for Culex transmission areas, as CDC 

gravid traps are largely seen as an efficient tool for collecting Culex mosquitoes and have been used 

as the sole collection method for MX surveillance by elimination programmes in Sri Lanka and 

Bangladesh [113, 184, 190].  

The meta-analysis showed a large difference in MX rates between fed collection methods and unfed 

methods, such as HLC. However, the majority of the weight of this analysis was contributed by a 

single study in an area of Cx. quinquefasciatus-vectored LF, and the applicability of this result to 

other transmission settings is therefore limited. Moreover, the results are brought into question by 

the study’s approach of screening mosquitoes collected by HLC in pools of 50, while those collected 

by IRC were screened in pools of 10. It is difficult to interpret how important this risk of bias is. While 

laboratory studies have shown that the molecular methods used are sensitive to a single infective 

larvae in pools of up to 50 Aedes mosquitoes, this has not been validated for the detection of mf, 

and pool sizes this large are not commonly used for MX [191]. Notably, no other included studies 

screened mosquitoes in pools as large as 50.  
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The reduced sensitivity observed within the study in comparison to traditional methods suggests 

that parasite-positive mosquitoes may have been missed in the HLC arm, but this would have been 

less likely in the IRC arm. Consequently, while it is logical that MX rates would be higher when using 

collection methods that preferentially target recently-bloodfed mosquitoes, there remains 

uncertainty from the available data whether this effect will always be observed.  

There was a similar amount of uncertainty over the difference in MX rates between unfed methods 

and gravid traps. Given the ethical issues associated with deliberately exposing human volunteers to 

potentially infectious vectors [192], as well as the risk in extremely prevalent areas of mosquitoes 

ingesting parasites from the volunteers themselves prior to collection, it is noteworthy that there 

was no evidence from any included studies of HLC being more sensitive than any other collection 

method. This finding suggests that, in the absence of evidence to the contrary in a given setting, 

there is no justification for LF programmes looking to implement MX strategy of using an approach 

based on HLC.     

For the second comparison, no studies provided data that allowed an evaluation of the impact on 

MX rates of changes in the frequency of mosquito collections. However, strong evidence was 

reported by one high quality study that a reduced number of sampling sites per evaluation unit, 

from 300 to 75, did not lead to reduced detection of Cx. quinquefasciatus mosquitoes positive for W. 

bancrofti DNA. This finding, observed in two post-TAS evaluation units in Sri Lanka, may provide 

optimism about the feasibility of MX, though evidence from other areas will be required to 

determine whether this is applicable to other Culex transmission zones or whether MX rates in these 

areas were unusually homogenous. For example, the distribution of poorly drained polluted water, 

coconut husk pits, and latrine catch pits that provide primary breeding sites for mosquitoes across 

the coastal region of Sri Lanka may contribute to a consistent transmission risk across this traditional 

filariasis belt, while other elimination areas may have more varied topography within an evaluation 

unit and consequently a more heterogenous distribution of parasite-positive mosquitoes [193]. 

Variation in the presence of urban, semi-urban and rural environments and the density of the 

human population around particular breeding sites may also be expected to lead to alternative 

results to those observed here [171, 172]. Similarly. differences in mosquito behaviours - for 

example in terms of typical flight ranges or tendency to feed on multiple hosts in a single 

gonotrophic cycle – provide further uncertainty about the external validity of this observation [74, 

194]. The effect of reducing the intensity of sampling sites in Aedes, Mansonia or Anopheles-

vectored LF areas therefore remains unknown.   
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In the third comparison, in areas where Anopheles species are the primary vector for LF, MX rates 

were identified as approximately seven times higher in Anopheles mosquitoes than Culex 

mosquitoes, when collected in the same areas and utilising the same collection methods. This trend 

may be expected given that ingested parasite DNA has a short window of detection in non-vector 

mosquitoes before it is excreted, while vector species have the potential to develop a mature 

infection that is detectable over the long term [80]. This finding has important implications regarding 

the suitability of current WHO guidelines for LF surveillance, which state that 5,000-10,000 

mosquitoes should be screened to have confidence of the absence of LF cases, but without 

specification of the species of mosquitoes that should be targeted [18]. Based on these findings, if 

10,000 Anopheles mosquitoes are required to be screened to be certain of the absence of LF – 

approximately 70,000 Culex mosquitoes would need to be screened to be equally certain of this. LF 

programmes in Anopheles-vectored areas looking for the most sensitive approach for detecting LF 

may wish to consider using a sampling strategy that preferentially targets Anopheles mosquitoes, as 

these will collect a higher proportion of parasite-positive mosquitoes. However, this advantage will 

need to be balanced against the convenience of other collection methods such as gravid traps which, 

while a low effort and efficient method for collecting large numbers of Culex mosquitoes, are less 

effective for the collection of Anopheles mosquitoes [71]. Historically, the collection of blood-fed 

Anopheles mosquitoes has usually depended on indoor collections using aspirators or pyrethrum 

spray catches, an approach that is labour-intensive and typically results in more modest collection 

numbers [190]. Given the significantly higher MX rates in Anopheles mosquitoes, programmatic use 

of MX for the detection of ongoing cases of LF in extremely low prevalence areas may depend upon 

the development of new tools that are efficient at collecting bloodfed or gravid Anopheles 

mosquitoes.   

Interestingly, a trend towards higher MX rates in Anopheles mosquitoes were also observed in the 

single included study conducted in an area of Cx. quinquefasciatus-vectored LF. This is an 

unexpected result which may be caused by the specific behaviours of Cx. quinquefasciatus; for 

example its tendency to also feed on birds and non-human mammals, or, as a highly peridomestic 

species, to be found indoors without having taken a bloodmeal [195]. As with the above comparison, 

more evidence from Culex transmission areas is required to ascertain whether this observation is 

more widely applicable. This review identified few studies providing a comparison between other 

mosquito genera and the evidence on the differences in MX rates between mosquito genera from 

areas where Aedes or Mansonia act as primary vectors is very limited.   
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A single study contributed to the fourth comparison, providing evidence that MX rates estimated 

from pools of mosquito carcasses were approximately 4.5 times higher than those estimated from 

E/F. This effect was observed for two filarial parasites, including one not vectored by mosquitoes. 

Notably, this study processed mosquito carcasses only after they had provided E/F samples for a 35-

hour period. This approach is likely to have underestimated the true difference in MX rates between 

E/F samples and carcasses that are processed upon collection, as much of the parasite DNA would 

have been excreted in the period between collection and processing [175]. Multiple studies have 

highlighted the advantages of E/F collection over the processing of mosquito carcasses, which 

include greater pooling potential and improved stability of the collected samples prior to molecular 

processing [80, 174, 190]. However, MX programmes looking to employ E/F-based screening should 

consider that E/F may need to be collected from a much larger sample size of mosquitoes than 

would be necessary if screening the carcasses of mosquitoes in pools. However, as the results are 

provided by a single study, more research in more transmission areas with different parasites would 

increase our confidence in the wider applicability of these results.  

As mosquitoes have been considered as a convenient sampling target that provide opportunities for 

the passive surveillance of multiple blood-borne diseases not necessarily vectored by mosquitoes 

[57, 79] a final objective was to summarise the results of studies comparing MX rates of filarial 

parasites in vector insects to equivalent rates in non-vector mosquitoes. As no such studies were 

identified, there remain many questions to be answered before a mosquito sampling strategy for the 

surveillance of non-mosquito-borne filarial diseases can be developed.  

Potential limitations in the review process 

A key assumption made in this chapter is that differences between the included studies in their 

choice of molecular methods used for screening collected mosquitoes would not significantly affect 

the sensitivity to parasite DNA. In reality, the primer and probe design, as well as the equipment 

utilised for molecular analyses, can be critical factors determining the success of qPCR results, and 

direct comparisons between different molecular methods for MX have demonstrated significant 

variation in cycle quantification values and sensitivity [196, 197]. This decision was made as all 

included studies utilised a molecular method that had been previously validated to be a reliable tool 

for detecting W. bancrofti DNA in the pool sizes tested, and it was therefore considered that any 

variation in sensitivity could be explained primarily by differences in the sampling strategy.  
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A second potential limitation is that the search for this review and meta-analysis was originally 

performed in 2020, as part of a series of systematic reviews which have been completed in the 

intervening period. While this would not be expected to lead to any systematic biases that bring the 

conclusions of this review into doubt, it is important to consider that the search may have missed 

some more recent publications that could contribute to the review’s analyses.    

In addition, for calculations of RRs and associated 95% CIs, a transformation to the sample sizes was 

required in order to reflect the increased uncertainty when screening mosquitoes in pools. This 

transformation led to the data from several studies providing very little weight to the meta-analyses 

or being too insufficient to contribute to the analyses at all. Studies in which no or very few parasite-

positive mosquitoes were detected were particularly affected. Whilst this may have led to the 

minimisation of data from relevant and well-conducted studies, this conservative approach was 

taken to avoid the greater risk of artificially narrowing the confidence intervals.  

Finally, while the analyses of this chapter provide information about how different mosquito 

sampling strategies may affect the likelihood of detecting mosquitoes positive for LF parasite DNA, 

there are a number of other logistical factors that LF programmes will need to consider when 

designing an appropriate sampling strategy that are not explored here. For example, several studies 

reported significantly different collection yields between collection methods [107, 108]. Different 

methods will therefore require greater levels of sampling effort, in terms of number of nights of 

collection and/or hours of labour, in order to collect a similar number of mosquitoes. Similarly, 

collection methods that are less disruptive to households - such as outdoor gravid and BG-sentinel 

traps - may be more acceptable to communities than IRC methods that require a team of 

entomologists to enter households to collect mosquitoes, commonly in the middle of the night [107, 

198]. While beyond the scope of this chapter, these factors will be equally important in the design of 

an effective sampling strategy.   

 

Agreements and disagreements with other reviews  

Though no other systematic reviews have investigated the impact of sampling strategy on MX 

results, two narrative reviews on the current status of MX have recently been published. Cameron et 

al. 2021 proposed that MX has enormous potential for the surveillance of vector-borne diseases, 

with the capacity to become a replacement for human surveillance strategies as opposed to its 

current role as a supplement [57]. However, it identified several key barriers to this that must be 

overcome.  
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One requirement is a better understanding of the relationship between pathogen-infection rates in 

human and mosquito populations. The second is a need to develop protocols that account for 

heterogeneity in pathogen infection rates both within the mosquito and the human population. 

While previous chapters in this thesis have explored the former issue, the results of this review 

provide supporting evidence that MX sampling protocols need to be developed with consideration 

to specific collection methods and mosquito species, rather than a target number of indiscriminate 

mosquitoes collected by any means necessary. The results of this chapter also support several 

opinions expressed in Pilotte et al., 2017 [190]: firstly, that there is encouraging evidence for the 

feasible programmatic use of MX in Culex-vectored LF regions but that further research is required 

to be certain of its applicability across these areas; and secondly, that a potential barrier in 

Anopheles-vectored areas lies in the challenge of collecting large enough numbers of Anopheles 

mosquitoes. The review posed the question of whether the development of new tools that allow for 

the efficient collection of Anopheles mosquitoes is essential to make programmatic use or MX 

feasible in such areas. Our finding that studies collected far more Culex than Anopheles mosquitoes 

but that MX rates in Culex were significantly lower provides evidence of the impact that the 

development of efficient Anopheles collection methods could have.      

 

Conclusions and recommendations  

 

Implications for practice  

While limited, the best available evidence suggests there is a large difference in MX rates between 

mosquitoes of different species or that are collected using different methods. Particularly large 

differences were observed between those caught using fed collection methods and those using 

unfed methods, and between Anopheles and Culex mosquitoes, with greater detection rates 

observed in fed and anopheline mosquitoes. Consequently, current WHO guidance to collect 10,000 

mosquitos – with no specification over which species to target and how those should be collected – 

is insufficient for LF programmes looking to implement MX.  

Though not explored within this chapter, different mosquito sampling strategies will require 

different levels of sampling effort to collect similar numbers of mosquitoes, while some methods 

may be more favourable to communities than others. Consequently, programme managers looking 

to develop an appropriate sampling strategy may need to trade-off the differences in parasite 

detection rates reported here against other logistical considerations.  
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For example, in an Anopheles-vectored LF area, programme managers may weigh up the increased 

prevalence of parasite DNA in Anopheles mosquitoes against the reduced collection effort required 

to collect Culex mosquitoes, as gravid traps take a minimal amount of time to set up and can be left 

overnight to collect a large number of Culex mosquitoes, while IRC requires a greater degree of 

labour and typically return lower yields.   

 

Implications for research 

Overall, due to the inherent limitations of observational data and some specific concerns about the 

comparisons that can be drawn from the available literature, the certainty of the evidence for every 

comparison was very low. Consequently, further research in these areas will improve the certainty of 

the evidence and may lead to substantial changes in our estimates of the differences in MX rates 

between different sampling strategies.  

On the currently available evidence, choices between different collection methods appear to have a 

large impact on MX rates. Unfortunately, these differences were not universally observed across 

different study sites, even those with similar characteristics such as approximate region or primary 

vector genus. The development of programmatic MX sampling protocols will therefore need to 

consider that there is variation between settings in the effectiveness of each collection method. 

Further research in Anopheles transmission areas may help to delineate the settings in which fed or 

gravid collection methods are more suitable for the detection of parasite-positive mosquitoes. As 

most of the studies contributing to the analyses were, however, conducted in Anopheles 

transmission areas, there remains an even greater lack of information for Culex transmission areas.       

Evidence from one study that decreasing the number of sampling sites did not reduce the detection 

of parasite-positive mosquitoes is an important finding that potentially increases the feasibility of 

MX, but further evidence of this from more Culex areas and other genera transmission areas is 

required to understand whether this result is generalisable. Similarly, more studies in a greater 

variety of settings that provide a comparison between detection rates in mosquito carcasses and E/F 

samples are needed to determine whether E/F screening strategies require much larger sample sizes 

than those based on carcass screening, or whether this observation was unique to the single study 

identified here.    
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Finally, while several studies have begun to explore the potential of mosquitoes as a sampling target 

for the surveillance of non-mosquito-borne diseases, there is currently a lack of understanding of the 

relationship between MX rates in non-vector mosquitoes and infection rates in the vector or human 

population. Research into the differences in MX rates between vectors and mosquitoes would help 

with the interpretation of mosquito-based results and ultimately aid the development of mosquito 

sampling strategies for the surveillance of non-mosquito-borne diseases.     
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Chapter Five: Operational research studies to detect LF in 
urban areas of Nigeria and Liberia   
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Chapter Outline  

In previous chapters, MX was demonstrated to be a sensitive tool for detecting communities with 

cases of LF. Furthermore, evidence was found that there can be large differences in MX rates 

between mosquitoes that are collected using different methods. However, these differences were 

not universally observed across different study sites, and due to the limited number of included 

studies, it was not possible to fully explore the settings in which different collection methods may be 

more suitable for the detection of parasite-positive mosquitoes. 

This chapter further explores some of these questions using mosquitoes that had bene collected in 

urban and semi-urban areas, as part of two operational LF surveillance programmes which the 

Liverpool School of Tropical Medicine (LSTM) had been contracted to support. The first was an 

operational research activity conducted in urban conurbations in Kano and Niger states, Nigeria, 

through collaboration with the NTD Programme of the Nigerian Federal Ministry of Health (FMoH), 

the University of Jos in central Nigeria, and the non-governmental organization Sightsavers.  The 

second was conducted in Monrovia, the capital city of Liberia, through collaboration with the Centre 

for Operational Research on Neglected Tropical Diseases (COR-NTD), the NTD Programme at the 

Liberia Ministry of Health, and Sightsavers.  

Background  

LF in urban areas  

In the last few decades, the risk of LF infection (in the absence of any interventions) has been greater 

in rural communities than in urban communities [199]. Consequently, rural environments have been 

the primary focus of both research into LF and the implementation of MDA programmes [200, 201]. 

However, the presence of large cities that have not yet been effectively mapped or covered by MDA 

interventions may pose a significant challenge to elimination programmes [200]. Recent decades 

have seen a large increase in urbanization worldwide, particularly in low income and developing 

countries, due to a combination of growth of the existing urban population and migration from rural 

to urban areas [202]. In sub-Saharan Africa, over 35% of the population live in urban areas, an 

increase from 10% in 1950, and this is expected to continue to rise above 50% by the year 2030 

[201]. A rapid increase in the urban population that is not matched by improved economic 

opportunities can lead to the development and expansion of informal settlements and slums, where 

individuals live in insecure structures with poor sanitation and insufficient living conditions [203].  
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In addition to providing favourable conditions for the proliferation of several NTDs and their insect 

vectors, the presence of these unofficial and unstable populations may bring difficulty for 

elimination programmes aiming to map the burden of disease or implement MDA with high 

coverage [200, 204].  For example, evidence from a MDA programme in Malindi Town, Kenya, 

showed that over four consecutive years from 2002 to 2005, treatment coverage was 48%, 46%, 

46.5 and 30%, respectively, falling far below the 80% of the eligible population that was targeted 

[205].   

The implementation of MDA is not without costs. Given the large populations found in urban centres 

relative to rural communities, implementing MDA in cities is expensive, particularly when 

considering the difficulties associated with achieving the target coverage [200]. In addition, a recent 

qualitative evidence synthesis on community views of MDA found that many people are suspicious 

of MDA programmes and they may hold strong negative feelings about its implementation [206]. It 

is therefore important that MDA is not used to treat large populations in areas where LF 

transmission has not been confirmed.   

As discussed in Chapter 1, the WHO recommends that MDA is implemented in districts where the W. 

bancrofti Ag prevalence is greater than 1% [23]. Consequently, urban communities are often 

included in the assessments of otherwise-rural districts, and targeted for treatment if the overall 

district Ag prevalence exceeds this threshold, regardless of whether or not there is evidence of LF 

transmission in the urban community [200]. However, there are several reasons why MDA may not 

be justified in large urban areas in west Africa.  

Firstly, it has been identified that Culex quinquefasciatus, a major vector of W. bancrofti worldwide, 

appears to have reduced vectorial capacity in west Africa, where Anopheles species – in particular 

An. gambiae and An. funestus – are considered to be the primary vector [200, 207]. As Culex species 

are the predominant mosquito genera in urban areas, whereas Anopheles species are more 

commonly adapted to rural environments, the potential for urban transmission in west Africa is 

much reduced [201].  
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Second, a series of recent operational research projects have demonstrated that, when evaluated in 

isolation from their surrounding rural or peri-urban areas, many urban areas fall below the Ag 

prevalence used as a threshold for the implementation of MDA. Mapping surveys conducted in 

Abidjan (Cote d’Ivoire), Conakry, (Guinea), Ouagadougou (Burkina Faso) and urban settings in Kano 

State (Nigeria) each reported an Ag prevalence of less than 1% in tested individuals [109, 187, 200, 

208].  

Third, multiple studies utilizing MX methods have reported very low or no prevalence of W. bancrofti 

DNA in mosquitoes collected in west African cities [109, 186, 187].  Given each of these factors, the 

implementation of MDA in west African urban areas may be inappropriate without further targeted 

mapping to confirm the presence of ongoing transmission of LF. 

 

Aims and objectives  

Operational research projects were conducted in two urban areas of unknown transmission status: 

in Kaduna and Niger states, Nigeria and Monrovia, Liberia. The primary aim of these projects was to 

establish whether MX methods could detect evidence of the presence of LF, and ultimately to 

determine whether MDA was needed in the two study areas. My role in completing this aim 

involved undertaking the screening of mosquitoes that had been collected by field teams 

commissioned by the respective national LF elimination programmes and transported to LSTM for 

molecular analysis.    

Using the mosquitoes collected for the above evaluation, I conducted a further sub-study for this 

chapter. The aim of this sub-study was to compare the differences in MX rates observed between 

vector (Anopheles) and non-vector (Culex) mosquitoes, mosquitoes collected using a variety of 

methods (GT, ET or PSC), mosquitoes of different physiological states (fed, unfed or gravid), and 

when screening different body parts (heads/thoraces or abdomens).  
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Kaduna and Niger States, Nigeria: Project background and methods 

The UKAID-funded UNITED Programme has implemented MDA for control of LF, as well as 

onchocerciasis, soil-transmitted helminths, trachoma and schistosomiasis in five states in Nigeria: 

Kano, Kaduna, Katsina, Niger and Zamfara. However, at the time of this study, MDA had only been 

conducted in rural areas of these states, and it was unknown whether transmission of LF was 

occurring in urban areas. A recent study in three urban communities in Kano state found no 

individuals with filarial Ag, but a small number of pools of mosquito carcasses were positive for W. 

bancrofti DNA [109]. The present survey was commissioned to determine if LF could be detected in 

urban areas in Niger and Kaduna states. 

Mosquito collections were conducted by local field teams, commissioned by the Nigeria FMoH. 

Three communities were selected in each of the two surveyed states. The communities were 

selected based on proximity to mosquito breeding sites and in order to represent both single- and 

multiple-community slums. Mosquito collections were conducted for five months, from June to 

October 2018, coinciding with the rainy season and peak mosquito breeding times. In each 

community, 15 window Exit Traps (ET) were set up for 10 collection days per month, five Gravid 

Traps (GT) were set up for seven collection days per month, and Pyrethrum Spray Collections (PSC) 

were performed to collect indoor-resting mosquitoes in each of 21 households for a seven-day 

period each month, with each household visited once during the seven-day period.     

After collection, mosquitoes were examined under a microscope by members of the field team. The 

males were counted and discarded. The females were sorted by genus (for culicines) and 

morphological species (for anophelines) before being stored in labelled tubes with desiccant. All 

mosquitoes collected in the first two months, June and July, were transported to LSTM for molecular 

analyses to be conducted. A laboratory team from Ahmadu Bello University in Zaria, Nigeria, 

travelled to LSTM to receive training on the DNA extraction and parasite detection processes. A 

reciprocal visit was planned for myself to support the team to process the remaining mosquitoes 

collected in August, September and October at a new molecular xenomonitoring facility funded by 

Sightsavers at Ahmadu Bello University. Unfortunately, travel restrictions arising from the COVID-19 

pandemic prevented me from visiting, while the laboratory was required to refocus its resources on 

COVID-19 testing. Consequently, the screening of these samples was delayed and had not taken 

place prior to the submission of this thesis. In total, 11,067 mosquitoes collected in June and July 

were received at LSTM for molecular screening, including 1,333 anophelines and 9,734 culicine 

mosquitoes.    
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Monrovia, Liberia: Project background and methods 

The city of Monrovia is located in Montserrado county. Monrovia contains approximately 1.2 million 

inhabitants across 180 local communities within four health districts: Central Monrovia, 

Commonwealth, Bushrod and Somalia Drive [209]. During the initial mapping conducted by the 

Liberian LF elimination programme, the county of Montserrado was found to be endemic for LF with 

a filarial Ag prevalence of 9%, and by the time of this study, the rural and peri-urban districts of the 

county had received four to five rounds of MDA [210]. However, MDA had not been conducted in 

urban Monrovia.  

A mapping exercise was conducted to determine the most appropriate methodology for detecting 

W. bancrofti transmission in Monrovia and ultimately to establish whether MDA was necessary to 

eliminate LF. Specifically, the project evaluated the use of Filariasis Test Strips (FTS) to detect filarial 

Ag in school-aged children, and MX methods to detect the presence of W. bancrofti DNA in 

Anopheles, Culex, Aedes and Mansonia mosquitoes.  

Local field teams, commissioned by COR-NTD, conducted FTS surveys in schools across all four health 

districts. FTS surveys were conducted across 106 schools in Monrovia. Overall, 1,799 school children 

aged 9-14 provided valid FTS samples, of which 96 were found to be positive for filarial Ag 

(prevalence 5.3%; 95% CI 4.3 to 6.5%). The highest prevalence was reported in Somalia Drive (13.3%) 

followed by Bushrod (3.4%) and Commonwealth (3.2%), with the lowest prevalence reported in 

Central Monrovia (1.1%) [210].   

The field teams conducted mosquito collections in Bushrod and Commonwealth districts. Mosquito 

collections were conducted in eight different communities in each of the two surveyed health 

districts. The 16 communities were chosen favouring those with the highest malaria incidence rates, 

which indicated the presence of Anopheles mosquitoes, and areas of higher vegetation. Mosquito 

collections were conducted for six months, from May to October 2019, coinciding with the rainy 

season and peak mosquito breeding times. In each community, six ETs were set up at different 

households for five collection days each per month, while one GT was set up for four days per 

month, with a different collection location used each day.  
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After collection, mosquitoes were examined under a microscope by members of the field team. The 

males were counted and discarded. The females were sorted into one of four species groups 

(culicines, An. gambiae, other anophelines, and other mosquitoes) before being stored in labelled 

tubes with desiccant and transported to LSTM for laboratory analyses to be conducted. A total of 

20,109 mosquitoes were received for molecular screening, including 3,042 anopheline and 17,067 

culicine mosquitoes.  

The locations of each surveyed school and the communities in which mosquito sampling took place 

are shown in Figure 5.1.  

 

Figure 5.1 - Map of Monrovia divided into four health districts: Bushrod (BR), Somalia Drive (SD), 
Commonwealth (CW) and Central Monrovia (CM). The locations of mosquito sampling communities are 
indicated by circles, and the schools in which Filarial Test Strip surveys were conducted are indicated by squares. 
Source: COR-NTD Technical Report 2021 [210].   
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Methods 

Molecular processing 

Sample preparation 

After receipt of collected mosquitoes at LSTM, whole Culex mosquitoes were sorted into pools 

grouped by specific trap type and location, month collected, and abdominal status (fed, gravid, semi-

gravid or unfed), with a maximum pool size of 20. While Anopheles mosquitoes were grouped by the 

same method, a smaller maximum pool size of 10 was used to avoid the risk of poor data resolution 

if infection rates were high.  

Furthermore, each Anopheles mosquito underwent dissection of the head and thorax from the 

abdomen, so that each group provided a pool of ‘heads and thoraces’ and a corresponding pool of 

abdomens, with both pool types undergoing DNA extraction separately. At the time of this study, 

other members of the team were conducting a series of laboratory and field experiments to 

determine whether any additional information could be gained by measuring the quantity of 

parasite DNA in different mosquito body parts [211, 212]. Theoretically, any immature mf should be 

contained to the abdomen with the ingested bloodmeal, while the detection of parasite DNA in the 

thorax and head may be expected to represent developing larvae in the flight muscle and infective 

larvae in the mouthparts, respectively. However, the concurrent experiments have subsequently 

indicated that this is not a reliable way of identifying infectivity, as a DNA signal from non-infective 

stages of filarial larvae can also be detected in the heads of mosquitoes [212]. 

DNA extraction 

DNA was extracted from pools of mosquito carcasses using Qiagen DNeasy Blood & Tissue Kits 

(Qiagen, Manchester, UK). The extraction followed the standard protocol. Briefly, the pools were 

placed into strip tubes in a 96 well plate formation. 200 µL of ATL Buffer and Proteinase K mix were 

added to each well before a mechanical disruption stage was conducted using a bead mill for 5 

minutes at 30 1/S frequency (TissueLyser, Qiagen). Samples were then incubated for 56°C overnight. 

After incubation, the lysate in each tube was transferred to a DNeasy 96 plate, and a series of 

buffers were added, with a centrifugation step performed after the addition of each buffer. Finally, 

the DNeasy 96 plate was placed on top of an elution microtubes plate and the extracted DNA was 

eluted in 100 µL of buffer. The final step was then repeated, resulting in a final yield of 200 µL DNA 

solution for each sample. 
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Figure 5.2 - The Zaria team, Auwal Usman and Jamilat Tanimu, performing the DNA extraction procedure in the 

Liverpool School of Tropical Medicine Vector Biology laboratory, using mosquito samples collected in Nigeria in 

June and July [Photo credit: Martins Imhamsoloeva, Sightsavers].  

 

Parasite detection 

All samples were tested for the presence of W. bancrofti DNA using a SYBR qPCR assay targeting the 

LDR repeat DNA sequence, following the methods reported by Rao et al. [213]. Briefly, 2 µL of 

template DNA was added to 0.5 µL of each of a forward and reverse primer, 12.5 µL of iTaq SYBR 

Green buffer and 9.5 µL of nuclease-free water to give a total reaction volume of 25 µL. All plates 

were run with a negative control of nuclease-free water and a positive control of extracted DNA 

from a mosquito sample that was previously confirmed as positive for W. bancrofti DNA. Reactions 

were run for an initial denaturation cycle of 3 minutes at 95°C, followed by 40 cycles of 10 seconds 

at 95oC and 1 minute at 60oC. Finally, samples underwent a temperature gradient between 55°C and 

95°C to obtain a dissociation curve.  
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Confirmatory testing 

For any samples that appeared to show qPCR amplification but produced a dissociation curve that 

did not match the positive control, further confirmatory testing was carried out using a probe-based 

qPCR assay targeting the W. bancrofti Tandem Repeat 1, following the methods reported by Zulch et 

al. [196]. Briefly, 2.5 µL template DNA was added to a Master Mix comprising 0.3125 µL of forward 

primer, 2.5 µL of reverse primer and 0.622 µL of probe. The plates were run at 50°C for 2 minutes 

followed by 95°C for 10 minutes as the initial hold, followed by 45 cycles of 15 seconds at 95°C 

followed by 1 minute at 60°C.    

To rule out the possibility that negative qPCR results were a result of degradation of the samples 

during transport or an ineffective DNA extraction process, a further test was undertaken on a subset 

of samples to confirm that DNA of the vector species could be successfully detected. A total of 48 

An. gambiae pools were randomly-selected for this confirmatory testing, with 24 from each of 

Liberia and Nigeria. A SYBR-based qPCR assay targeting the Short Interspersed Nuclear Element 

(SINE) insertion S200 X6.1 on the X chromosome of mosquitoes of the An. gambiae sensu lato 

species complex was conducted following the methods reported by Chabi et al. [214]. Briefly, 0.5 µL 

template DNA was added to a Master Mix comprising 5 μl of Luna Universal qPCR master mix, 3.75 

µL of nuclease-free water, and 0.25 µL of each of three primers: a universal forward primer and two 

reverse primers specific to An. gambiae sensu stricto/An. coluzzii and An. arabiensis, respectively. 

The plates were run at a denaturation step of 95°C for 60 seconds followed by 33 cycles of 15 

seconds at 95°C, 20 seconds at 60°C and 10 seconds at 72°C, followed by a final dissociation step of 

60 seconds at 95°C. Finally, samples underwent a temperature gradient between 55°C and 95°C.  

Analysis  

We intended to calculate maximum likelihood estimates of the prevalence of parasite DNA in the 

mosquito population using PoolScreen v2 [93], to explore the difference in this prevalence between 

mosquitoes collected using different methods (ET, GT or PSC), between different mosquito genera, 

and for - Anopheles mosquitoes – between pools of heads and thoraces with the corresponding 

pools of abdomens. To provide further information that may help to guide future sampling strategies 

for MX in urban areas, the mean number of anopheline and culicine mosquitoes collected per 

trap/household by each trapping method per night, and the proportion that were fed, unfed or 

gravid, was also reported.  
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Results  
 

W. bancrofti detection  
 

Kaduna and Niger States, Nigeria 

A total of 11,067 mosquitoes collected in Nigeria were screened for W. bancrofti DNA, including 

1,333 anophelines, of which 1,330 were An. gambiae species and the remaining three were An. 

funestus. A further 9,734 culicine mosquitoes were screened, of which 9,722 were Cx. 

quinquefasciatus. None of the pools of mosquitoes of any species were found to be positive for W. 

bancrofti DNA (Table 5.1).  

 

Table 5.1 - Number of mosquitoes collected and screened for W. bancrofti (W.b.) in Nigeria 

      Anopheles spp.   Culicine spp. 

Month Urban community   No. screened % W.b. positive No. screened % W.b. positive 

June Down Quarters (Kaduna) 

 

157 0 

 

1115 0 

 

Kabala Doki (Kaduna) 

 

90 0 

 

461 0 

 

Tudun Muntsira (Kaduna) 

 

44 0 

 

278 0 

 

Kadara (Niger)  30 0 

 

1187 0 

 

Tudun Wada (Niger) 

 

23 0 

 

630 0 

 

Ungwan Mu'aza (Niger) 

 

11 0 

 

3006 0 

  Total   355 0   6677 0 

July Down Quarters (Kaduna) 

 

411 0 

 

25 0 

 

Kabala Doki (Kaduna) 

 

165 0 

 

610 0 

 

Tudun Muntsira (Kaduna) 

 

109 0 

 

104 0 

 

Kadara (Niger) 

 

116 0 

 

60 0 

 

Tudun Wada (Niger) 

 

90 0 

 

1078 0 

 

Ungwan Mu'aza (Niger) 

 

87 0 

 

1180 0 

  Total   978 0   3057 0 

 

  



 

97 
 

Monrovia, Liberia 

A total of 20,109 mosquitoes collected in Liberia were screened for W. bancrofti DNA. From the 

Bushrod health district, a total of 1,101 Anopheles mosquitoes were screened, of which 1,080 were 

of the An. gambiae species complex. A further 8,139 culicine mosquitoes were screened, of which 

7,667 were Culex spp. mosquitoes. From the Commonwealth health district, a total of 1,941 

Anopheles mosquitoes were screened for W. bancrofti DNA, of which 1,940 were of the An. gambiae 

species complex. A further 8,928 culicine mosquitoes were screened, including 8,668 Culex spp. 

mosquitoes. None of the pools of mosquitoes of any species were found to be positive for W. 

bancrofti DNA (Table 5.2).  

Table 5.2 - Number of mosquitoes collected and screened for W. bancrofti (W.b.) in Monrovia 

      Anopheles spp.   Culicine spp. 

Month Health district   No. screened % W.b. positive No. screened % W.b. positive 

Bushrod May   183 0   1739 0 

  June   89 0   1728 0 

  July   418 0   1797 0 

  August   214 0   1556 0 

  September   192 0   993 0 

  October   5 0   326 0 

  Total   1101 0   8139 0 

Commonwealth May   831 0   1644 0 

  June   469 0   1893 0 

  July   386 0   1893 0 

  August   167 0   1529 0 

  September   77 0   1823 0 

  October   11 0   146 0 

  Total   1941 0   8928 0 

 

 

Confirmatory testing results  

For all samples that appeared to show qPCR amplification but produced a dissociation curve that did 

not match the positive control when using the SYBR-based assay, further testing using the probe-

based assay confirmed the absence of W. bancrofti DNA. In addition, An. gambiae DNA was detected 

in each of the 48 pools of mosquitoes examined.   
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Evaluation of impact of sampling method on MX results 

Kaduna and Niger States, Nigeria 

Overall, across the study, GT collected 25 anophelines and 7,200 culicines; ET collected 1,040 

anophelines and 2,261 culicines; and PSC collected 268 anophelines and 273 culicines. 

On average, PSC collected the highest numbers of Anopheles mosquitoes per trap or household per 

night of collections, with 0.80 anophelines per collection event (95% CI 0.70 to 0.89), compared to 

0.15 per collection event using ET (95% CI 0.13 to 0.17), and 0.08 per collection event using GT (95% 

CI 0.05 to 0.11).        

For culicine mosquitoes, GT collected the greatest number of mosquitoes per collection event. On 

average, GT collected 3.68 culicines per collection event (95% CI 2.91 to 4.44), compared to 1.61 per 

collection event using PSC (95% CI 1.74 to 1.75) and 0.34 per collection event (95% CI 0.31 to 0.37) 

using ET. Each of the three collection methods caught significantly more culicine than anopheline 

mosquitos per collection event (Figure 5.3).  

   

 

Figure 5.3 - Mean number of mosquitoes collected per collection event (+/- 95% CIs) during collections in Niger 
and Kaduna states. Abbreviations: ET – Exit Trap; GT – Gravid Trap; PSC – Pyrethrum Spray Catch 
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Notably, PSC methods collected a higher proportion of recently blood-fed anophelines (0.53, 95% CI 

0.48 to 0.59) than ET (0.27, 95% 0.24 to 0.31) and GT (0.19, 95% 0.09 to 0.35), though the proportion 

of gravid or semi-gravid mosquitoes was similar across all three methods (Figure 5.4).  

PSC also collected a higher proportion of recently blood-fed culicines than any other method (0.42, 

95% CI 0.38 to 0.46), though a larger proportion were gravid or semi-gravid (0.45, 95% 0.41 to 0.49). 

However, GT collected a significantly higher proportion of gravid or semi-gravid culicines (0.81, 95% 

CI 0.79 to 0.83). 

 

Figure 5.4 - Comparison of the proportion of anopheline and culicine mosquitoes that were unfed, recently 
blood-fed or gravid/semi-gravid  (+/- 95% CIs) when using Exit Traps (ET), Gravid Traps (GT) or Pyrethrum Spray 
Catch (PSC) in Niger and Kaduna states 

 

As none of the pools of mosquitoes of any species or collected by any method were identified as 

positive for parasite DNA, it was not possible to evaluate how these variables affected MX rates.  
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Monrovia, Liberia 

Overall, 2,920 anophelines and 10,405 culicines had been collected by ET, while 122 anophelines and 

6,592 culicines were collected using GT.  

ET collected the greatest numbers of Anopheles mosquitoes per night, with a mean of 0.93 

anophelines per trap/night (95% CI 0.61 to 1.24), compared to 0.39 per trap/night using GT (95% CI 

0.06 to 0.72). However, as in Nigeria, both methods collected significantly more culicine mosquitoes 

per trap/night than anophelines, with GT collecting 16.10 culicines per trap/night (95% CI 11.75 to 

20.45) and ET collecting 2.93 per trap/night (95% CI 2.19 to 3.66) (Figure 5.5).   

 

 

Figure 5.5 - Mean number of mosquitoes collected per trap per night (+/- 95% CIs) during collections in 
Monrovia, Liberia. Abbreviations: ET – Exit Trap; GT – Gravid Trap 
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The proportion of Anopheles mosquitoes that had recently-bloodfed was almost 10 times higher 

using ET (0.15, 95% 0.14 to 0.17) than GT (0.02, 95% CI 0.00 to 0.06). However, the greatest 

proportion of anopheline mosquitoes collected in Monrovia were unfed, whether using ET (0.78, 

95% CI 0.77 to 0.80) or GT (0.90, 95% CI 0.83 to 0.94) (Figure 5.6).   

Similarly, ET collected a higher proportion of recently blood-fed culicines than GT, but both ET (0.81, 

95% CI 0.80 to 0.82) and GT (0.64, 95% CI 0.62 to 0.65) collected a much higher proportion of unfed 

culicine mosquitoes.  

 

 

Figure 5.6 - Comparison of the proportion of anopheline and culicine mosquitoes that were unfed, recently 
blood-fed or gravid/semi-gravid (+/- 95% CIs) when using Exit Traps (ET) or Gravid Traps (GT) in Monrovia 

 

As none of the pools of mosquitoes of any species or collected by any method were identified as 

positive for parasite DNA, it was not possible to evaluate how these variables affected MX rates.  
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Discussion  

The primary aim of this work was to establish whether MX methods could detect evidence of LF 

transmission using mosquitoes collected in two urban areas of unknown transmission status. 

In Nigeria, no W. bancrofti DNA was detected in the heads and thoraces or abdomens of 1,333 

Anopheles mosquitoes collected from six urban communities in Niger and Kaduna states. 

Furthermore, no evidence of W. bancrofti DNA was detected when screening the entire carcasses of 

a total of 11,067 mosquitoes of any species, indicating that none of the collected mosquitoes had 

been exposed to infected humans. The results of the study appear to support the conclusion that 

transmission of LF is not a significant problem in urban communities in Niger and Kaduna. These 

findings corroborate those of a study in three urban communities in Kano state, where no individuals 

with filarial Ag were detected, and the estimated parasite DNA prevalence in mosquitoes was too 

low to be considered evidence of sustainable transmission of LF [109]. Given the substantial costs of 

a prolonged MDA campaign, the implementation of MDA in urban Niger and Kaduna should not be 

recommended on current evidence [23, 200, 206]. Naturally, as only mosquitoes collected in June 

and July have been screened to date, a final decision will depend on the results of the molecular 

screening of the remaining mosquitoes collected in April, May, August and September, which is 

being conducted by team members at Ahmadu Bello University, Zaria.  

Similar MX results were observed in Monrovia, Liberia, with no W. bancrofti DNA detected in any of 

the 20,109 collected mosquitoes. However, these findings contrasted with the results of surveys of 

the human population conducted simultaneously in the city. FTS surveys of school children aged 9-

14 years detected an Ag prevalence of greater than 1% in all four health districts, and an overall Ag 

prevalence of 5.3% [210]. Based on WHO guidelines for LF programmes, these results would indicate 

that MDA is required to be implemented across the city [23].  

There are some limitations to consider when comparing the results of the FTS and MX surveys in 

Monrovia. Firstly, as filarial Ag can be detected in people who have previously been infected but 

have since received treatment and are no longer infected with viable parasites, the presence of FTS-

positive individuals cannot be taken as proof of transmission [24]. In addition, no MX was conducted 

across the whole of two of the four health districts, including the district that had the highest Ag 

prevalence (Somalia Drive), and there was only one site across the city where both MX was 

conducted and Ag-positive children were identified.  
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Based on these limitations, it is important to note that the results of this study would not have been 

considered to provide a valid comparison of MX and human indicators of disease that would be 

suitable for inclusion in the analyses conducted in Chapter 2. Nevertheless, the lack of detection of 

any DNA-positive mosquitoes in Bushrod and Commonwealth, where the reported Ag prevalence 

was 3.4% and 3.2%, respectively, is surprising, particularly given the large sample sizes of 

mosquitoes that were collected and screened. While FTS-positivity may be explained by historic 

infections, in a survey of school-age children in an area naïve for MDA – such as Monrovia - it is 

unlikely that such a high proportion of Ag-positive individuals could be detected as a result of 

historic infections only. It is possible that positive FTS tests were a result of individuals that had 

become infected elsewhere before travelling to Monrovia, and that consequently the surveys are 

not indicative of local and contemporary transmission, though the project design aimed to limit this 

as much as possible. Travel histories for each surveyed child were recorded when FTS tests were 

conducted, and no correlation was detected between FTS positivity and a history of living or 

travelling elsewhere [210]. A failure of the PCR assay used for the MX survey is also considered 

unlikely, given that all the samples were run with negative and positive controls. The positive 

control, another field-caught mosquito sample that had previously been confirmed positive for W. 

bancrofti DNA, successfully amplified in each case. During this time period, the team also identified 

W. bancrofti-positive mosquitoes collected in other locations using the same reagents and following 

the same protocol. There are several other possible explanations for the absence of positive 

mosquitoes in districts where Ag-positive individuals were found, and these are explored below.  

One potential explanation lies in the unusually low number of bloodfed mosquitoes collected in 

Monrovia. The proportion of bloodfed anophelines collected by ET (0.15) was significantly lower 

than the equivalent rates in Nigeria (0.27), as well as those observed in a recent study in Ghana 

(0.46), and given that ET are primarily expected to collect mosquitoes that have taken a blood meal 

during the night and attempted to leave the building, this proportion was surprisingly low [71, 107]. 

Similarly, the proportion of gravid culicines collected using GT (0.35) was much lower than would be 

expected based on reports of other studies conducted elsewhere (0.50 to 0.63) [107, 108]. It is 

possible that these unexpected results are a result of misclassification, as the abdominal status of 

mosquitoes was identified by field teams in Liberia before shipping to Liverpool, and by the time that 

the molecular processing took place, the mosquitoes were not always in a condition to allow 

confirmation of this status. Otherwise, the high ratio of unfed mosquitoes may underlie the failure 

to detect evidence of LF by MX methods, highlighting the importance of using collection methods 

that target recently-fed mosquitoes to maximise the likelihood of detecting parasite DNA.   
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A second possibility is that there was a problem with the collected mosquitoes that led to 

compromised DNA extraction and detection, potentially resulting from their storage conditions in 

Liberia. On arrival at LSTM in March 2020, we noted that the silica gel in some of the samples was 

exhausted. We learned that the team in Liberia had temporarily stored the samples in the freezer, 

which could have introduced moisture. We immediately replaced the silica gel before storing the 

samples at room temperature until the DNA extraction was conducted. However, the confirmatory 

testing successfully detected An. gambiae DNA in each of the 48 pools of mosquitoes examined, 

ruling out the possibility of very severe DNA degradation.   

A third potential explanation relates to the FTS tests that were used to evaluate Ag prevalence in the 

study. In the early years of the GPELF, Ag surveys were typically conducted using ICT [23]. FTS tests 

were later developed which detected the same Ag as ICT but cost less, whilst requiring a smaller 

amount of blood and having improved storage conditions [215]. Comparisons between ICT and FTS 

under controlled laboratory conditions demonstrated that the two tests had similar sensitivity and 

specificity and more than 99% agreement [216]. Consequently in 2014, the Neglected Tropical 

Diseases Strategic and Technical Advisory Group’s Monitoring and Evaluation Sub-group on Disease 

Specific Indicators approved the use of FTS for LF surveillance without changing the guidance on 

target survey numbers or thresholds at which MDA is required [127, 216]. Subsequently, however, 

multiple field evaluations comparing the two tests across a range of settings including India, Sri 

Lanka, Congo, Cote D’Ivoire and Liberia have detected more Ag-positive persons using FTS than ICT, 

in some cases by as many as two to four times [215-218]. Whether this difference is due to poorer 

specificity of FTS than previously believed, or to improved sensitivity of FTS over ICT to genuine cases 

of LF, these studies raise questions over whether the >1% Ag prevalence detected in the present 

study would be matched by an equivalent survey using the ICT methods for which the 1% threshold 

was originally designed.  

Finally, the difference observed between entomological and human survey results may be due to 

extremely focal transmission of LF and the limited geographical overlap between the surveyed 

schools and mosquito sampling sites.  Due to the different sampling strategies employed for each 

survey, FTS tests were conducted in many schools where no mosquito sampling was conducted 

within a radius of several kilometres. Consequently, it is not possible to accurately evaluate the 

relationship between human and entomological indicators of disease in these areas.  
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To provide further evidence to comparisons made in the previous chapter, a secondary aim was to 

compare MX rates between mosquitoes of different species or mosquito species collected using 

different trapping methods. Due to an absence of W. bancrofti DNA-positive mosquitoes of any 

species and collected by any method, it was not possible to explore which of these sampling targets 

or strategies would be most sensitive for detecting positive mosquitoes in urban Anopheles-vectored 

LF transmission areas. However, the comparison of sampling strategies identified that PSC collected 

a higher number of mosquitoes per trapping event, a higher proportion of Anopheles mosquitoes, 

and a higher proportion of fed mosquitoes than any other method, including ET. This is an important 

finding, as both PSC and ET target the same mosquitoes, and consequently both methods may be 

considered by control programmes in these areas. However, these benefits will need to be weighed 

against the extra logistical complexity and invasiveness of repeatedly entering people’s homes to 

collect mosquitoes at unsociable hours.  

 

Conclusions and recommendations  

 

The findings of the project in Nigeria, coupled with those of similar recent operational research 

projects in Kano state and other west-African cities, provide support to the suggestion that LF 

transmission is not a significant problem in urban areas in LF-endemic districts in Nigeria. MDA 

should not be conducted in these surveyed areas, nor should it be conducted in other equivalent 

urban areas without a prior assessment to confirm the presence or absence of LF. 

In Monrovia, the absence of positive mosquitoes, combined with the reported Ag prevalence of 

greater than 1% in each health district, leaves some uncertainty over whether or not MDA is 

required. A follow-up study has been proposed that utilizes targeted mosquito sampling in areas 

where the highest Ag prevalence was detected by FTS surveys, in addition to night-blood surveys to 

detect mf. This will facilitate a greater understanding of whether or not the high prevalence of Ag in 

the area, or equivalent results in other areas with similar characteristics, should necessarily be 

considered as a genuine need to implement MDA.  
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Across the two study sites, both ET and GT collected less than one Anopheles mosquito per trap per 

night, with few of those being recently blood-fed. In urban areas, PSC appears to be more effective 

for collecting those mosquitoes that have the highest likelihood of containing parasite DNA, and 

therefore should be favoured for MX where it is feasible to implement. However, the findings in 

both study areas highlight the challenge of collecting large enough numbers of Anopheles 

mosquitoes in urban areas, where Culex are the predominant genera, and indicate that further 

developments may be required before MX-based surveillance can be conducted at a programmatic 

level in Anopheles-vectored LF areas.   
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Chapter Six: Integrated xenosurveillance of Loa loa, 
Wuchereria bancrofti , Mansonella perstans  and Plasmodium 
falciparum using mosquito carcasses and faeces 
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Chapter Outline 

This chapter reports the results of a study conducted in a loiasis-endemic focus in Cameroon, in 

which mosquitoes were screened for Loa loa to determine the feasibility of using mosquito-based 

xenosurveillance to detect areas with loiasis cases. To further evaluate the potential of this method 

for integrated surveillance of multiple diseases, all collected mosquitoes were concurrently screened 

for causative agents of LF, malaria and mansonellosis.  

The chapter is presented as a complete manuscript under the title “‘Integrated xenosurveillance of 

Loa loa, Wuchereria bancrofti, Mansonella perstans and Plasmodium falciparum using mosquito 

carcasses and faeces: A pilot study in Cameroon” that was submitted to PLoS NTDs in January 2022 

and has been accepted for publication following minor modifications. As in Chapters 2 and 3, the 

text is unchanged from the submitted manuscript and only the reference, figure, and table numbers 

have been amended to allow sequential numbering throughout the thesis. The study was conducted 

in collaboration with the Centre for Research of Infectious Diseases, Yaoundé, Cameroon, and the 

Williams Lab at Smith College, Massachusetts, USA. As first author for the submitted manuscript, I 

had a leading role in all stages of the project including study design, sample collection and 

processing, molecular screening, statistical analysis, and writing the original manuscript draft (Figure 

6.1). 

 

Figure 6.1 – Myself collecting indoor resting mosquitoes in a household in Ebogo, Cameroon (A) and conducting 
species and bloodfed status identification under a light microscope prior to sample preservation (B) [Photo 

credit: Lisa Reimer]   
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Abstract 

Background  

Community presence of loiasis must be determined before mass drug administration programmes 

for lymphatic filariasis and onchocerciasis can be implemented. However, taking human blood 

samples for loiasis surveillance is invasive and operationally challenging. A xenosurveillance 

approach based on the molecular screening of mosquitoes and their excreta/feces (E/F) for Loa loa 

DNA may provide a non-invasive method for detecting the community presence of loiasis. 

Methods 

We collected 770 wild mosquitoes during a pilot study in a known loiasis transmission area in 

Mbalmayo, Cameroon. Of these, 376 were preserved immediately while 394 were kept in pools to 

collect 36-hour E/F samples before processing. Carcasses and E/F were screened for L. loa DNA. To 

demonstrate this method’s potential for integrated disease surveillance, the samples were further 

tested for Wuchereria bancrofti, Mansonella perstans, and Plasmodium falciparum.  

Results  

Despite limited sample numbers, L. loa DNA was detected in eight immediately-stored mosquitoes 

(2.13%; 95% CI 1.08 to 4.14), one carcass stored after providing E/F (0.25%; 95% CI 0.04 to 1.42), and 

three E/F samples (estimated prevalence 0.77%; 95% CI 0.15 to 2.23%). Mansonella perstans and P. 

falciparum DNA were also detected in carcasses and E/F samples, while W. bancrofti DNA was 

detected in E/F. None of the carcasses positive for filarial worm DNA came from pools that provided 

a positive E/F sample, supporting the theory that, in incompetent vectors, ingested parasites 

undergo a rapid, complete expulsion in E/F. 

Conclusions  

Mosquito xenosurveillance may provide a useful tool for the surveillance of loiasis alongside other 

parasitic diseases. 
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Author Summary 

Loiasis is a typically-mild filarial worm disease. In contrast, lymphatic filariasis (LF) and onchocerciasis 

are diseases of significant public health concern. LF and onchocerciasis are primarily controlled by 

administering chemotherapeutics to entire at-risk human populations. However, individuals with 

heavy loiasis infections are at risk of severe adverse events when treated with these drugs. Accurate 

loiasis surveillance is therefore critical to the safe implementation of these programmes.  

Screening humans to detect parasites in the blood is invasive and expensive at large scale. Recently, 

however, several studies have demonstrated the potential of collecting wild blood-feeding insects 

such as mosquitoes and screening them for the presence of human blood-borne parasites. To 

explore the potential of mosquito screening as a non-invasive tool for loiasis surveillance, we 

collected mosquitoes in a known loiasis transmission area in Cameroon. We tested the samples for 

parasites that cause loiasis, and concurrently screened for the parasites that cause malaria, LF and 

mansonellosis to determine the potential for integrated disease surveillance. The DNA of all four 

parasites were identified using these methods. The findings suggest mosquito screening may provide 

a useful tool for the surveillance of loiasis alongside other parasitic diseases. 
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Background 

Loiasis is a filarial disease caused by Loa loa parasites, vectored primarily by flies of the genus 

Chrysops. The distribution of this disease is limited to central Africa, with 80% of the 14 million 

people at risk of loiasis living in Cameroon or the Democratic Republic of Congo [44]. The symptoms 

of loiasis are typically benign, and historically it has not been considered a disease of significant 

health importance [219-221]. However, the presence of loiasis has become a cause for concern in 

recent years as it poses a serious operational challenge to the elimination programmes for both 

lymphatic filariasis (LF) and onchocerciasis [222]. When treated with diethylcarbamazine (DEC) or 

ivermectin, drugs that are integral to the mass drug administration (MDA) programmes used to 

control onchocerciasis and LF, individuals with heavy L. loa worm burdens are at risk of severe 

neurological reactions, encephalopathy, and death [223]. In areas that are potentially endemic for 

loiasis, the presence or absence of the infection must therefore be determined before mass 

treatment regimens can be utilised [224]. Consequently, a precise way of identifying areas that are 

endemic for loiasis is a priority for both onchocerciasis control programmes and the Global 

Programme to Eliminate Lymphatic Filariasis (GPELF).  

Several methods have been used to map loiasis distribution. Epidemiological surveys, in which blood 

samples are collected from entire populations and screened for the presence of L. loa microfilariae, 

provide a direct indication of the current community prevalence. Recently, these approaches have 

benefited from the development of field-friendly diagnostics such as the LoaScope – a simple optical 

device that can be coupled to a smartphone to count L. loa mf in peripheral blood without the need 

for sample processing [225]. However, these methods remain naturally invasive, and the blood-

screening of entire populations can be operationally challenging at large scale [44].  

Instead, the African Programme for Onchocerciasis Control (APOC) currently recommends the use of 

Rapid Assessment Procedure for Loiasis (RAPLOA) surveys, in which local populations are questioned 

about the history of loiasis symptoms in their community [226]. A history of subconjunctival larval 

presence is a strong predictor of high community prevalence [44]. However, in many areas surveyed 

by RAPLOA, the results are unclear and further data are required before a decision can be made on 

whether or not to implement MDA [44]. Given the RAPLOA’s focus on the history of symptoms in a 

surveyed area, results also have limited scope to provide an assessment of current endemicity.  

  



 

113 
 

Molecular xenomonitoring (MX), the detection of pathogen DNA in a vector species, can be used as 

a proxy for the presence of a pathogen in the human population and provides a non-invasive and 

relatively inexpensive alternative to epidemiological surveys. MX methods have been increasingly 

adopted by elimination programmes for filarial diseases and are recommended by both the GPELF 

and APOC for the surveillance of LF and onchocerciasis, but have not been used for the surveillance 

of loiasis [18, 42, 227]. A key challenge is the lack of effective standardized methods for the 

collection of adult Chrysops flies. The most commonly used method is to equip local community 

members with hand nets to catch the flies as they look for a bloodmeal, a laborious process that is 

heavily dependent on individual ability and attention [227].  

Xenosurveillance - the molecular screening of blood-feeding insects for ingested blood-borne 

pathogens that they may not necessarily act as vectors for - has the potential to contribute to loiasis 

mapping efforts as part of an integrated disease surveillance programme. Mosquitoes provide a 

convenient sampling target for xenosurveillance due to their relative abundance and because many 

endemic areas have existing infrastructure for mosquito collections due to their role in malaria 

transmission. Recent studies have also demonstrated the potential of screening mosquito 

excreta/feces (E/F) for the genetic material of pathogens, providing a non-destructive sampling 

approach with improved scope for pooling [174, 175].  

Xenosurveillance of mosquitoes and their E/F has shown strong potential for the community-level 

detection of multiple pathogens including blood-borne viruses [228, 229], malaria parasites [79, 80] 

and the filarial pathogens Wuchereria bancrofti, Brugia malayi, and Mansonella perstans [79, 80]. As 

L. loa microfilariae have been detected in night blood of infected individuals, L. loa parasite DNA 

may also be taken up in sufficient quantities by night-biting mosquitoes to be detected through 

xenosurveillance methods [230, 231]. 

The primary objective of this study was to determine whether L. loa DNA can be recovered from 

mosquitoes and their E/F in loiasis-endemic communities. A secondary objective was to demonstrate 

the potential of this method for the integrated surveillance of multiple diseases, by concurrently 

screening collected samples for the filarial worms W. bancrofti and M. perstans, and the malaria 

parasite Plasmodium falciparum. To guide future xenosurveillance sampling strategies, a final 

objective was to report the different prevalence estimates given when measured using a variety of 

methods.  
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Methods 

Study area 

The study was conducted in June 2019 in the Mbalmayo district in the Centre Region of Cameroon. 

The town of Mbalmayo is positioned approximately 50 km south of the capital city of Yaoundé in the 

river basin of the Nyong River, where the surrounding swamps and forested environment provide 

ideal breeding sites for Chrysops flies. The mean annual temperature is 24.1 °C and the mean annual 

rainfall is 1600 mm [224]. The district has a history of high loiasis prevalence, with a prevalence of 

27.3% reported earlier in 2019 [224, 232, 233]. Sampling was conducted in three villages in the 

district - Ngat, Ebogo and Nkolmefou – chosen based on the observed presence of Chrysops flies 

(Figure 6.2). During a preliminary survey in the sampling area, two species of Chrysops (Ch. silacea 

and Ch. dimidiata) were collected and dissected, and the presence of infectious L3 L. loa larvae was 

confirmed. The study objectives and proposed strategy were discussed and agreed upon with each 

village Chief prior to conducting the survey.  

 

Figure 6.2 - Map of the study area, showing the location of the Nyong river basin and the three villages in which 
sampling was conducted: Nkolmefou, Ngat, and Ebogo. 
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Sample collection 

Indoor resting mosquitoes were collected from each consenting household between 0600 and 1000 

hours using battery-powered aspirators. Collections were repeated until every household in each 

village had been visited and invited to participate at least once. In total, collections were conducted 

over nine days, with four, three, and two days spent in Nkolmefou, Ngat, and Ebogo, respectively. As 

indoor resting collection methods will predominantly sample night-biting mosquitoes, BG-sentinel 2 

traps (Biogents, Germany) equipped with BG-sweetscent artificial lures – which have been shown to 

be efficient for collecting day-biting mosquitoes such as Aedes species - were utilised concurrently to 

provide a comparison between mosquitoes of different biting behaviours [234, 235]. Four traps, 

positioned a minimum of 50 m apart, were set at 1800 hours on the evening prior to the indoor 

resting collection and collected at 1700 hours the following evening.  

Chrysops fly collections were conducted on the same day and in the same village as mosquito 

collections. Chrysops flies were collected by two trained fly collectors equipped with hand nets and 

asked to collect host-seeking flies between 1000 and 1600 hours. To provide a standardized measure 

of Chrysops fly abundance, two Nzi traps were also set in each village for one day, between 1000 and 

1600 hours.  

Half of the collected mosquitoes were killed and stored following collection. Prior to storage, the 

species and abdomen status (unfed, blood-fed or gravid) of each mosquito were identified using a 

dissecting microscope. Carcasses were then stored individually in 1.5 ml microcentrifuge tubes 

containing silica gel. The remaining mosquitoes were stored alive for 36 hours to collect E/F using 

the methods described by Cook et al [174]. Briefly, a paper cone was constructed which was coated 

with NeverWet® (Rust-Oleum, Durham, UK) to create a superhydrophobic surface, and a DNA 

collecting card (GenTegra) was placed beneath the opening at the bottom of the cone. Mosquitoes 

collected from the same household were pooled together in a single cone. The mosquito-containing 

cones were stored in a cool box with the lid open and partially covered with a damp towel to keep 

the mosquitoes cool and humid. Cotton wool soaked in a 10% sugar solution was added to the 

netting covering each cone. After 36 hours, the cones were dismantled and the cards were stored in 

1.5 ml microcentrifuge tubes.  
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In the event of E/F deposits drying directly onto the cones, the cones were stored and later swabbed 

for DNA extraction following the swabbing methods described in Cook et al. [174]. Due to a shortage 

of cones, ten of the E/F samples were collected directly onto paper cups. The whole cups were 

stored, and the E/F samples were later swabbed for DNA extraction. Mosquitoes from which E/F had 

been collected were then knocked down for species identification and stored individually. 

Molecular processing  

 

DNA extraction  

Molecular processing of E/F samples was conducted at Smith College, Northampton, MA, USA, while 

processing of mosquito and fly carcasses was conducted at the Liverpool School of Tropical 

Medicine, UK. DNA was extracted from E/F samples using the methods previously described by 

Pilotte et al [80]. Briefly, a standard paper punch was used to take three punches from each 

collection card, and sample was eluted/recovered from these punches using the GenSolve DNA 

Recovery Kit (GenTegra). DNA was then extracted from each sample using the MinElute column 

procedure (Qiagen, Germantown, MD). Extraction of DNA from mosquito and fly carcasses was 

conducted using DNeasy extraction kits (Qiagen) with a mechanical disruption stage using a 

TissueLyser bead mill (Qiagen) as previously described [79]. 

Sample analysis using qPCR 

All mosquito and E/F samples were tested for the presence of W. bancrofti, P. falciparum, L. loa, and 

M. perstans using species-specific qPCR assays. Chrysops samples were tested for the presence of L. 

loa. Presence/absence determinations occurred using 2.5 µL of template DNA and previously 

described assays in accordance with the published protocols [80, 196]. All samples were tested in 

duplicate using each assay, and samples resulting in amplification from both replicates were scored 

as “positive”. Samples which failed to produce a positive result for either replicate reaction were 

scored as “negative”. If duplicate testing results were discordant, the sample was tested a second 

time, again in duplicate reactions. If either or both of the re-test reactions resulted in an 

amplification product, the sample was scored as a “positive” and the re-test results were reported.  

If both re-test replicates failed to produce a product, a negative result was reported for the sample. 
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W. bancrofti confirmatory testing using an LDR qPCR assay 

The presence of a significant number of W. bancrofti-positive E/F samples, coupled with an absence 

of W. bancrofti-positive mosquito carcass samples represented an unexpected finding. As a result, 

qPCR-based confirmatory testing was performed. This testing occurred using a qPCR assay based on 

detection of a long DNA repeat of W. bancrofti (LDR; GenBank accession no. AY297458) [236].  This 

assay was chosen because it targets a region of the W. bancrofti genome that is entirely 

independent from the TR1 target region utilized by the primary assay [196]. Such targeting 

controlled for plasmid control-based or PCR product-based sample contamination.  

All samples that tested positive for W. bancrofti with the TR1 qPCR assay were retested using this 

LDR assay. All samples were tested in duplicate and run in accordance with published conditions 

using 5 µL of template. In the event of insufficient sample volume, residual volumes were split 

between replicates and sterile water was added to increase template volume to 5 µL for addition to 

reaction wells.  

Statistical analysis 

For each parasite, we calculated the prevalence of parasite DNA in mosquito carcasses and 

associated 95% confidence intervals using the E. B. Wilson method and software available at 

http://vassarstats.net/prop1.html [95]. We calculated separate prevalence estimates for mosquitoes 

that were stored immediately and those that were stored after providing a 36-hour E/F sample.  

For E/F samples collected from pools of mosquitoes, we considered the pool to have produced a 

positive E/F sample if the GenTegra card and/or the swabbed cone or cup were found to be positive 

for parasite DNA. We calculated maximum likelihood estimates of the prevalence of parasite DNA in 

the mosquito population using PoolScreen v2 [93].  We explored the correlation between parasites 

detected in pooled E/F samples with the carcasses of individual mosquitoes that contributed to 

them.  

We further reported the difference in prevalence estimates observed between different mosquito 

genera, bloodfed status and methods of collection (indoor resting collection vs. BG-Sentinel 2 trap).  

 

http://vassarstats.net/prop1.html
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Results 

Sample collection  

In total, 770 mosquitoes were collected during the study. Of these, 376 mosquitoes were stored 

immediately following collection, including 297 Anopheles, 53 Culex, 17 Aedes and 9 Mansonia 

species mosquitoes. The remaining 394 mosquitoes, comprising 386 Anopheles spp. mosquitoes and 

8 Culex spp. mosquitoes were kept for 36 hours to collect E/F. No Aedes or Mansonia species were 

deemed fit for E/F collection, as all those collected had died or become injured during the capture 

process. In total, 59 E/F samples were collected during the study. Additionally, 312 Chrysops flies 

were collected, with one fly collected in an Nzi trap and all other flies caught manually. Both Ch. 

silacea (n=192) and Ch. dimidiata (n=120) were present. 

 

Parasite detection 

 

Detection of L. loa DNA  

A summary of the detection rates of each of the four parasites in each of the three mosquito sample 

types is provided in Table 6.1. In total, nine mosquito carcasses were positive for L. loa DNA, with at 

least one positive mosquito identified in each surveyed village. Of the 376 mosquitoes stored 

immediately after collection, eight were positive for L. loa DNA (2.13%; 95% CI 1.08 to 4.14). In 

contrast, just one of the 394 carcasses stored after providing a 36-hour E/F sample were positive 

(0.25%; 95% CI 0.04 to 1.42). Three of the 59 collected mosquito E/F samples were also found to 

contain L. loa DNA, corresponding to a maximum likelihood estimated prevalence of L. loa DNA in 

collected mosquitoes of 0.77% (0.15 to 2.23%). Of the 312 Chrysops flies collected in the study area, 

108 were found to be positive for L. loa DNA (34.62%, 95% CI 29.56 to 40.06%).  
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Detection of W. bancrofti, M. perstans and P. falciparum DNA 

No W. bancrofti DNA was detected in any of the carcasses. However, ten E/F samples were found to 

contain W. bancrofti DNA using the TR1 target (estimated prevalence 2.94%; 95% CI 1.32 to 5.50%). 

Upon confirmatory qPCR testing using the LDR target, four of the ten E/F samples were confirmed to 

contain W. bancrofti DNA in both replicates, while two further samples were positive for W. 

bancrofti DNA in one of two replicates.  

Although none of the immediately-stored mosquito carcasses were positive for M. perstans DNA 

(95% CI 0.00 to 1.01), two post-E/F carcasses (0.51%; 95% CI 0.14 to 1.84) and four E/F samples 

(estimated prevalence 1.09%; 95% CI 0.28 to 2.80%) were positive.  

In addition, 212 immediately-stored mosquito carcasses (56.38; 95% CI 51.33 to 61.30), 145 post-E/F 

carcasses (36.80%; 95% CI 32.19 to 41.67) and 21 E/F samples (estimated prevalence 8.37%; 95% CI 

4.87 to 13.28%) were positive for P. falciparum DNA.  
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Table 6.1 - DNA detection rates of L. Loa; W. bancrofti; M. perstans and P. falciparum in the carcasses of mosquitoes stored immediately, the carcasses of mosquitoes stored 
after a 36-hour E/F collection window, and in collected E/F samples. 

 

 

    Loa loa    Wuchereria bancrofti   Mansonella perstans   Plasmodium falciparum 

Sample type 
No. 

screened   
No. 

Positive 
Prevalence %  

(95% CI)   
No. 

Positive 
Prevalence % 

(95% CI)   
No. 

Positive 
Prevalence % 

(95% CI)   
No. 

Positive 
Prevalence % 

(95% CI) 

Mosquito E/F pools
ⴕ
 59   3 

0.77 
(0.15 to 2.23) 

  10 
2.94  

(1.32 to 5.50) 
  4 

1.09  
(0.28 to 2.80) 

  21 
8.37  

(4.87 to 13.28) 

Mosquito carcass  
(post-E/F) 

394   1 
0.25  

(0.04 to 1.42) 
  0 

0.00  
(0.00 to 0.97) 

  2 
0.51  

(0.14 to 1.84) 
  145 

36.80  
(32.19 to 41.67) 

Mosquito carcass  
(immediate storage) 

376   8 
2.13  

(1.08 to 4.14) 
  0 

0.00  
(0.00 to 1.01) 

  0 
0.00 

(0.00 to 1.01) 
  212 

56.38  
(51.33 to 61.30) 

Footnotes: ⴕ Prevalence calculated using PoolScreen v2.0 
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Correlation between E/F samples and corresponding post-E/F carcasses 

Figure 6.3 compares the detection of parasite DNA in collected E/F samples with the corresponding 

detection in the carcasses of mosquitoes that contributed to each sample. Notably, none of the 

carcasses positive for filarial worm DNA had been housed in any of the cones that provided a 

positive E/F sample.  

 

Comparison between collection methods, mosquito genera and blood-fed status 

In this study, only 31 mosquitoes were collected using BG-Sentinel traps, none of which were in 

adequate condition to allow for the collection of an E/F sample. No mosquito carcasses collected 

using BG-Sentinel traps were positive for any parasite. Each of the carcasses and excreta samples 

identified as positive for at least one parasite were therefore obtained using indoor resting 

collections.  

All the mosquito carcasses positive for L. loa or M. perstans DNA were Anopheles spp. mosquitoes 

and all were blood-fed. In contrast, P. falciparum DNA was detected in the carcasses of Anopheles 

(49.34%, 337/683), Aedes (41.18%, 7/17), Culex (9.84%, 6/61) and Mansonia spp. mosquitoes 

(77.78%, 7/9). Although the highest detection rates of P. falciparum were observed in blood-fed 

mosquitoes (75.41%, 138/183), the parasite was also detected in gravid (46.15%, 30/65) and unfed 

mosquito carcasses (20.63%, 13/63).  

Of the ten E/F samples positive for W. bancrofti, nine came exclusively from pools of Anopheles 

mosquitoes and one sample came from a single Culex mosquito. All four E/F samples positive for M. 

perstans came from pools of Anopheles mosquitoes, while the single L. loa positive E/F sample came 

from a pool containing six Anopheles and one Culex mosquito.  
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Figure 6.3 - Upper: The number of mosquitoes contributing to each of the 59 excreta/feces samples and proportion of individual mosquitoes found to be positive for L. loa, 
M. perstans, W. bancrofti or P. falciparum DNA. Lower: corresponding presence or absence of the four parasites’ DNA in each of the collected excreta/feces samples. 
Abbreviations: L. l – L. loa; W. b – W. bancrofti; M. p – M. perstans; P. f – P. falciparum.
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Discussion 

Given the limitations of existing surveillance tools for the detection of areas with cases of loiasis, the 

primary objective of this study was to identify whether or not MX methods can be used to detect L. 

loa DNA in mosquitoes and their E/F. In an area of known loiasis transmission, we detected both 

mosquito carcasses and E/F samples positive for L. loa DNA, giving cause for optimism that 

mosquitoes can provide a suitable sampling target for identifying loiasis-positive communities. 

The prevalence of L. loa DNA was significantly higher in Chrysops flies than mosquitoes. Potential 

explanations for this finding lie in the larger blood-meals taken by Chrysops flies [237, 238] and the 

diurnal periodicity of L. loa corresponding with the peak biting activity of Chrysops flies [239]. As the 

overwhelming majority of mosquitoes collected in this study were night-biting Anopheles species, a 

greater mosquito prevalence of L. loa DNA may be observed in areas where day-biting mosquitoes 

are predominant, though future work will be needed to evaluate this. Nevertheless, despite the high 

proportion of night-biting species and limited collection effort, carcasses and E/F positive for L. loa 

DNA were detected in each village in which surveys were conducted. This suggests the sensitivity of 

mosquito xenosurveillance was suitable for the purposes of identifying loiasis-positive communities. 

Mosquitoes may therefore provide a convenient alternative sampling target to Chrysops flies, 

particularly as Nzi traps were found to be ineffective in this study and collection of Chrysops 

depended entirely on human collectors.  

Furthermore, mosquito-based xenosurveillance may be more sustainable than traditional MX of 

Chrysops flies due to its potential for integrated surveillance with existing malaria programmes and 

other neglected tropical diseases. To further demonstrate this potential, we concurrently screened 

collected mosquitoes and E/F samples for W. bancrofti, M. perstans and P. falciparum, successfully 

identifying all three parasites. The detection of W. bancrofti DNA in E/F samples represented an 

unexpected finding, as a recent lymphatic filariasis mapping exercise found no evidence of W. 

bancrofti endemicity in Cameroon [240].  As the detection of W. bancrofti was confirmed using a 

second PCR assay with a distinct target DNA sequence, the potential for this finding to be a result of 

contamination is highly unlikely. Though the detection of W. bancrofti DNA in mosquito E/F alone is 

not indicative of LF transmission, the study area was not included in the recent survey by Wanji et al. 

[240]; further investigation may therefore be required to confirm the absence of transmission.  
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To guide future sampling strategies for mosquito-based surveillance of loiasis and other parasitic 

diseases, a final objective was to observe the difference in detection rates when using a variety of 

sample types and collection methods. Typically, filarial worm detection rates were lower in the 

carcasses of mosquitoes that had been stored following the provision of a 36-hour E/F sample than 

in the E/F samples themselves and the carcasses of mosquitoes that were stored immediately after 

capture. In addition, positive E/F samples were not associated with positive post-E/F mosquito 

carcasses. Taken together, these findings support the theory that, in incompetent vectors, ingested 

parasites undergo a rapid and complete expulsion in E/F, after which the parasite is no longer 

detectable in the carcass [80]. The reduced detection in mosquito carcasses processed 36 hours 

after collection highlights the critical importance to xenosurveillance activities of an appropriate 

sampling strategy and timely processing of samples. Were a surveillance programme to store 

collected mosquitoes in cages for this time period prior to processing, without the collection of E/F, 

the sensitivity to each parasite may be dramatically reduced. This importance is further exemplified 

by the absence of parasite detection in any trap-caught mosquitoes, which would likely have 

undergone longer delays between taking a blood-meal and storage than those caught resting 

indoors.   

Traditional epidemiological surveys based on the collection of human blood samples provide 

information about infection status at an individual patient level. In contrast, xenosurveillance, and 

questionnaire-based approaches such as RAPLOA, provide information at a community level. A 

challenge to such approaches lies in the possibility of communities that have low overall rates of 

infection but which contain individuals with high microfilarial burdens and thus have a greater risk of 

suffering severe adverse events. Further research will be necessary to determine whether the 

presence or absence of L. loa DNA in mosquitoes can provide sufficient information to make a 

decision on whether or not to implement MDA.  

Conclusions 

In loiasis-endemic communities, L. loa DNA can be recovered from night-biting mosquitoes and their 

E/F. Mosquito xenosurveillance may provide a useful tool for the real-time integrated surveillance of 

loiasis presence alongside malaria and other filarial worm diseases. Due to the transient nature of 

parasite DNA signals in the carcasses and E/F of non-vector mosquitoes, the use of appropriate 

sampling methods that minimise the delay between blood-feeding and processing of samples is 

essential.   
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Chapter Seven: Conclusions and recommendations  
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Conclusions  

Following the progress made towards the elimination of several NTDs in recent years, there is a need 

for robust and sustainable methods for determining whether transmission has been interrupted and 

for post-interruption monitoring, to avoid the risk of undetected recrudescence of infections and an 

undoing of recent gains. MX may provide a solution to this challenge as a non-invasive, early warning 

system based on the detection of exposed vectors, with the additional potential capacity to screen 

for multiple pathogens at once and develop an integrated NTD surveillance programme. However, 

there are some areas of uncertainty that need to be addressed before MX can be considered a viable 

replacement for screening the human population, rather than its current role as a supplement to 

these methods.  

The specific objectives of this thesis were: (1) to assess the sensitivity of MX methods for detecting 

communities in which there are individuals infected with LF or onchocerciasis; (2) to evaluate the 

relationship between MX rates in vectors and the infection prevalence in the human population; (3) 

to measure the impact that different mosquito sampling strategies have on MX results; and (4) to 

explore which non-mosquito-borne pathogens may be amenable to mosquito-based 

xenosurveillance and compare MX rates between vector and non-vector species. The extent to 

which the information gathered throughout this thesis accomplishes each of these objectives is 

discussed in turn below. 

 

Assessing the sensitivity of MX methods for detecting LF and onchocerciasis 

For LF, the GPELF recommends that MX is implemented alongside TAS for post-MDA surveillance, 

and that - due to the low expected infection rate in elimination settings – a minimum of 5,000-

10,000 mosquitoes should be screened for parasite DNA [18]. For onchocerciasis, MX is also 

recommended for use towards the end of elimination programmes, to determine whether 

transmission has been interrupted and for post-treatment surveillance [42]. However, the sensitivity 

of MX for detecting communities with cases of LF and onchocerciasis had never previously been 

evaluated.  

The primary analysis in Chapter 2 demonstrated that, in comparison to mf screening, MX is highly 

sensitive for detecting LF. In all areas with a mf prevalence greater than 0.25%, MX showed 100% 

sensitivity to communities with mf-positive individuals when mosquito sample sizes of 1,000 or more 

were collected, and even in areas with a mf prevalence below 0.25%, samples of 4,000-6,000 

mosquitoes were sufficient to detect LF with 100% sensitivity. 



 

127 
 

In addition to having smaller than recommended sample sizes and being conducted in areas with 

very low mf prevalence, the reduced sensitivity observed in two studies may be explained by 

extended lag times between the mf and MX surveys and slight differences in sampling locations.  

Given the high sensitivity estimated from chapter 2, it may be surprising that no positive mosquitoes 

were identified in Monrovia, where the Ag prevalence was reported as greater than 1% in each of 

the four health districts. The key difference is that studies included in chapter 2 provided a 

comparison of MX to mf prevalence rather than antigenaemia. While the presence of mf indicates 

viable parasites and a potentially-infective human case, Ag positivity cannot be used as a reliable 

indicator that transmission of the disease is occurring locally and currently [24]. It is therefore 

possible that the positive FTS tests observed in Monrovia were a result of individuals that had 

become infected elsewhere before travelling to Monrovia, though other potential explanations 

include the limited geographical overlap between the surveyed schools and the mosquito sampling 

sites, the fact that transmission would not have taken place at school but at the households where 

children lived, and the unusually high rate of unfed mosquitoes that were collected during the study. 

Due to these limitations, an adapted sampling protocol, including the use of mf surveys, has been 

recommended for a second evaluation in Monrovia.  

Chapter 3 demonstrated that MX was also highly sensitive to onchocerciasis. With the exception of 

the Amazonian focus, MX detected positive flies in every study area in which the mf prevalence was 

greater than 1%. While MX was less sensitive below this threshold, this may be operationally 

unimportant, as onchocerciasis transmission is believed to be unsustainable below a mf prevalence 

of 1% [126]. For both LF and onchocerciasis, MX identified multiple communities as positive that 

were undetected by mf surveys; indicating that MX may have improved sensitivity over mf 

screening. Overall, this evidence exhibits the strengths of MX in identifying areas of ongoing 

transmission.  

An important consideration when interpreting these results is that - while HLC remains the gold 

standard for sampling black flies - there are obvious ethical concerns about the use of human 

volunteers being asked to remain stationed for several hours in an area where they are exposed to 

potentially high vector densities. Though volunteers receive prophylaxis to avoid the risk of 

developing an infection and training to assist them in catching the vectors prior to being bitten, 

evidence from the field has shown that there is still a significant risk of volunteers being bitten 

unexpectedly [155, 241]. Rightly, there is a push in the onchocerciasis community to find an 

alternative method that is less risky but equally effective for collecting black flies, with several trap 

variations developed and tested in recent years [241-244].  
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As all the studies included in the systematic review in Chapter 3 depended on HLC for collecting 

black flies, it cannot be assumed that the reported sensitivity to areas of ongoing transmission would 

still be observed if alternative sampling strategies were used.  

One example of a promising alternative sampling strategy is the Esperanza Window Trap (EWT), a 

trap based on a piece of dark-coloured satin fabric stretched over a 1m2 wooden frame and 

sandwiched between two sheets of acrylic plastic which are coated with insect trapping paste to 

immobilize flies on contact [243, 244]. With specific combinations of bait odours, EWTs have been 

shown to collect similar numbers of Simulium females to those collected by HLC [243]. However, it is 

unclear whether the shape and style of the EWT may lead to the preferential collection of black flies 

that are more zoophilic than those that are collected whilst attempting to feed on a human 

volunteer. Sibling species within the S. damnosum species complex exhibit variation in host 

preferences, and the proportion of flies that have fed on a human host can vary between different 

sampling methods [242]. Naturally, a trap that favours the collection of more zoophilic black flies 

would be expected to reduce the likelihood of detecting the DNA of the human parasite O. volvulus. 

As these studies did not screen collected black flies for O. volvulus larvae, it remains unknown 

whether the sensitivity of MX will be reduced when using EWTs in comparison to HLC. More 

recently, Host Decoy Traps (HDTs) – originally developed for the collection of Anopheles mosquitoes 

– have also been adopted for black fly surveillance [241]. The HDT baits the vectors using visual and 

thermal cues, in combination with human body odours and CO2 coming from a human volunteer 

who lies protected in a nearby tent [245]. One trial of the HDT reported it to collect black fly 

numbers favourable to those collected using HLCs, and 60 times higher than those caught using 

EWTs [241]. In addition, dissection of collected flies found a greater proportion of HDT-caught black 

flies were infected with O. volvulus parasites than their HLC-caught counterparts. These high rates of 

capture and infectivity suggest that HDTs may become a valuable tool for black fly surveillance, with 

a sensitivity to areas of ongoing onchocerciasis transmission that is similar to that of HLC-based 

methods. However, as a limited number of studies have been reported to date, further evidence of 

the efficiency of HDTs and EWTs from a greater variety of settings will be needed to conduct a 

robust evaluation of their accuracy for MX in comparison to HLCs.       
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Evaluating the relationship between MX rates and human infection prevalence 

A limited understanding of the relationship between MX results and the infection prevalence in the 

human population presents a key barrier to the use of MX for programmatic decision-making [57]. 

Regression analyses of data from previously-conducted studies demonstrated that, for both LF and 

onchocerciasis, there is a significant linear relationship between MX rates and mf prevalence. For 

each disease, across the included studies, approximately half of the observed variation in MX rate 

was explained by variation in the human mf prevalence. Much of the remaining variation in MX rates 

may be explained by differences in study site and sampling methodology; studies that used 

consistent mosquito collection methods in the same location over time provided evidence of a 

strong correlation between MX rates and mf prevalence, with MX rates tracking a decline in mf 

prevalence during the implementation of MDA. While MX is currently only recommended for LF and 

onchocerciasis programmes in elimination settings that have already completed the required 

number of rounds of MDA, these findings provide support for expanding the use of MX to include 

surveillance during the treatment stage of programmes, for monitoring the impact of MDA and 

tracking progress towards elimination without the need to conduct invasive surveys [23, 42]. 

Notably, however, when observing the data from LF studies, the linear relationship between mf 

prevalence and MX rate was only evident in areas that were currently undergoing or had completed 

MDA, where relatively low mf prevalence values were measured. In pre-MDA settings, where higher 

mf prevalence values were observed, the linearity of the relationship was lost. A potential 

explanation lies in the lack of vertical transmission of filarial parasites, ensuring that vectors must 

have taken a blood meal from an infected person in order to present as positive for parasite DNA 

[75]. As vectors have short lifespans, the continuing emergence of new vectors will ensure that a 

sizable proportion of the population remains negative for parasite DNA, preventing a continuation of 

this linear relationship as the human prevalence increases. Consequently, MX may have limited 

scope for the preliminary mapping stage of MDA programmes, and initial assessments of the 

baseline prevalence in MDA-naïve areas should continue to be based on parasitological or 

serological measurements [23, 42].   

When comparing the current recommendations for LF and onchocerciasis programmes, it is 

noteworthy that MX is only currently recommended for LF programmes as a potential supplement to 

Ag screening during post-MDA surveillance, while WHO guidelines for onchocerciasis programmes 

strongly recommend MX, both for determining whether MDA can be stopped and for post-MDA 

monitoring [23, 42]. The onchocerciasis guidelines favour MX in preference to other surveillance 

methods, stating that the certainty of the evidence supporting its ability to demonstrate interruption 

and elimination of transmission is high [42].  
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Interestingly, the contrasting strength of these recommendations is not explained by a lack of 

convincing evidence of the accuracy of MX for LF surveillance in comparison to onchocerciasis. When 

comparing the findings of Chapter 2 and 3, the evidence supporting the accuracy of MX for detecting 

positive communities and predicting human mf prevalence appears to be significantly stronger for LF 

than it is for onchocerciasis.  

Instead, the stronger recommendation for MX given to onchocerciasis programmes may be 

explained by the greater limitations of alternative surveillance methods than those for LF, with skin 

snipping becoming increasingly unacceptable to populations in endemic areas, and further carrying a 

risk of accidental transmission of blood-borne diseases [246-248]. 

 

Measuring the impact of different mosquito sampling strategies on MX results  

The findings of Chapter 4 suggest that choices between mosquito collection methods can have an 

important impact on MX rates, though it was not possible to obtain precise and consistent estimates 

of this impact. While in some sites MX rates in mosquitoes collected using fed collection methods 

were substantially higher than those in mosquitoes caught using gravid traps, these effect sizes were 

not consistent between studies, and it was not possible to determine the reasons for this 

heterogeneity. Consequently, we cannot currently be certain of the settings in which IRC methods 

will lead to higher parasite detection rates than gravid traps, or the extent to which MX rates would 

differ between the two methods.  

Due to an absence of W. bancrofti DNA in all the mosquitoes collected in the studies in Nigeria and 

Liberia in Chapter 5, it was not possible to conclude which strategy was the most sensitive for 

detecting positive mosquitoes in these urban Anopheles-vectored LF transmission areas. However, 

as PSC collected a higher number of mosquitoes per trapping event, a higher proportion of 

Anopheles mosquitoes, and a higher proportion of fed mosquitoes than any other method, including 

ET, these methods may be expected to have the greatest chance of detecting positive mosquitoes.  

Chapter 4 further identified that, across the included studies in Anopheles-vectored LF areas, MX 

rates were approximately seven times higher in Anopheles mosquitoes than Culex mosquitoes 

collected in the same areas and utilising the same collection methods. The finding highlights the 

importance of MX programmes in Anopheles-vectored LF areas using a sampling strategy that 

favours Anopheles mosquitoes, though a lack of studies contributing to this analysis from areas 

where LF is vectored by other genera means further research is required to see if vector species will 

always have higher MX rates than non-vectors.  
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Though the findings of this thesis may support a recommendation for a sampling strategy that is 

based on the collection of bloodfed Anopheles mosquitoes, LF programme co-ordinators aiming to 

implement MX for the surveillance of LF will also need to consider a number of different factors. 

While not evaluated here, sampling strategies will also exhibit variation in the number of mosquitoes 

collected per trapping event [107, 122], the up-front costs of purchasing trap equipment [157, 166], 

the labour hours and associated costs associated with conducting the collections [249, 250], and the 

community and household acceptability [251, 252]. Each of these factors will need to balanced 

against the need to maximise the likelihood of detecting a mosquito positive for parasite DNA.    

When comparing different sample types, MX rates estimated from pools of mosquito carcasses were 

approximately 4.5 times higher than those estimated from excreta/faeces (E/F). This finding was also 

observed in the pilot study conducted in Chapter 6, where estimates of prevalence were higher for L. 

loa and P. falciparum when estimated from carcasses, particularly those processed immediately 

after collection, than from E/F samples. Consequently, while E/F monitoring may have greater 

pooling potential and therefore higher throughput than carcass screening, MX programmes must 

consider that a larger sample size of mosquitoes could be needed to achieve the same sensitivity to 

cases in the community [79, 174, 175].   

 

Exploring mosquito-based xenosurveillance of non-mosquito-borne pathogens  

The nucleic acids of a wide range of non-mosquito-borne pathogens have been detected in 

mosquitoes, but there may be biological barriers that prevent the use of mosquitoes as sampling 

targets for the surveillance of certain pathogens. Chapter 6 aimed to explore the potential of 

sampling and screening mosquitoes for the surveillance of loiasis. Though L. loa is diurnally periodic, 

and the overwhelming majority of mosquitoes collected during the study were night-biting 

Anopheles species, L. loa DNA was detected in both the carcasses and E/F of collected mosquitoes, 

giving cause for optimism that mosquito-based xenosurveillance could be used for identifying loiasis-

positive communities [230].  

The interpretation of detection rates of non-mosquito-borne pathogen DNA in mosquitoes is 

challenging, particularly as the relationship between this rate and infection rates in the natural 

vector population is poorly understood [190, 228, 229]. Chapter four aimed to summarise the results 

of all previously-conducted studies that compared MX rates of filarial parasites in vector insects to 

equivalent rates in non-vector mosquitoes. However, no such studies were identified, highlighting a 

gap in the available literature that must be addressed before a mosquito sampling strategy for the 

surveillance of non-mosquito-borne filarial diseases can be developed.  
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To further investigate this, in chapter 6, Chrysops flies were also collected in each of the villages 

where mosquitoes were sampled. The prevalence of L. loa DNA was dramatically higher in Chrysops 

flies (34.6%) than mosquito carcasses (2.1%). While in this heavily-endemic area, mosquito sampling 

was sufficient to detect loiasis-positive communities despite relatively small collection yields, the 

finding suggests that, in areas of lower prevalence, many more mosquitoes would need to be 

collected than than Chrysops flies to detect the presence of the disease. However, given the 

difficulties associated with collecting Chrysops – for this study, collections depended entirely on 

laborious and risky human-baited catches – mosquitoes may provide a much more convenient 

sampling target despite the lower detection rates [227].      

General limitations and challenges faced 

Drawing confident conclusions from all three systematic review chapters was restricted by the 

limitations of the available data. This was typically not due to poor design of the included studies, 

but rather to the restricted number of studies that met the review’s inclusion criteria, the inherent 

limitations of using observational data, and that the studies had been designed for different 

purposes than the reviews’ objectives of evaluating MX sensitivity, comparing the results to human 

prevalence indicators, and making comparisons between different sampling strategies. In particular, 

estimates of the sensitivity of MX must be interpreted with caution due to the limited number of 

paired MX rate and mf prevalence observations that could be extracted from the available literature, 

and consequently the confidence intervals for the estimates of sensitivity are extremely wide. 

Further evidence will be required to confirm the sensitivity of MX with a high degree of confidence. 

Additionally, in Chapter 4, the certainty of the evidence for every comparison was graded, based on 

GRADE working group assessment criteria, as very low. Further research contributing to these 

analyses is therefore very likely to lead to changes in the estimates of the impact on MX rates of 

differences in sampling strategy [178, 179].  

A further key challenge that impacted on the research contained in this thesis was the COVID-19 

pandemic. COVID-19 has been demonstrated to hinder the study progress and wellbeing of PhD 

students - particularly those in the mid-phase of their studies - by restricting sample collection and 

reducing access to data, scholarly support networks and institutional resources [253, 254].    

For example, in this thesis, a series of field studies had been planned in a sleeping sickness-endemic 

focus in Cameroon to determine whether the collection of bloodfed mosquitoes could provide a 

viable surveillance method for detecting areas of sleeping sickness endemicity. Additional funding 

was obtained to conduct this research through a successful application for the Leprosy Missions NTD 

Innovation Prize 2019.   
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Unfortunately, the COVID-19 pandemic and resulting lockdowns significantly disrupted these 

intentions, limiting global travel and restricting the field teams’ access to people’s homes to collect 

mosquitoes. Furthermore, in response to the pandemic, the national control programme in 

Cameroon did not conduct screening for sleeping sickness in 2020, preventing a comparison of 

entomological to epidemiological outcomes during this year, while access to laboratory facilities at 

the LSTM was also restricted in the early stages of the pandemic.  

By preparing and sharing equipment and training material with colleagues in Cameroon, mosquito 

collections have since begun, with early samples shipped to Liverpool for molecular analysis, but the 

delays to this research have precluded its inclusion in this thesis. This was mitigated for by expanding 

the elements of the thesis that could be conducted using desk-based methods. However, the project 

will continue through ongoing collaboration between LSTM and CRID, providing results that will give 

further insight into the potential of mosquito xenosurveillance for integrated surveillance of non-

mosquito-borne pathogens.   

 

Recommendations  
 

Recommendations for practice and policy  

MX is highly sensitive to communities with cases of LF, even when limited mosquito sample sizes are 

collected, and has been shown to identify LF-positive communities that are not detected by mf 

surveys. Consequently, MX may have potential as a sustainable tool for monitoring LF in post-

treatment and post-elimination settings without the need for invasive human surveillance methods, 

similarly to how it is currently used for onchocerciasis. For onchocerciasis, the findings of the high 

sensitivity of MX to communities with ongoing transmission support the existing strong 

recommendation for MX use in elimination settings [42]. 

In Anopheles-vectored LF areas, MX rates were significantly higher in Anopheles mosquitoes than 

Culex mosquitoes collected using the same methods. This raises questions regarding the suitability 

of current WHO guidelines for LF surveillance, which state the sample size of mosquitoes that should 

be targeted to have certainty in the absence of LF, but make no specifications about the preferred 

species of mosquitoes [18]. In Anopheles-vectored areas, LF programmes looking for the most 

sensitive approach should consider a collection method that preferentially targets Anopheles 

mosquitoes.  
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While this project’s intended evaluations of the influence of different mosquito collection methods 

on MX rates were limited, no evidence was found of HLC being more sensitive than any other 

collection method. Given the ethical issues associated with exposing human volunteers to vector 

mosquitoes, there appears to be little justification for LF programmes to implement an MX strategy 

based on the use of HLC. Programmes looking to implement MX should also consider the findings 

that parasite detection rates were found to be higher in the carcasses of collected mosquitoes that 

were processed immediately than those that were kept alive for 36 hours to provide E/F samples. As 

the detection of parasite DNA appears to be transient, particularly in non-vector mosquitoes, a 

protocol that minimises the delay between blood-feeding and sample processing is critical.  

Priorities for further research  

For LF, the strength of the relationship between MX rates and mf prevalence provides optimism that 

MX methods could be used to estimate infection rates and potentially for making decisions over 

when to stop MDA. However, the degree of unexplained variation suggests further work is needed 

to understand the variables that may affect MX rates. While Chapter 4 attempted to determine the 

influence of different sampling strategies on MX results, it was not possible to calculate precise or 

consistent impacts. Data were particularly limited for comparisons of sampling intensity. While 

strong evidence has been reported by one high quality study in Sri Lanka that reducing the number 

of sampling sites did not lead to reduced detection of LF, further research in a greater variety of 

transmission areas is required to understand what impact this will have in other areas with different 

vector species, human population densities, and ecological landscapes [113].  

A key finding of this research is that, while significantly higher MX rates were typically observed in 

Anopheles mosquitoes than Culex mosquitoes, Culex collection yields with existing collection 

methods consistently outweighed those of Anopheles. This result supports opinions expressed by 

other research groups, that the programmatic use of MX in Anopheles-vectored LF areas may 

depend on the development of new tools that are efficient at collecting bloodfed or gravid 

Anopheles mosquitoes – and consequently this should be considered an important priority for future 

research [57, 190].   

For onchocerciasis, confidence in the accuracy of MX for predicting the human mf prevalence would 

be strengthened by the collection of data comparing MX surveys with concurrent mf surveys across 

a greater range of transmission levels. This could be facilitated by control programmes utilising MX 

methods earlier in the elimination pathway. As discussed above, further research will be needed to 

understand whether the sensitivity of MX to onchocerciasis-positive communities would be upheld if 

alternative methods to HLC are used.  
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Finally, while multiple research groups have highlighted the lack of understanding of the relationship 

between MX results and human indicators of diseases as a key barrier to the use of MX [57, 190], 

many MX studies have been conducted in a way that makes a direct comparison between these two 

variables challenging. When extracting data from potentially-relevant studies, there were several 

frequently-encountered issues relating to the way in which samples were collected that restricted an 

effective analysis.  

These included: entomological and parasitological sampling methods being employed in different 

locations within the same district, parasitological sampling sites being chosen randomly while 

entomological sampling sites were selected by convenience based on expected vector abundance, 

and entomological and parasitological surveys being conducted at different times. Future studies 

hoping to contribute to an improved understanding of the usefulness of MX should consider the 

principles that were utilised in this thesis for assessing the methodological quality of studies, which 

were based on the QUADAS-2 tool for evaluating the accuracy of diagnostic tests [94]. Most 

crucially, MX and mf surveys should be conducted in matching communities and at approximately 

the same time, to prevent the risk of a flawed comparison 

In addition to these methodological issues, improvements to the reporting of entomological data 

would have allowed a more complete exploration of the data from previously-conducted studies. 

While the methods utilised for parasitological surveys were usually reported in sufficient detail, the 

entomological collections were often described much more briefly. Furthermore, while 

parasitological results were often tabulated by study sub-site and timepoint, entomological results 

were often reported as a single cumulative prevalence across multiple sub-sites and timepoints. 

Future studies should aim to provide equal detail for entomological collections, matching those 

reported for parasitological outcomes, as this would allow a significantly more robust evaluation of 

the relationship between entomological and parasitological indicators.  

To maintain recent progress towards elimination, an innovative approach is required for the long-

term surveillance of NTDs. MX is a promising method that does not further burden at-risk 

communities. The findings of this work show that MX has high sensitivity to ongoing transmission, 

scope to predict human indicators of disease, and potential to provide integrated disease 

surveillance, and therefore is a strong candidate for sustainable surveillance that merits further 

investment and research.   
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Appendices 
  

Appendix 2.1. Search terms and search strategy used in retrieving 

the articles  

 

 

Search steps Search terminology 

#1 Xenosurveillance OR Xeno-surveillance 

#2 Xenomonitor* OR Xeno-monitor* 

#3 Mosquito* OR Aedes OR Anopheles OR Culex OR Mansonia 

#4 
“Molecular screen*” OR “Molecular diagnos*” OR PCR OR “Polymerase chain reaction” OR sequencing OR 
LAMP 

#5 #3 AND #4 

#6 #1 OR #2 OR #5 

#7 Onchocerc* OR “River blindness”  

#8 
Filaria* OR Elephantiasis OR “Wucheria bancrofti” OR “W. bancrofti” OR “Brugia malayi” OR “B. malayi” 
OR “Brugia timori” OR “B. timori”  

#9 Loa OR Loiasis OR “African eye worm”  

#10 Mansonel* 

#11 #7 OR #8 OR #9 OR #10 

#12 #11 AND #6 
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Appendix 2.2. Assessment criteria and marking strategy for 

evaluating methodological quality 

  

Domain Description 

Blinding of Index Test Were the index test results interpreted without knowledge of the 
results of the reference standard? 
 
This item is similar to “blinding” in intervention studies. Interpretation of index test 
results may be influenced by knowledge of the reference standard. The potential for bias 
is related to the subjectivity of index test interpretation and the order of testing.  
 
If the index test was always conducted and interpreted prior to the reference standard, 
this item was rated “low risk”. If it was not described whether the outcomes of the 
reference standard were known to those conducting the index test, the study was 
typically considered to have an “unclear risk”. However, if the objective of the study was 
not to evaluate the use of the index test, such cases were also considered to be “low 
risk”.   

Blinding of Reference Test Were the reference standard results interpreted without knowledge of the results of the 
index test? 
 
This item is similar to the signalling question related to interpretation of the index test. 
Potential for bias is related to the potential influence of prior knowledge on the 
interpretation of the reference standard.  
 
As above, if it was not described whether the outcomes of the index test were known to 
those conducting the reference standard, the study was typically considered to have an 
“unclear risk”. However, if the objective of the study was not to evaluate the use of the 
index test, such cases were also considered to be “low risk”.  

Length of Time Between Surveys Was the interval between index test and reference standard appropriate?  
 
Ideally, index test and reference standard surveys would be collected in the same 
communities at the same time. If there is a significant delay, or if MDA has been 
implemented between the index test and reference standard, misclassification may occur 
due to an increase or decrease in disease prevalence between the two surveys.  
 
We considered a gap of less than 6 months between to be “low” risk. For gaps of more 
than 6 months and less than 12 months, or if the length of time between surveys was not 
described, we considered the risk to be “unclear”. For gaps of more than 12 months but 
less than 18 months the risk was considered “high”. If the gap was more than 18 months, 
or if MDA had been implemented in between, the comparison was considered unsuitable 
for inclusion in the review.  

Matching of Sampled Communities  Were the communities in which the index test and reference standards were conducted 
appropriately matched? 
 
Ideally, the index test and reference standard surveys would be conducted in exactly the 
same areas. If the surveyed area is large, eg. district level, with MX surveys conducted in 
one village and mf surveys conducted in a distant village, the surveys may not be 
expected to provide comparable results.  
 
We considered surveys that were undertaken in the same villages to be “low” risk, even if 
the households targeted for entomological and parasitological surveys were not identical. 
However, if surveys were conducted at a district or sub-district level and MX surveys 
were carried out in specific communities within the district or sub-district that was not 
matched by mf surveys, we considered this to be “high” risk. If there was not information 
about sampling strategies to form a judgement, studies were graded as “unclear” risk 
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Continuity of Methods  
[Longitudinal studies only] 

Could variation in methodology used at different time points have introduced bias? 
 
Any variation in the methodology used for the sampling of locations, the index test or 
reference standard may lead to systematic changes in the outcome data collected.  
 
We considered studies to be at “low” risk if there was no or limited variation in 
methodology, and “high” risk if there was significant variation that we felt could 
influence measurements of MX rate and mf prevalence. If there was not information 
about sampling strategies to form a judgement, studies were graded as “unclear” risk.  
 

Index test participant applicability Do the index test participants match the review question? 
 
We considered studies to be at “high” risk if we had concerns that the sampling strategy 
targeted a limited population that was not widely applicable to the general mosquito 
population in the area. We considered studies to be at “low” risk if we had no such 
concerns, and “unclear” if there was not enough information to make a decision.  
 
 

Reference test participant applicability Do the reference test participants match the review question? 
 
We considered studies to be at “high” risk if we had concerns that the sampling strategy 
targeted a limited population that was not widely applicable to the general human 
population in the area. We considered studies to be at “low” risk if we had no such 
concerns, and “unclear” if there was not enough information to make a decision.  
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Appendix 2.3. Extracted Data from Included Studies 

Study Characteristics  

Coulibaly 2016  

Study Location Mali.  
Sikasso district in the south of the country.  
Six villages: Gondaga, Dozanso, Missasso, N’torla, Niatanso and Zanadougou. 

Timing of study Surveys conducted in 2009, 2011, 2012 and 2013. Only the 2012 data were suitable 
for inclusion in this review as this is the only year MX was used.  

Epidemiological background Villages were highly endemic for LF (overall prevalence 42.7%) prior to MDA. CFA 
prevalence reduced to 0/760 by cessation of MDA.  

Size of the study area Not described 

Population covered 5044 overall 

History of MDA Annual MDA started in 2000 and was ceased after seven rounds in 2008. 
Ivermectin and Albendazole.  

History of other interventions None stated 

Study design Longitudinal. With annual parasitological surveys and monthly entomological 
assessments (Jul - Dec). For this review, one cross-sectional survey (2012) is 
suitable for inclusion.   

Study objectives Observe for recrudescence after cessation of MDA 

Parasite of interest W. bancrofti 

Primary vector Anopheles gambiae (99% of active vector fauna) 

Sampling strategy (index test) Each month, a 12-day entomological survey was conducted in the six study villages. 
Two human landing catch (HLC) sessions were organized per month and per village.  

Mosquito trapping method Primarily HLC, but only mosquitoes caught by PSC (used only in 2012) were used for 
molecular screening. PSC: Using Premium, pyrethrinoid-based insecticide. 30 
randomly-selected rooms per village. One night in each of the 6 collection 
windows, in each of the 6 villages. Only PSC collections were used for molecular 
detection of parasites.  

Frequency and timing of mosquito 
sampling 

Monthly 12-day survey, from July to December, in 2009, 2011 and 2013.  

Mosquito pool size and numbers 115 pools of up to 20 individuals 

Sample type for molecular detection Whole carcass in pools 

DNA Extraction method Not described 

Molecular detection method RT-PCR to detect an L£-activated mRNA transcipt using Laney et al., (2010) 
methods. https://doi.org/10.1371/journal.pntd.0000602 

Sampling strategy (reference test) 2009, 2011 and 2012 surveys: all children 6-7 years of age and all eligible older 
volunteers aged 8 years and above in the six study villages. 2013 survey: All 
children 6-7 years of age only. Only 2012 survey data are included in this review 
due to entomological surveys not meeting inclusion criteria in other years 

Frequency and timing of sampling 
(reference test) 

Annually in 2009 (October); 2011 (July); 2012 (July); 2013 (July).  

Filariasis diagnostic method CFA identified using ICT card test, and antigen-positive individuals had night blood 
sample screened for microfilaremia 
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Esterre 2001  

Study Location Maupiti Island, French Polynesia.  
Little migration to and from neighbouring islands.  

Timing of study November 1997 

Epidemiological background Historical endemic foci of LF in French Polynesia. Two surveys in the late 1980s had 
reported 0% prevalence of microfilaraemia, leading to hope LF had been 
eliminated.  

Size of the study area 13.5 km2 

Population covered 1127 overall 

History of MDA Semi-annual MDA with DEC since 1955.  

History of other interventions History of vector control using DDT and larval source management, up until 1970.  

Study design Cross-sectional 

Study objectives To determine if LF had been eliminated from the Island after many years of MDA 

Parasite of interest W. bancrofti 

Primary vector Aedes polynesiensis 

Sampling strategy (index test) Captured in the vicinity of all inhabited areas.  

Mosquito trapping method Not described 

Frequency and timing of mosquito 
sampling 

Two surveys, one in November 1997 and one in 1999.  

Mosquito pool size and numbers 96 pools of 30 mosquitoes. PoolScreen to determine prevalence 

Sample type for molecular detection Whole carcass in pools 

DNA Extraction method Not described 

Molecular detection method PCR using Chanteau et al., (1994) methods 
doi: 10.1016/0035-9203(94)90219-4 

Sampling strategy (reference test) 98% of target population sampled (inhabitants over the age of 2) 

Frequency and timing of sampling 
(reference test) 

1 survey in November 1997 

Filariasis diagnostic method Sera taken and tested for mf by membrane filtration technique 
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Farid 2001  

Study Location Egypt.  
Qalubiya governate. Two study sites were chosen, one high prevalence (El Qolzom), 
one low prevalence (Kafr Shorafa) 

Timing of study August to October 1996 

Epidemiological background Focally endemic.  
El Qolzom: 10.2% Mf prevalence 
Kafr Shorafa: 2.1% 

Size of the study area Not described 

Population covered Not described 

History of MDA Prior to elimination co-ordinated MDA programme 

History of other interventions Not described 

Study design Cross-sectional survey.  
Mosquitoes collected in houses with and without microfilaraemic individuals 
following a night blood survey.  

Study objectives Field evaluation of a PCR assay.  
Comparison of mosquito infection rates in houses with and without microfilaraemic 
residents, and the mosquito infection rates between high and low prevalence 
villages 

Parasite of interest W. bancrofti 

Primary vector Cx pipiens 

Sampling strategy (index test) Each village was divided into 9 blocks.  

Mosquito trapping method Indoor Resting Catch using aspirators. 10pm to 1am.  
 
Mosquitoes were also collected using CDC light traps baited with dry ice (2 traps 
were hung per block per night) and CDC oviposition traps (5 traps per block per 
night).  
 
Specimens other than Cx pipiens were discarded.  

Frequency and timing of mosquito 
sampling 

Collections weekly from August to October 1996 

Mosquito pool size and numbers 81 pools of up to 14 mosquitoes 

Sample type for molecular detection Whole Cx pipiens carcasses in pools 

DNA Extraction method Silicaiguanidinium thiocyanate method (Ramzy et al., 1997) 

Molecular detection method NV-1 and NV-2 primers to amplify the SspI DNA repeat sequence (Ramzy et al., 
1997) 

Sampling strategy (reference test) Reference to Weil et al., (1999) https://doi-
org.lstmed.idm.oclc.org/10.4269/ajtmh.1999.61.53 
 
Households with at least one child in the first year of the local school were 
sampled. All adults and children over the age of 9 were included in the study 

Frequency and timing of sampling 
(reference test) 

Not stated 

Filariasis diagnostic method Venous blood collected between 9pm and 1am and screened for microfilaremia by 
membrane filtration.   
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Farid 2007  

Study Location Egypt.  
Two sentinel study sites were chosen, one high prevalence (Giza governorate) and 
one low prevalence (Qalubiya governorate). Two villages were chosen in each site; 
KB and KQ in Giza, KT and TH in Qalubiya,  

Timing of study 2000 to 2005 

Epidemiological background Giza: 11.5% Mf prevalence 
Qalubiya: 3.1% 
Prior to first round of MDA in 2000.  

Size of the study area Not described 

Population covered Not described 

History of MDA Giza: No history of treatment prior to MDA in 2000. 
Qalubiya: history of treatment of filariasis prior to MDA. 
MDA was conducted in September of 2000, 2001, 2002, 2003, 2004 and 2005. 

History of other interventions Not described 

Study design Longitudinal over 5 years 

Study objectives To evaluate the suitability of MX for monitoring the impact of a MDA programme 

Parasite of interest W. bancrofti 

Primary vector Cx pipiens 

Sampling strategy (index test) Study site were mapped and houses numbered. Random sampling using computer 
software. 10 to 20% of all households sampled. Mosquitoes were collected in 150–
200 houses per year in each of the 2 study areas, with new houses sampled each 
year. Individual houses were visited on a weekly basis for 1 month 

Mosquito trapping method Indoor Resting Catch using aspirators. 10pm to 1am.  

Frequency and timing of mosquito 
sampling 

Collections were carried out from May to August for 6 successive years (2000 to 
2005), 1 - 4 months prior to MDA 

Mosquito pool size and numbers 2304 pools of up to 25 mosquitoes. PoolScreen v2.0 to determine prevalence 

Sample type for molecular detection Bloodfed and gravid Cx. pipiens only 

DNA Extraction method Not described 

Molecular detection method NV-1 and NV-2 primers to amplify the SspI DNA repeat sequence (Ramzy et al., 
1997) 

Sampling strategy (reference test) Study site were mapped and houses numbered. Random sampling using computer 
software. 10 to 20% of all households sampled.  

Frequency and timing of sampling 
(reference test) 

Collections were carried out from April to August for 6 successive years (2000 to 
2005), 2 - 4 months prior to MDA 

Filariasis diagnostic method CFA identified using ICT card test, and antigen-positive individuals had night blood 
sample screened for microfilaremia by membrane filtration.  
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Fischer 2002  

Study Location Alor Island, Indonesia.  
Mainang village 

Timing of study March- May 2001 

Epidemiological background B. timori is the only filarial parasite infecting humans in the area.  

Size of the study area Not described 

Population covered Not described 

History of MDA Not yet implemented due to unknown safetuy with B. timori infection 

History of other interventions Not described 

Study design Primarily lab-based but included a survey of blood and mosquito samples 

Study objectives To evaluate the accuracy of a new PCR diagnostic tool to detect B. timori in 
mosquitoes.  
 
To gain more detailed information of the distriution of B. timori on Alor Island.  

Parasite of interest B. timori 

Primary vector An. barbirostris 

Sampling strategy (index test) Not described 

Mosquito trapping method HLC outdoors at night (7pm- 6 am)  

Frequency and timing of mosquito 
sampling 

Not described 

Mosquito pool size and numbers 61 pools of up to 20 mosquitoes. PoolScreen to determine prevalence 

Sample type for molecular detection Whole An. barbirostris carcasses in pools 

DNA Extraction method Qiagen Dneasy 

Molecular detection method Novel PCR-ELISA to detect B. timori HhaI sequence  

Sampling strategy (reference test) Villagers >4 from all three residential quarters of the village were invited to 
participate in the study.  

Frequency and timing of sampling 
(reference test) 

Not described 

Filariasis diagnostic method Venous blood collected between 19.00 and 23.00 hrs and screened by  microscopy 
for mf 
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Goodman 2003  

Study Location Haiti.  
Leogane commune.  
Four sentinel sites were chosen based on estimated antigen prevalence.  

Timing of study Aug 2000 to April 2001 

Epidemiological background Year-round transmission 

Size of the study area Not described 

Population covered Not described 

History of MDA 1 round of MDA with DEC and albendazone administered in October 2000 

History of other interventions Not described 

Study design Longitudinal. However, mf prevalence was only measured at baseline, with 
continued surveillance of entomological outcomes only 

Study objectives To monitor mosquito infection levels in conjunction with a MDA programme 

Parasite of interest W. bancrofti 

Primary vector Cx pipiens 

Sampling strategy (index test) Collections conducted in each of four sentinel sites 

Mosquito trapping method CDC gravid traps, with 5 to 6 per sentinel site.  

Frequency and timing of mosquito 
sampling 

In each sentinel site, sampling was conducted for four consecutive nights every 
other week.  
 
Sampling took place at three seperate timepoints: Aug-Oct, Nov-Jan, Feb-April.  
Of the first 100 Cx pipiens in each trap, 50% were used for dissection and 50% were 
used for PCR, with any other Cx pipens also being used for PCR.  

Mosquito pool size and numbers Pools of up to 15 mosquitoes 

Sample type for molecular detection Whole Cx pipiens carcasses in pools 

DNA Extraction method   

Molecular detection method NV-1 and NV-2 primers to amplify the SspI DNA repeat sequence (Ramzy et al., 
1997). PCR products detected using PCR-ELISA methods 

Sampling strategy (reference test) Not described 

Frequency and timing of sampling 
(reference test) 

Mf was measured in each district at baseline 

Filariasis diagnostic method Not described 

  



 

164 
 

Helmy 2004  

Study Location Egypt.  
Menofiya governorate. Kafr El-Tarina village 

Timing of study March - June 2001 

Epidemiological background Endemic with 9.5% mf prevalence 

Size of the study area Not described 

Population covered 12,000 

History of MDA 1 round of MDA with DEC and albendazone administered in September 2000 

History of other interventions Not described 

Study design Cross-sectional 

Study objectives To evaluate the accuracy of a PCR chromatographic test strip compared to gel 
electrophoresis methods for detecting W. bancrofti in mosquito samples  

Parasite of interest W. bancrofti 

Primary vector Cx pipiens 

Sampling strategy (index test) 79 houses (9%) chosen at random from the different sectors of the village.  

Mosquito trapping method IRC using aspirators just before sunrise 

Frequency and timing of mosquito 
sampling 

June 2001, collections conducted on a weekly basis 

Mosquito pool size and numbers Up to 23 mosquitoes. Poolscreen to determine prevalence 

Sample type for molecular detection Whole Cx pipiens carcasses in pools 

DNA Extraction method Silicaiguanidinium thiocyanate method (Ramzy et al., 1997) 

Molecular detection method NV-1 and NV-2 primers to amplify the SspI DNA repeat sequence (Ramzy et al., 
1997). Amplified product was detected using a DNA test strip.  

Sampling strategy (reference test) 79 houses (9%) chosen at random from the different sectors of the village.  

Frequency and timing of sampling 
(reference test) 

March 2001 

Filariasis diagnostic method Thick blood smears from finger prick blood samples taken between 10pm and 2am 
and microscopically examined for mf 

  



 

165 
 

Jones 2018  

Study Location Tanzania.  
Rufiji District.  
5 villages were selected using stratified random sampling to represent the three 
main ecological settings of the district.  

Timing of study April 2015, 7 months after the 12th round of MDA 

Epidemiological background History of high LF prevalence before MDA started in 2002 (18% mf) 

Size of the study area Not described 

Population covered 217,274 

History of MDA Annual MDA with ivermectin and albendazole started in 2002. 12 rounds 
completed by 2014.  

History of other interventions Not described 

Study design Cross-sectional 

Study objectives To measure the distribution of LF following 12 years of MDA. 

Parasite of interest W. bancrofti 

Primary vector Culex quinquefasciatus 

Sampling strategy (index test) Collected from 10 houses per village. Houses with thatched rooves and open eaves 
were selected non-randomly. 

Mosquito trapping method CDC gravid traps were placed outdoors in peri-domestic areas 

Frequency and timing of mosquito 
sampling 

April 2015 

Mosquito pool size and numbers Individually processed 

Sample type for molecular detection Heads, thoraxes and abdomens were seperated for extraction and combined for 
PCR detection.  

DNA Extraction method Livak method.  

Molecular detection method qPCR using LDR primers LDR1 and LDR2 and TaqMan probe (Rao et al., 2006) 

Sampling strategy (reference test) 200 individuals targeted for sampling from each village, by randomly selecting 40 
households in each.  

Frequency and timing of sampling 
(reference test) 

April 2015 

Filariasis diagnostic method Finger prick blood taken and tested using FTS to detect CFA. Night blood samples 
were taken from positive individuals and screened by microscopy.  
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Korte 2013  

Study Location Brazil. 
Three cities in the Amazon region, Porto Velho and Guajará-Mirim (State of 
Rondônia) and Humaitá (State of Amazonas). 

Timing of study 2008 - 2009 

Epidemiological background No surveys conducted since the 1950s, which showed no evidence of local 
transmission. Unconfirmed reports of elephantiasis 

Size of the study area Not described 

Population covered Not described 

History of MDA MDA had not been implemented in these areas 

History of other interventions Not described 

Study design Cross-sectional survey of humans and mosquitoes 

Study objectives To determine whether the region is endemic for LF and should be included in the 
national MDA programme 

Parasite of interest W. bancrofti 

Primary vector Culex quinquefasciatus 

Sampling strategy (index test) Performed in the neighbourhoods of humans who participated in the study. All 
dwellings were included unless locked or the owners refused to participate in the 
study.  

Mosquito trapping method IRC using aspirators from 7am to 10am.  

Frequency and timing of mosquito 
sampling 

2008-2009 

Mosquito pool size and numbers Pools of 5. Estimated total number of 1572 pools 

Sample type for molecular detection Whole Cx quinquefasciatus carcasses in pools 

DNA Extraction method Minor-modifications to Tris-EDTA protocol reported by Vasuki et al., (2003) - DOI: 
10.1016/s0001-706x(02)00267-x 

Molecular detection method NV-1 and NV-2 primers to amplify the SspI DNA repeat sequence (Ramzy et al., 
1997). 

Sampling strategy (reference test) Randomly sampled from night students and inhabitants of the surrounding 
neighbourhoods which were lacking sanitation 

Frequency and timing of sampling 
(reference test) 

2008-2009 

Filariasis diagnostic method Thick blood smear of blood taken at night examined for mf using microscopy 
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Kouassi 2015  

Study Location Guinea.  
Capital city of Conakry.  

Timing of study December 2012 - November 2013 

Epidemiological background Unknown  

Size of the study area 308 km2 

Population covered 1.5 million 

History of MDA MDA had not been implemented in the area 

History of other interventions Not described 

Study design Cross-sectional survey of humans and mosquitoes 

Study objectives To determine whether the region is endemic for LF and should be included in the 
national MDA programme 

Parasite of interest W. bancrofti 

Primary vector Anopheles gambiae and Culex species 

Sampling strategy (index test) Mosquito collection sites were selected to represent different sectors of the city. 
15 communities were selected in five districts of Conakry.  

Mosquito trapping method Exit Traps were operated in 10 households in each community.  
 
PSCs were performed once a month (6am to 9am) in different households to those 
operating exit traps.  

Frequency and timing of mosquito 
sampling 

Collected over a 1 year period from December 2012 to November 2013 

Mosquito pool size and numbers 112 Anopheles examined individually.  
184 Culex pools of up to 20 individuals.  

Sample type for molecular detection Whole carcasses. Anopheles extracted individually and Culex in pools 

DNA Extraction method Qiagen Dneasy tissue kit 

Molecular detection method LAMP using Takagi et al., (2011) method, 
https://doi.org/10.1016/j.parint.2011.08.018) and PCR using Ramzy et al., (1997) 
methods. https://doi.org/10.1016/s0035-9203(97)90205-4 

Sampling strategy (reference test) Sample sites were randomly selected in the five districts of Conakry. Only 
individuals aged 15 or over were included.  

Frequency and timing of sampling 
(reference test) 

Not described 

Filariasis diagnostic method ICT to detect CFA (no positives were detected so no need for mf survey)  
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Minetti 2020  

Study Location Ghana. 
Bole District, Savannah Region. Two communities: Sekyerekura and Dugli 

Timing of study October 2017 

Epidemiological background Preliminary survey in March 2017 showed W. bancrofti mf prevalence of 7.4% in 
Sekyerekura and 5.5% in Dugli, and also revealed the presence of M. perstans 

Size of the study area Not described 

Population covered Not described 

History of MDA MDA with ivermectin and albendazole conducted in both communities two to four 
weeks before the study.  

History of other interventions Not described 

Study design Cross-sectional survey of humans and mosquitoes 

Study objectives Evaluate mosquito excreta/faeces monitoring in comparison to MX using mosquito 
carcasses and parasitological survey of humans 

Parasite of interest W. bancrofti, M. perstans. NB. Also screened for P. falciparum - not relevant to this 
review) 

Primary vector Anopheles gambiae s.s, An. arabiensis and An. funestus (W. bancrofti and P. 
falciparum); Culicoides (M. perstans) 

Sampling strategy (index test) Houses were mapped and provided a serial number. All assenting houses in each 
village were sampled. A total of 26 (56 sleeping spaces) and 49 (116 sleeping 
spaces) households were sampled in Sekyerekura and Dugli, respectively 

Mosquito trapping method IRC using aspirators.  
 
Anopheles and BOX gravid traps and BG-sentinel traps were also used.   
 
All live female mosquitoes were sorted in pools by  household into 
superhydrophobic cones for the collection of excreta/faeces. E/F was collected for 
approximately 35 hours. The mosquitoes were then processed as carcasses.  

Frequency and timing of mosquito 
sampling 

October 2017.  
IRC sampling was conducted twice in each household.  
12 collection nights for each trap type.  

Mosquito pool size and numbers Sekyerekura: 197 pools of up to 5 carcasses and 81 pools of e/f from up to 26 
mosquitoes 
Dugli: 383 pools of up to 5 carcasses and 139 pools of e/f from up to 26 mosquitoes 

Sample type for molecular detection Mosquito carcasses (heads&thorax extracted separately to abdomens) in pools and 
excreta/faeces collected from pools.  

DNA Extraction method Carcasses: Qiagen Dneasy tissue kit.  
Excreta/Faeces: Qiagen QiaAMP DNA Micro Kit 

Molecular detection method W. bancrofti: qPCR using novel primer set reported in Zulch et al., (2020): 
https://doi.org/10.1371/journal.pone.0232325 
M. perstans: qPCR using novel primer set targeting the ribosomal RNA ITS region 

Sampling strategy (reference test) Houses were mapped and provided a serial number. In each village, 12 houses 
were selected using a random number generator. All household members >1 year 
old were invited to participate in the study.  

Frequency and timing of sampling 
(reference test) 

October 2017 

Filariasis diagnostic method Blood samples were taken during the day. FTS were used to detect CFA. FTS-
positive individuals were followed up for a night blood sample to detect mf by 
microscopy.   
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Moustafa 2017  

Study Location Egypt.  
Menoufyia Governorate. 
Two villages: Kafr El-Tarainah and Samalay 

Timing of study June - December 2014 

Epidemiological background LF prevalence prior to MDA:  Kafr El-Tarainah: 8.75% ; Samalay: 5%  
TAS failed in 2005 and so MDA continued without surveillance of prevalence.  

Size of the study area Not described 

Population covered Kafr El-Tarainah: 7,753 
Samalay: 8,482 

History of MDA Annual MDA beginning in 2000 with DEC and Albendazole. TAS failed in 2005 and 
MDA continued thereafter until March 2013 and the time of this study.  

History of other interventions Not described 

Study design Cross-sectional survey of humans and mosquitoes 

Study objectives To assess transmission and determine if it is safe to stop MDA 

Parasite of interest W. bancrofti 

Primary vector Cx pipiens 

Sampling strategy (index test) Traps placed outdoor houses at the periphery of each village.  

Mosquito trapping method Using outdoor CDC gravid traps. 25 traps were set 3m apart at sunset and collected 
the next dawn for 6 successive nights.  

Frequency and timing of mosquito 
sampling 

June 2014 

Mosquito pool size and numbers Kafr El-Tarainah: 167 pools of 25 mosquitoes 
Samalay: 152 pools of 25 mosquitoes 

Sample type for molecular detection Female gravid Cx pipiens 

DNA Extraction method Chanteau et al., 1994 (DOI: 10.1016/0035-9203(94)90219-4) 

Molecular detection method qPCR using LDR primers LDR1 and LDR2 and TaqMan probe (Rao et al., 2006) 

Sampling strategy (reference test) All primary school children aged 6-7 from the two villages were included in the 
study.  

Frequency and timing of sampling 
(reference test) 

December 2014 

Filariasis diagnostic method ICT to detect CFA (no positives were detected so no need for mf survey)  
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Opoko 2018  

Study Location Ghana.  
Study was conducted in villages in the Coastal Western Region (Akonu, Agyan and 
Asemko) and Savannah Northern Region (Dugli and Sekyerekura). 

Timing of study May 2016  - October 2017 

Epidemiological background Endemic for LF.  

Size of the study area Not described 

Population covered Not described 

History of MDA History of >8 years of annual albendazole–ivermectin treatment 

History of other interventions Not described 

Study design Cross-sectional 

Study objectives Assess the efficiency of novel Anopheles gravid traps for xenomonitoring 

Parasite of interest W. bancrofti 

Primary vector Northern region: An. gambiae, An. arabiensis and An. funestus 
Western region: An. gambiae, An. melas and An. funestus 

Sampling strategy (index test) Outdoor collection methods were rotated among selected locations within densely 
populated sections of the villages. Indoor methods were done in randomly selected 
rooms.  

Mosquito trapping method A variety of sampling methods were used.  
 
Gravid traps: Anopheles gravid trap (AGT), box gravid trap (BOX), CDC gravid trap 
Outdoor traps: CDC light trap  
Indoor collection methods: BG Sentinel trap, Exit traps (ET), IRC using aspirators 
and PSC. 
 
Traps were operated between 6pm and 6am. PSCs were conducted between 5.30 
and 6am in selected houses in the Western region. IRCs were conducted from 5.30 
to 8.30 am in all households in the Northern region.   

Frequency and timing of mosquito 
sampling 

Western region: March and May 2017 
AGT compared with BOX, CDC, LIT, ET and PSC. 26 collection nights for each trap 
type except 18 nights for ET and 37 nights for PSC.  
 
Northern region: October 2017 
AGT compared with BOX, BG-s and IRC. 12 collection nights for each trap type.  

Mosquito pool size and numbers Pools of up to 5 mosquitoes.  

Sample type for molecular detection Pools of Anopheles mosquitoes. Heads and thoraxes were screened seperately 
from abdomens 

DNA Extraction method Livak method 

Molecular detection method PCR-RFLP protocol to detect ITS1 as described by Jiménez et al. (2011). 
https://doi.org/10.1016/j.exppara.2010.06.019 

Sampling strategy (reference test) Volunteers aged 16 and above 

Frequency and timing of sampling 
(reference test) 

Western region: May 2016 
Northern region: October 2017 

Filariasis diagnostic method Finger prick blood taken and tested using FTS to detect CFA. Night blood samples 
were taken from positive individuals and screened by microscopy.  
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Owusu 2015  

Study Location Ghana.  
Central region.  
Two communities: Ankwanda and Brenu-Akyinim.  

Timing of study February - October 2008 

Epidemiological background Low residual prevalence (less than 1%) 

Size of the study area Not described 

Population covered Not described 

History of MDA MDA introduced in 2000.  

History of other interventions ITNs have also been scaled up since 2000 

Study design Two cross-sectional surveys - one household survey and one school survey.  

Study objectives To determine the  most effetive tools for assessing when transmission of LF has 
been interrupted 

Parasite of interest W. bancrofti 

Primary vector Anopheles gambiae 

Sampling strategy (index test) Both communities were divided into 4 sections with households selected randomly 
from each section.  

Mosquito trapping method Gravid traps, set around dumpsites and areas with stagnant water, and PSC in 
households 6am - 9am.  

Frequency and timing of mosquito 
sampling 

February - March 2008 

Mosquito pool size and numbers 294 pools of 5-20 individuals. Used PoolScreen v2.0 

Sample type for molecular detection Whole carcasses in pools 

DNA Extraction method Qiagen 

Molecular detection method qPCR (primers not described) 

Sampling strategy (reference test) Household survey: all residents of selected communities aged 3 years and over. 
Targeting 1000 individuals. 
A school survey was also conducted but blood was taken during the day and 
therefore bloodsmears were not examined  

Frequency and timing of sampling 
(reference test) 

February - March 2008 

Filariasis diagnostic method Night bloodsmears collected from residents and tested for parasites by microscopy 
and PCR. 

  



 

172 
 

Pam 2017  

Study Location Nigeria.  
Kano State.  
3 urban areas.  

Timing of study May - August 2015 

Epidemiological background Surveys had indicated that ICT prevalence was high (2 - 22%) in these urban areas.  

Size of the study area Not described 

Population covered Not described 

History of MDA MDA had not yet been implemented in these urban areas 

History of other interventions Not described 

Study design Cross-sectional survey of humans and mosquitoes 

Study objectives To verify evidence of transmission of LF in urban areas 

Parasite of interest W. bancrofti 

Primary vector Anopheles gambiae and Culex species 

Sampling strategy (index test) Aimed to collect 1000 mosquitoes per site using several methods to augment 
numbers. Collection sites were selected based on observation of mosquito 
breeding sites. When yields were low, selected houses were substituted for other 
houses.  

Mosquito trapping method Exit Traps were installed in 5 houses per village, with mosquitoes collected over a 
10 day period each month for 4 months (total 600 sampling days).  
 
PSC were conducted on in 3 different randomly selected households for 7 days a 
month for 4 months (total 252 sampling days).   
 
Gravid traps were placed outside in 5 locations, with 7 days of collection per month 
for 4 months (total 420 sampling days).  

Frequency and timing of mosquito 
sampling 

May - August 2015 

Mosquito pool size and numbers Fagge: 340 
Nasarawa: 517  
Ungogo: 180 
Pools of up to 20 

Sample type for molecular detection Whole carcasses in pools 

DNA Extraction method Qiagen Dneasy tissue kit 

Molecular detection method LAMP using Takagi et al., (2011) method, 
https://doi.org/10.1016/j.parint.2011.08.018) 

Sampling strategy (reference test) Communities were sensitized to the survey and all those >5 were asked to take 
part.  

Frequency and timing of sampling 
(reference test) 

May 2015 

Filariasis diagnostic method ICT to detect CFA (no positives were detected so no need for mf survey)  
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Rao 2014 / Rao 2017  

Study Location Sri Lanka.  
19 Public Health Inspector unit (PHI) spanning each of 8 LF-endemic disricts and the 
capital city of Colombo.  

Timing of study Preliminary study: 1 PHI, 2008 
Full survey: 19 PHIs, March 2011 - July 2013 
Follow-up survey: 6 PHIs, January 2015 - February 2017 

Epidemiological background Highly endemic prior to MDA. Following MDA, mf surveillance has largely been 
below 1%.  

Size of the study area Not described 

Population covered Not described 

History of MDA Completed 3 rounds of MDA with DEC followed by 5 rounds with DEC and 
albendazole delivered annually between 1999 and 2006.  

History of other interventions Not described 

Study design Three separate cross-sectional surveys of humans and mosquitoes spaced several 
years apart. TAS was also conducted during the middle survey.  

Study objectives To test the hypothesis that LF has been eliminated from Sri Lanka, by conducting 
more intensive surveillance activities than TAS and mf surveys in high risk areas to 
determine if transmission has been interrupted, and to evaluate a variety of 
surveillance tools for post-MDA monitoring 

Parasite of interest W. bancrofti 

Primary vector Culex quinquefasciatus 

Sampling strategy (index test) 50 trapping sites were utilised per PHI (except in the preliminary study in 2008, in 
which 20 sites were used). Sample target of 4 pools of 20 mosquitoes per trapping 
site. Unfed mosquitoes were discarded.  

Mosquito trapping method Gravid traps placed outdoor adjacent to houses.  

Frequency and timing of mosquito 
sampling 

Survey 1: 2008 
Survey 2: 2011 - 2013 
Survey 3: 2015 - 2016 
Each trap was utilised for 3-4 consecutive nights.  

Mosquito pool size and numbers 3887 pools of up to 20 mosquitoes. Poolscreen 2.0 

Sample type for molecular detection Fed or gravid Cx. quinquefasciatus carcasses in pools  

DNA Extraction method Not described 

Molecular detection method qPCR using LDR primers LDR1 and LDR2 and TaqMan probe (Rao et al., 2006) 

Sampling strategy (reference test) 19 sub-district PHIs selected based on those with historically highest risk of 
transmission. Systematic sampling of 125 houses in each PHI with a sample that 
included all sub-level communities. All people over 10 years old in systematically 
samped households were invited to participate (max 4 / house).  
In addition, school children age 6-7 were sampled to collect a total of 350 samples 
per PHI.  

Frequency and timing of sampling 
(reference test) 

Survey 1: 2008 
Survey 2: March 2011 - July 2013 
Survey 3: January 2015 - February 2017 

Filariasis diagnostic method Blood samples collected during the day. Mf detection by microscopy.  
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Rao 2016  

Study Location Sri Lanka. 
Galle district.  
The district is divided into 2 evaluation units (Eus), a coastal EU and inland EU. In 
total, the district is comprised of 19 Medical Officers of Health (MOOH) divisions 
(11 in the coastal EU and 8 in the inland EU), each of which are comprised of 
smaller Public Health Midwife (PHM) areas. 

Timing of study March 2013 - September 2014 

Epidemiological background Highly endemic prior to MDA. Sentinel sites in the district have had consistently 
higher mf rates than most sites in other districts since MDA ended. The coastal 
region evaluation unit (EU) is higher-risk for LF than the inland EU. However, both 
EUs had easily passed TAS by WHO standards.  

Size of the study area 1652 km2 

Population covered 1.06 million 

History of MDA Completed 3 rounds of MDA with DEC followed by 5 rounds with DEC and 
albendazole delivered annually between 1999 and 2006. 

History of other interventions Not described 

Study design Cross-sectional survey of humans and mosquitoes 

Study objectives To identify areas with persistent transmission of LF in a district that has successfully 
completed TAS and compare MX results with mf survey. 

Parasite of interest W. bancrofti 

Primary vector Culex quinquefasciatus 

Sampling strategy (index test) 30 PHMs were randomly selected in each EU. The study was designed to collect and 
test 300 pools of 25 mosquitoes per pool collected from 300, 150, and 75 
household locations.  
Subsets of 150 and 75 trapping sites were randomly chosen from the pool of 300 
per EU for collection of 2 and 4 mosquito pools per trap. 

Mosquito trapping method Gravid traps placed outdoor adjacent to houses.  

Frequency and timing of mosquito 
sampling 

December 2013 - September 2014.  
Traps were utilised for 1-3 nights.  

Mosquito pool size and numbers 1208 pools of up to 35 mosquitoes. PoolScreen 2.0 

Sample type for molecular detection Fed or gravid Cx. quinquefasciatus carcasses in pools  

DNA Extraction method Not described 

Molecular detection method qPCR using LDR primers LDR1 and LDR2 and TaqMan probe (Rao et al., 2006) 

Sampling strategy (reference test) Targetted sample of 3% of the population (38,000 including people from every 
PHM in every MOOH in the district). This is in contrast to the entomological surveys 
which were conducted in a limited number of PHMs per MOOH. People aged 2-70 
years old were invited to participate, with a maximum of 4 per household.   

Frequency and timing of sampling 
(reference test) 

March - August 2013 

Filariasis diagnostic method Blood samples collected at night. Mf detection by microscopy.  
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Rao 2018  

Study Location Sri Lanka.  
Galle district.  
Balapitiya PHI 

Timing of study March 2015 - May 2016. 
Two entomological surveys were conducted (2015 and 2016) but only the 2015 
survey provides contemporaneous mf prevalence data 

Epidemiological background Highly endemic prior to MDA. Although in a district that had met the requirements 
for TAS, Balapitiya PHI has consistently failed to meet specific targets to 
demonstrate elimination of transmission.   

Size of the study area Not described 

Population covered ~17,500 

History of MDA Completed 3 rounds of MDA with DEC followed by 5 rounds with DEC and 
albendazole delivered annually between 1999 and 2006. To mop up persistent 
transmission in Balapitiya (and other PHIs in Galle District), two additional rounds 
of MDA with DEC and albendazole were conducted in September 2014 and 2015.  

History of other interventions Not described 

Study design Cross-sectional survey of humans and mosquitoes 

Study objectives Conduct a comprehensive survey of LF transmission in a suspected hotspot in a 
district that has successfully completed TAS 

Parasite of interest W. bancrofti 

Primary vector Culex quinquefasciatus 

Sampling strategy (index test) 2015: 50 traps total (10 in each of 5 of sub-level communities). 4 pools of 20 
mosquitoes from each trap location.  
2016: 8 sub-level communities in Balapitiya PHI and 14 communities from 
neighouring PHIs in the coastal EU of Galle district. 2 pools of 25 mosquitoes from 
each trap location.  

Mosquito trapping method Gravid traps placed outdoor adjacent to houses.  

Frequency and timing of mosquito 
sampling 

Survey 1: March - June 2015 
Survey 2: March - May 2016 
Traps were utilised for 1-3 nights.  

Mosquito pool size and numbers 2015: 200 pools of up to 20 
2016: 150 pools of up to 25 
 

Sample type for molecular detection Fed or gravid Cx. quinquefasciatus carcasses in pools  

DNA Extraction method Not described 

Molecular detection method qPCR using LDR primers LDR1 and LDR2 and TaqMan probe (Rao et al., 2006) 

Sampling strategy (reference test) Targetted 140 houses and 500 people aged 10-70. Sampling was representative of 
all four quadrants in each community in the PHI.  
 
Children aged 6-8 were also enrolled from all 5 schools that serve the PHI.  

Frequency and timing of sampling 
(reference test) 

March - June 2015 

Filariasis diagnostic method ICT test for CFA. Positive samples were followed up for a night blood sample to be 
screened by microscopy.  
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Reimer 2013  

Study Location Papua New Guinea. 
5 villages in the Ambunti-Dreikikir District of East Sepik Province 

Timing of study July 2007 - July 2010 

Epidemiological background Three highly endemic villages (mf prevalence in 2008 of 23.7 to 38.6%) and two low 
transmission endemic villages (3.4% mf or less).   

Size of the study area Not described 

Population covered ~700 

History of MDA Annual MDA from 1993 to 1998 (more than 10 years prior to the start of the study) 

History of other interventions No interventions following MDA until the start of this study. 
 
PermaNet 2.0 long-lasting insecticide treated nets (LILNs) were distributed to study 
communities in August 2009, with a target of 80% for household ownership and 
80% for children under the age of 5 and pregnant women.  

Study design Interrupted time series to monitor mosquito populations after the introduction of 
LLINs 

Study objectives To evaluate the impact of LLINs on the rate of transmission of LF 

Parasite of interest W. bancrofti 

Primary vector Anopheles punctulatus 

Sampling strategy (index test) Each village was divided into four hamlets.  

Mosquito trapping method HLC with mosquitoes collected by aspirator from 6pm to 6am (with the collector 
changing at midnight). Monthly collections in each hamlet.  

Frequency and timing of mosquito 
sampling 

July 2007 - July 2010.  
Total trapping effort varied from 40 - 48 collection nights per hamlet.  

Mosquito pool size and numbers Individually or pools of two 

Sample type for molecular detection Mosquito carcasses singly or in pools of two.  

DNA Extraction method Qiagen 

Molecular detection method NV-1 and NV-2 primers to amplify the SspI DNA repeat sequence (Ramzy et al., 
1997). 

Sampling strategy (reference test) Village residents.  

Frequency and timing of sampling 
(reference test) 

2008, prior to distribution of LLINs 

Filariasis diagnostic method Collected night blood samples which were screened my microscopy 
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Subramanian 2020  

Study Location India.  
Tamil Nadu, one evaluation unit of Cuddalore district.  
30 villages of 669 in the evaluation unit were randomly selected 

Timing of study January 2015 - January 2017 

Epidemiological background Endemic for LF. Having undergone 15 rounds of MDA, pre-TAS was conducted with 
a mf prevalence <1% in each site, thereby qualifying to proceed to TAS.  

Size of the study area Not described 

Population covered 1.6 million 

History of MDA Completed 15 rounds of MDA with DEC and albendazole, between 1996 and 2014.  

History of other interventions Not described 

Study design Cross-sectional survey of humans and mosquitoes 

Study objectives To demonstrate the usefulness of MX at an evaluation unit level by comparing the 
results with those of contemporary mf and TAS surveys.  

Parasite of interest W. bancrofti 

Primary vector Culex quinquefasciatus 

Sampling strategy (index test) 5 households on average were selected per village. Targetting 50 mosquitoes 
collected per household. Unfed mosquitoes were discarded.  

Mosquito trapping method Gravid traps placed outside selected households.  

Frequency and timing of mosquito 
sampling 

January - August 2015. In each household, mosquitoes were collected until a total 
of 50 Cx. quinquefasciatus mosquitoes were collected or for a maimum of 3-4 
nights.  

Mosquito pool size and numbers 358 Pools of up to 25 mosquitoes (ie 2 pools per household).  

Sample type for molecular detection Fed or gravid Cx. quinquefasciatus carcasses in pools  

DNA Extraction method Tris-EDTA protocol reported by Vasuki et al., (2003) - DOI: 10.1016/s0001-
706x(02)00267-x 

Molecular detection method qPCR using LDR primers LDR1 and LDR2 and TaqMan probe (Rao et al., 2006) 

Sampling strategy (reference test) Conducted in each of the 30 sites where vector sampling was done. Target sample 
size was calculated at 9200 persons. 2300 houses were therefore randomly 
selected based on the average hosuehold size. All available and consenting persons 
>5 years old in each house were tested.  

Frequency and timing of sampling 
(reference test) 

October 2016 - January 2017 

Filariasis diagnostic method Thick blood smear taken at night and screened by microscopy.  
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Weil 2008  

Study Location Papua New Guinea. 
Usino villages in Madang Province.  

Timing of study 2 surveys conducted prior to MDA (pre-A: 12 - 18m prior to MDA, pre-B: 1-5m 
prior).  
3 annual post MDA surveys were conducted 3-6m prior to each following round of 
MDA.   

Epidemiological background Highly endemic at the beginning of the study (18..6% mf prevalence in people of all 
ages) 

Size of the study area Not described 

Population covered Not described 

History of MDA Villages were naïve to MDA at the beginning of the study.  
MDA was implemented during the study with annual distribution of DEC and 
albendazole. 

History of other interventions Not described.  

Study design Longitudinal 

Study objectives To evaluate the efficacy of MDA on LF transmission indicators 

Parasite of interest W. bancrofti 

Primary vector Anopheles punctulatus 

Sampling strategy (index test) 1 trap per house in each sampled village 

Mosquito trapping method CDC light traps  

Frequency and timing of mosquito 
sampling 

Traps were placed in each village for a four month period each year 
Pre-MDA: 1-5 months prior to MDA 
post-MDA surveys: 6-9 months after each annual round of MDA 

Mosquito pool size and numbers 573 pools of average 6.5 mosquitoes per pool. PoolScreen v2 

Sample type for molecular detection Mosquito carcasses in pools 

DNA Extraction method Qiagen DNAeasy Tissue Kit 

Molecular detection method NV-1 and NV-2 primers to amplify the SspI DNA repeat sequence (Ramzy et al., 
1997). 

Sampling strategy (reference test) All village residents were invited to participate unless <10 kg, pregnant, or severe 
illness. Results from children <6 were few and discarded from the totals reported.  

Frequency and timing of sampling 
(reference test) 

Surveys were conducted at the same time as MDA distribution.  

Filariasis diagnostic method   
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Wijegunawardana 2012  

Study Location Sri Lanka.  
Gampaha District.  
3 health administrative zones. Each zone contributed two sentinel sites and one 
non-sentinel site for the entomological survey, and three sentinel sites for the 
parasitological survey.  

Timing of study Not stated 

Epidemiological background Endemic for LF, mainly in coastal region 

Size of the study area Not described 

Population covered 2,000,000 

History of MDA MDA with DEC began in 1999. MDA with albendazole and DEC was introduced 2002 
- 2005.  

History of other interventions Following the tsunami in 2004, insecticide-bed nets were distributed and 
insecticide fogging took place close to temporary camps to react to increased 
mosquito breeding sites.  

Study design Cross-sectional 

Study objectives To produce a map of of LF distribution in the district following 5 years of MDA. 

Parasite of interest W. bancrofti 

Primary vector Culex quinquefasciatus 

Sampling strategy (index test) 30 households/site were sampled for each of the 9 sites.  

Mosquito trapping method IRC, 6 am to 11am. 

Frequency and timing of mosquito 
sampling 

Monthly for 12 months at each site.  

Mosquito pool size and numbers up to 15 per pool 

Sample type for molecular detection Whole culex carcasses in pools 

DNA Extraction method Chanteau et al., 1994 (DOI: 10.1016/0035-9203(94)90219-4) 

Molecular detection method PCR-ELISA to detect Ssp I repeat (Bockarie et al., 2000) 

Sampling strategy (reference test) Adults and children (>3 years old) 

Frequency and timing of sampling 
(reference test) 

Once 

Filariasis diagnostic method Night-blood screening 
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Yokoly 2020  

Study Location Cote D'Ivoire. 
Four districts (Aboisso, Blolequin, Odienne and Ouangolodougou) bordering with 
countries that were further along the elimination pathway than Cote D'Ivoire 

Timing of study July 2016 - December 2017 

Epidemiological background Broadly endemic for LF.  
Pre-MDA prevalence the districts varied between 
3.38% and 5.50% 

Size of the study area Aboisso: 4,662 km2; Blolequin: 2,962 km2; Odienne: 14 000 km2; Ouangolodougou: 
5,380 km2 

Population covered Aboisso: 307,852; Blolequin: 123,336; Odienne: 193,364; Ouangolodougou: 
260,519 

History of MDA Annual MDA Started in 2014. Four rounds complete at start of study. Ivermectin 
and albendazole. Coverage varied between 65.6 and 76.6% 

History of other interventions None stated 

Study design Cross-sectional 

Study objectives Hypothesized that W. bancrofti infections indices are low in cross-border health 
districts after four rounds of MDA 

Parasite of interest W. bancrofti 

Primary vector Anopheles gambiae s.l. and Culex quinquefasciatus 

Sampling strategy (index test) Each health district was represented by two sentinel sites. 

Mosquito trapping method Window exit traps (ETC) and pyrethrum sprays (PSC). In each sentinel site: 
- 15 ETC installed on windows of households. Collections made on 2 consecutive 
days from 6am to 9am  
- PSC sampling in 20 households (different to those benefitting from ETC) 
 

Frequency and timing of mosquito 
sampling 

Monthly. First round (Jul-Dec 2016) after three rounds MDA. Second round (Jul-Dec 
2017) after four rounds MDA 

Mosquito pool size and numbers An. gambiae: 184 pools of up to 20 individuals  
Cx. quinguefasciatus: 152 pools of up to 30 individuals.  

Sample type for molecular detection Whole carcass in pools 

DNA Extraction method CTAB/chloroform method (Collins et al., 1987) 
http://www.ajtmh.org/content/journals/10.4269/ajtmh.1987.37.37 

Molecular detection method PCR using Ramzy et al., (1997) methods. https://doi.org/10.1016/s0035-
9203(97)90205-4 
 
NV-l: YCGTGATGGCATCAAAGTAGCG 3’ (21-mer) 
NV-2: 5’ CCCTCACTTACCATAAGACAAC3’ (22-mer) 

Sampling strategy (reference test) Each health district was represented by two sentinel sites. Aged >5 years only 

Frequency and timing of sampling 
(reference test) 

Collections were carried out from April to August for 6 successive years (2000 to 
2005), 2 - 4 months prior to MDA 

Filariasis diagnostic method Circulating filarial antigen (CFA) was identified using filariasis test strips (FTS), and 
antigen-positive individuals had night blood sample screened for microfilaremia 
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Quantitative data extracted from studies   

Study Country Sub-study Comparison 
Human sample 

size 
Mosquito 

sample size 
Human mf 
prevalence 

Mosquito parasite DNA 
prevalence 

Coulibaly 2016 Mali  - 2697 1907 0.00% 0.00% 

Esterre 2001 French Polynesia - 998 2994 0.40% 1.40% 

Farid 2001  Egypt El Qolzom 812 818 10.80% 1.71% 

Farid 2001  Egypt Kafr Shorafa 373 520 2.10% 0.58% 

Fischer 2002 Indonesia - 119 1266 13.25% 4.03%* 

Goodman 2003 Haiti Masson 1140 409 11.00% 7.10% 

Goodman 2003 Haiti Mapou 588 490 0.80% 3.30% 

Goodman 2003 Haiti Barrier Jeudi 1157 456 6.70% 9.20% 

Goodman 2003 Haiti Leogane 617 5280 15.90% 4.40% 

Helmy 2004 Egypt - 467 769 8.60% 8.10% 

Jones 2018 Tanzania  Nyambili 196 743 0.50% 0.40% 

Jones 2018 Tanzania  Nyamisati 213 1289 0.00% 0% 

Jones 2018 Tanzania  Nyanjati 189 1211 0.00% 0.20% 

Jones 2018 Tanzania  Bungu 172 1580 0.00% 0% 

Jones 2018 Tanzania  Mchukwi 84 637 0.00% 0% 

Korte 2013 Brazil Porto Velho 1325 3512 0.00% 0 

Korte 2013 Brazil Guajara-Mirim 486 1765 0.00% 0 

Korte 2013 Brazil Humaita 833 2583 0.00% 0 

Kouassi 2015 Guinea  Matoto 153 1011 0.00% 0.10%* 
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Kouassi 2015 Guinea  Matam 104 753 0.00% 0.55%* 

Kouassi 2015 Guinea  Ratoma 114 1029 0.00% 0.19%* 

Kouassi 2015 Guinea  Dixinn 122 518 0.00% 0.61%* 

Kouassi 2015 Guinea  Kaloum 118 436 0.00% 0.73%* 

Minetti 2020 Ghana (2017) Sekyerekura 79 760 3.80% Carcass: 0.6%; E/F: 0.1% 

Minetti 2021 Ghana (2017) Dugli 78 1571 2.60% Carcass: 1.1%; E/F: 0.2% 

Moustafa 2017 Egypt (2014) Kafr El-Tarainah 301 4170 0.00% 0% 

Moustafa 2017 Egypt (2014) Samalay 373 3800 0.00% 0% 

Opoku 2018 Ghana (2016-17) Western 403 382 2.20% 0.80% 

Opoku 2018 Ghana (2016-17) Northern 157 516 3.30% 3.01% 

Owosu 2015 Ghana (2008) - 653 4500 1.70% 0.32%* 

Pam 2017 Nigeria (2015) Fagge 305 4217 0.00% 0.64%* 

Pam 2017 Nigeria (2015) Nasarawa 372 3261 0.00% 0.60%* 

Pam 2017 Nigeria (2015) Ungogo 304 3050 0.00% 0.52%* 

Ramzy 2006 Egypt (2000-05) Giza Pre-MDA 1067 3270 11.50% 3.07% 

Ramzy 2006 Egypt (2000-05) Giza Post-MDA 1 1012 1446 4.50% 1.76% 

Ramzy 2006 Egypt (2000-05) Giza Post-MDA 2 1026 2364 2.70% 1.84% 

Ramzy 2006 Egypt (2000-05) Giza Post-MDA 3 1010 2543 1.30% 0.70% 

Ramzy 2006 Egypt (2000-05) Giza Post-MDA 4 1116 3970 0.40% 0.47% 

Ramzy 2006 Egypt (2000-05) Giza Post-MDA 5 1064 4273 1.20% 0.19% 

Ramzy 2006 Egypt (2000-05) Qalubiya Pre-MDA 1 810 1197 3.10% 4.37% 

Ramzy 2006 Egypt (2000-05) Qalubiya Post-MDA 1 767 1818 1.70% 0.28% 
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Ramzy 2006 Egypt (2000-05) Qalubiya Post-MDA 2 770 1374 0.60% 0.07% 

Ramzy 2006 Egypt (2000-05) Qalubiya Post-MDA 3 771 2110 0.00% 0.00% 

Ramzy 2006 Egypt (2000-05) Qalubiya Post-MDA 4 778 3730 0.20% 0.08% 

Ramzy 2006 Egypt (2000-05) Qalubiya Post-MDA 5 764 4258 0.00% 0.00% 

Rao 2014 Sri Lanka (2011-13) PeliyagodaW (p.s) 945 4835 0.00% 0.75% 

Rao 2014 Sri Lanka (2011-13) Katukurunda 528 4000 0.00% 0.07% 

Rao 2014 Sri Lanka (2011-13) Sedawatta 515 4480 0.20% 0.52% 

Rao 2014 Sri Lanka (2011-13) Mattakkuliya 510 4000 0.20% 0.34% 

Rao 2014 Sri Lanka (2011-13) Borella 496 4000 0.20% 0.69% 

Rao 2014 Sri Lanka (2011-13) Kelaniya 503 4320 0.00% 0.54% 

Rao 2014 Sri Lanka (2011-13) Wattala 531 4000 0.00% 0.00% 

Rao 2014 Sri Lanka (2011-13) PeliyagodaW 2 504 4080 0.40% 0.43% 

Rao 2014 Sri Lanka (2011-13) Panadura 500 4000 0.00% 0.23% 

Rao 2014 Sri Lanka (2011-13) Kalutara N 502 4080 0.40% 0.74% 

Rao 2014 Sri Lanka (2011-13) Ambalangoda 539 4000 0.00% 1.49% 

Rao 2014 Sri Lanka (2011-13) Unawatuna 537 4000 0.90% 1.56% 

Rao 2014 Sri Lanka (2011-13) Devinuwara 513 4160 0.00% 0.22% 

Rao 2014 Sri Lanka (2011-13) Weligama 509 4080 0.60% 1.43% 

Rao 2014 Sri Lanka (2011-13) Chila town 507 4000 0.20% 0.15% 

Rao 2014 Sri Lanka (2011-13) Lunuwila 508 4160 0.00% 0.00% 

Rao 2014 Sri Lanka (2011-13) Bamunawala 507 4160 0.00% 0.10% 

Rao 2014 Sri Lanka (2011-13) Narammala 512 4160 0.20% 0.27% 
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Rao 2014 Sri Lanka (2011-13) HT town 508 4000 0.00% 0.00% 

Rao 2014 Sri Lanka (2011-13) Tanagalle 518 4080 0.00% 0.05% 

Rao 2016 Sri Lanka (2013-14) Akmeemana 2341 2325 0.17% 0.86%* 

Rao 2016 Sri Lanka (2013-14) Ambalangoda 1940 1725 0.05% 0.43%* 

Rao 2016 Sri Lanka (2013-14) Balapitiya 2445 1700 0.90% 1.91%* 

Rao 2016 Sri Lanka (2013-14) Bope-poddala 2271 1100 0.04% 0.19%* 

Rao 2016 Sri Lanka (2013-14) Elpitiya 2145 1775 0.00% 0.00% 

Rao 2016 Sri Lanka (2013-14) Galle MC 3146 1500 0.41% 1.23%* 

Rao 2016 Sri Lanka (2013-14) Gonapinuwala 793 425 0.13% 0.00% 

Rao 2016 Sri Lanka (2013-14) Habaraduwa 2339 975 0.09% 1.31%* 

Rao 2016 Sri Lanka (2013-14) Hikkaduwa 3795 1775 0.08% 0.48%* 

Rao 2016 Sri Lanka (2013-14) Induruwa/Bentota 1801 1125 0.00% 0.37%* 

Rao 2016 Sri Lanka (2013-14) Karandeniya 2072 1200 0.00% 0.00% 

Rao 2016 Sri Lanka (2013-14) Baddegama 2719 3450 0.00% 0.00% 

Rao 2016 Sri Lanka (2013-14) Imaduwa 1867 1975 0.05% 0.32%* 

Rao 2016 Sri Lanka (2013-14) Neluwa 1021 1000 0.20% 0.00% 

Rao 2016 Sri Lanka (2013-14) Niyagama 1362 1550 0.00% 0.00% 

Rao 2016 Sri Lanka (2013-14) Thawalama 1026 1250 0.00% 0.00% 

Rao 2016 Sri Lanka (2013-14) Udugama/Nagoda 2061 2125 0.05% 0.00% 

Rao 2016 Sri Lanka (2013-14) Weliwitiya-Divithura 955 1200 0.00% 0.00% 

Rao 2016 Sri Lanka (2013-14) Yakkalamulla 1966 2025 0.05% 0.10%* 

Rao 2017 Sri Lanka (2015-17) Borella 878 4000 0.00% 0.34% 
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Rao 2017 Sri Lanka (2015-17) PeliyagodaW 878 4000 0.23% 0.23% 

Rao 2017 Sri Lanka (2015-17) Kalatura N 908 3986 0.00% 0.26% 

Rao 2017 Sri Lanka (2015-17) Ambalangoda 899 3993 0.56% 1.17% 

Rao 2017 Sri Lanka (2015-17) Unawatuna 882 4002 1.02% 1.23% 

Rao 2017 Sri Lanka (2015-17) Weligama 896 4080 0.11% 1.09% 

Rao 2018 Sri Lanka (2015) Galmangoda 88 800 0.00% 4.80% 

Rao 2018 Sri Lanka (2015) Brahmanawathugoda-S 95 800 2.11% 6.20% 

Rao 2018 Sri Lanka (2015) Balapitia 210 800 0.95% 6.20% 

Rao 2018 Sri Lanka (2015) Randombe 179 800 1.12% 5.10% 

Rao 2018 Sri Lanka (2015) Brahmanawathugoda-N 357 800 0.28% 3.90% 

Reimer 2013 Papua New Guinea (2007-10) Albulum 526 149 38.40% 28.29% 

Reimer 2013 Papua New Guinea (2007-10) Nanaha 507 149 2% 14.90% 

Reimer 2013 Papua New Guinea (2007-10) Nghambule 256 149 3.40% 4.90% 

Reimer 2013 Papua New Guinea (2007-10) Peneng 233 78 23.70% 15.80% 

Reimer 2013 Papua New Guinea (2007-10) Yauatong 408 236 38.60% 25.60% 

Subramanian 2020 India (2015-17) Bhuvanagiri Ward 2 142 150 0.00% 0.00% 

Subramanian 2020 India (2015-17) Chidambaram Anamalainagar Ward 2 113 50 0.00% 0.00% 

Subramanian 2020 India (2015-17) Chidambaram Ward 13 272 217 0.00% 0.00% 

Subramanian 2020 India (2015-17) Ennanagram 120 100 0.00% 0.00% 

Subramanian 2020 India (2015-17) Manjakudi 745 541 0.00% 0.20% 

Subramanian 2020 India (2015-17) Odakakkanalur 145 150 0.00% 0.00% 

Subramanian 2020 India (2015-17) Parangipettai Ward 14 275 250 0.40% 1.90% 
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Subramanian 2020 India (2015-17) Punjamangattuvalkkai 74 36 0.00% 0.00% 

Subramanian 2020 India (2015-17) Singarkuppam Killai Ward 227 200 0.00% 0.00% 

Subramanian 2020 India (2015-17) T.Neduncherri 240 197 0.00% 0.00% 

Subramanian 2020 India (2015-17) Therku Virthangan 144 150 0.00% 0.00% 

Subramanian 2020 India (2015-17) Vadakku Thittu 220 200 0.00% 0.00% 

Subramanian 2020 India (2015-17) Velayamadevi Kilpathi 447 390 0.20% 0.00% 

Subramanian 2020 India (2015-17) Cuddalore Ward 31 415 450 0.00% 0.70% 

Subramanian 2020 India (2015-17) Cuddalore Ward 8 547 623 0.00% 0.00% 

Subramanian 2020 India (2015-17) Nelllikuppam Ward 29 259 250 0.00% 0.00% 

Subramanian 2020 India (2015-17) Nelllikuppam Ward 6 220 250 0.00% 0.00% 

Subramanian 2020 India (2015-17) Pachia Kuppam 932 1050 0.00% 0.00% 

Subramanian 2020 India (2015-17) Peria Kangankuppam 204 250 0.00% 0.40% 

Subramanian 2020 India (2015-17) Singrikudi 233 250 0.00% 0.00% 

Subramanian 2020 India (2015-17) Buddampadi 127 75 0.00% 0.00% 

Subramanian 2020 India (2015-17) Kurunjipadi Ward 18 196 200 0.00% 0.00% 

Subramanian 2020 India (2015-17) Madana Gopalapuram 277 200 0.00% 0.00% 

Subramanian 2020 India (2015-17) Ranganathapuram 299 171 0.00% 0.00% 

Subramanian 2020 India (2015-17) Enadrimangalam 281 224 0.00% 0.00% 

Subramanian 2020 India (2015-17) P N Palayam 875 650 0.00% 0.00% 

Subramanian 2020 India (2015-17) Sathipattu 714 650 0.30% 0.00% 

Subramanian 2020 India (2015-17) Thorapadi 41 23 0.00% 0.00% 

Subramanian 2020 India (2015-17) Vallam 753 650 0.00% 0.30% 
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Subramanian 2020 India (2015-17) Ward 21 Panruti 267 253 0.00% 0.00% 

Weil 2008 Papua New Guinea (n.d.) Pre-MDA 757 892 18.60% 15.10% 

Weil 2008 Papua New Guinea (n.d.) Post-MDA 1 696 726 8.30% 3.70% 

Weil 2008 Papua New Guinea (n.d.) Post-MDA 2 714 926 3.40% 4.80% 

Weil 2008 Papua New Guinea (n.d.) Post-MDA 3 529 620 1.30% 1.02% 

Wijegunawardana 2012 Sri Lanka (n.d.) Hekiththa 200 3560 0.50% 15.20% 

Wijegunawardana 2012 Sri Lanka (n.d.) Alwis town 68 2020 0.00% 5.90% 

Wijegunawardana 2012 Sri Lanka (n.d.) Horape 109 860 0.00% 0.00% 

Wijegunawardana 2012 Sri Lanka (n.d.) Kurukrlawa 48 650 0.00% 0.00% 

Wijegunawardana 2012 Sri Lanka (n.d.) Pethiyagoda 135 3370 0.00% 9.30% 

Wijegunawardana 2012 Sri Lanka (n.d.) Peliyagoda 147 3340 3.40% 32.30% 

Yokoly 2020 Cote D'Ivoire (2016-17) Aboisso 526 1686 0.00% 0.18%* 

Yokoly 2020 Cote D'Ivoire (2016-17) Blolequin 721 1530 0.00% 0.00% 

Yokoly 2020 Cote D'Ivoire (2016-17) Odienne 613 2515 0.16% 0.08%* 

Yokoly 2020 Cote D'Ivoire (2016-17) Ounagolodougou 549 3513 0.00% 0.00% 

*pool prevalence was reported in the manuscript and we used PoolScreen (ver 2.0) to estimate individual prevalence 
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Appendix 2.4. Explanations for assessments of methodological quality  

  Risk of Bias   Applicability domain 

  

Index Test blinded Reference standard 
blinded 

Appropriate gap 
between surveys 

Appropriate matching 
of sampled 
populations 

Continuity of 
methodology over 
time 

  Applicability of 
participants for index 

Applicability of 
participants for 
reference 

Coulibaly 2016 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Low - Gap between 
parasitological and 
entomological surveys 
was less than 6 
months 

Low - Entomological 
and parasitological 
surveys were 
conducted in the same 
six villages 

N/A   Low - No concerns Low - No concerns 

Esterre 2001 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Low - Gap between 
parasitological and 
entomological surveys 
was less than 6 
months 

Low - Mosquitoes and 
humans were sampled 
from all inhabited 
areas 

N/A   Low - No concerns Low - No concerns 

Farid 2001 High - Probable that 
the mf prevalence in 
each village was 
known prior to the 
study being 
conducted, and the 
objectives of the study 
could have provided a 
motivation for the 
diagnostic test to 
reflect a higher 
prevalence in the high 
mf district 

Low - Probable that 
the entomological 
assessments were 
made after the 
reference standard 
had been measured.  

Unclear - Gap between 
parasitological and 
entomological surveys 
not described 

Low - Each village was 
divided into nine 
blocks for sampling to 
ensure coverage of the 
entire village from 
which humans were 
enrolled 

N/A   Low - No concerns High - sample 
population limited to 
households containing 
children in one specific 
year group 

Fischer 2002 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Unclear - Gap between 
parasitological and 
entomological surveys 
not described 

Unclear - Mosquito 
sampling strategy not 
described 

N/A   Low - No concerns Low - No concerns 
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Goodman 2003 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Low - Gap between 
parasitological and 
entomological surveys 
was less than 6 
months 

Low - 4 sentinel sites 
in the commune 
provided matching 
entomological and 
parasitological data 

N/A   Low - No concerns Low - No concerns 

Helmy 2004 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Low - Gap between 
parasitological and 
entomological surveys 
was less than 6 
months 

Low - Sampling 
strategy was similar 
for both survey types 

N/A   Low - No concerns Low - No concerns 

Jones 2018 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Low - Gap between 
parasitological and 
entomological surveys 
was less than 6 
months 

Low - Entomological 
and parasitological 
surveys were 
conducted in the same 
villages 

N/A   Low - No concerns Low - No concerns 

Korte 2013 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Low - Exact dates not 
described but both 
surveys were indicated 
as being conducted in 
2008 -2009, with no 
MDA conducted in the 
region at any stage 

Low - Entomological 
and parasitological 
surveys were 
performed in the same 
neighbourhoods.  

N/A   Low - No concerns High - Surveys were 
limited to those 
enrolled in night school 
and a small number in 
un-sanitised 
communities, these 
may not capture a 
representative sample 
of the population 

Kouassi 2015 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Low - Gap between 
parasitological and 
entomological surveys 
was less than 6 
months 

High - In each of the 
five districts, 
parasitological surveys 
recruited people at 
random from across 
the district. 
Entomological surveys 
were focused in 15 
specific sub-sectors 
selected based on 
potential exposure to 
mosquito bites  

N/A   Low - No concerns High - exclusively used 
volunteers aged 15 and 
over, may not be 
representative of the 
prevalence in the 
overall population 
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Minetti 2020 Unclear - Not 
described whether 
those processing the 
index test results were 
aware of the mf 
prevalence for that 
community, and the 
objectives of the study 
could have provided a 
motivation for the 
diagnostic test to 
reflect a higher 
prevalence in the high 
mf district 

Unclear - Not 
described whether 
those processing the 
reference test results 
were aware of the 
index test results for 
that community, and 
the objectives of the 
study could have 
provided a motivation 
for the diagnostic test 
to reflect a higher 
prevalence in the high 
mf district 

Low - Gap between 
parasitological and 
entomological surveys 
was less than 6 
months 

Low - Entomological 
and parasitological 
surveys were 
conducted in the same 
villages 

N/A   Low - No concerns Low - No concerns 

Moustafa 2017 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Unclear - 6 month gap 
in between 
parasitological and 
entomological surveys 

Low - Entomological 
and parasitological 
surveys were 
conducted in the same 
villages 

N/A   Low - No concerns High - children aged 6-
7 only 

Opoku 2018 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Low - In the Northern 
region, parasitological 
and entomological 
surveys were 
conducted in the same 
month. In the Western 
region, the gap was 
approximately 11 
months. Overall the 
risk of bias resulting 
from timing of this 
study was considered 
to be low.   

Low - Entomological 
and parasitological 
surveys were 
conducted in the same 
villages 

N/A   Low - No concerns High - exclusively used 
volunteers aged 16 and 
over, may not be 
representative of the 
prevalence in the 
overall population 
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Owusu 2015 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Low - Gap between 
parasitological and 
entomological surveys 
was less than 6 
months 

Unclear - 
Parasitological survey 
sampling strategy is 
not described.  

N/A   Low - No concerns Low - No concerns 

Pam 2017 Low - Not described 
whether those 
processing the index 
test results were 
aware of the mf 
prevalence for that 
community, though 
given the objectives of 
the study this is 
unlikely to have 
caused a bias 

Low - Not described 
whether those 
processing the 
reference test results 
were aware of the 
index test results for 
that community, 
though given the 
objectives of the study 
this is unlikely to have 
caused a bias. 

Low - Gap between 
parasitological and 
entomological surveys 
was less than 6 
months 

Low - Entomological 
and parasitological 
surveys were 
conducted in the same 
communities 

N/A   Low - No concerns Low - No concerns 

Ramzy 2006 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Low - Gaps between 
parasitological and 
entomological surveys 
were less than 6 
months 

Low - Sampling 
strategy was similar 
for both survey types 

Low - No concerns 
about continuity of 
methodology 

  Low - No concerns Low - No concerns 

Rao 2014, Rao 2017 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Low - Exact timing of 
entomological surveys 
not described, but the 
year conducted 
matches the year in 
which parasitological 
surveys were 
conducted for each 
area.  

Low - In each of the 19 
Public Health 
Inspector (PHI) study 
areas, a systematic 
sampling strategy was 
used for both survey 
types, ensuring 
coverage of all areas 
of each of the sub-
level Public Health 
Midwife (PHM) areas 
in the PHI.  

Low - No concerns 
about continuity of 
methodology 

  Low - No concerns Low - No concerns 
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Rao 2016 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

High - approximately 1 
year between 
parasitological and 
entomological surveys 

High - In each of the 
19 Ministry of Health 
(MOOH) study areas, 
the sampling strategy 
for parasitological 
surveys included 
participants from 
every sub-level Public 
Health Midwife (PHM) 
area (340 PHMs in 
total). In contrast, only 
60 PHMs were 
sampled for the 
entomological surveys.  

N/A   Low - No concerns Low - No concerns 

Rao 2018 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Low - Gaps between 
parasitological and 
entomological surveys 
were less than 6 
months 

Low - Sampling 
strategy was similar 
for both survey types 

N/A   Low - No concerns Low - No concerns 

Reimer 2013 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Low - Gaps between 
parasitological and 
entomological surveys 
were less than 6 
months 

Low - Entomological 
and parasitological 
surveys were 
conducted in the same 
villages 

N/A   Low - No concerns Low - No concerns 

Subramanian 2020 Unclear - Not 
described whether 
those processing the 
index test results were 
aware of the mf 
prevalence for that 
community 

Unclear - Not 
described whether 
those processing the 
reference test results 
were aware of the 
index test results for 
that community 

High - >12 month gap 
between 
parasitological and 
entomological surveys 

Low - Entomological 
and parasitological 
surveys were 
conducted in the same 
villages. 5 households 
were targeted for 
mosquito collections 
and an average of 75 
households were 
targeted for 
microfilaremia 
surveys.  

N/A   Low - No concerns Low - No concerns 
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Weil 2008 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Low - Gaps between 
parasitological and 
entomological surveys 
were less than 6 
months 

Low - Entomological 
and parasitological 
surveys were 
conducted in the same 
villages 

Low - No concerns 
about continuity of 
methodology 

  Low - No concerns Low - No concerns 

Wijegunawardana 2012 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Unclear - Gap between 
parasitological and 
entomological surveys 
not described 

Low - Entomological 
and parasitological 
surveys were 
conducted in 2 
matching sentinel sites 
within each district 

N/A   Low - No concerns Low - No concerns 

Yokoly 2020 Low - Not described 
but unlikely to have 
caused a bias 

Low - Not described 
but unlikely to have 
caused a bias 

Low - Gaps between 
parasitological and 
entomological surveys 
were less than 6 
months 

Low - Entomological 
and parasitological 
surveys were 
conducted in 2 
matching sentinel sites 
within each district  

N/A   Low - No concerns Low - No concerns 
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Appendix 3.1. Search terms and search strategy used to retrieve 

articles  

 

Search steps Search terminology 

#1 Xenosurveillance OR Xeno-surveillance 

#2 Xenomonitor* OR Xeno-monitor* 

#3 Blackfl* OR Simulium OR “Black fl*” 

#4 “Molecular screen*” OR “Molecular diagnos*” OR PCR OR “Polymerase chain reaction” OR DNA 

#5 #3 AND #4  

#6 #1 OR #2 OR #5   

#7 Onchocerc* OR “River blindness”  

#8 #6 AND #7 

 

  



 

195 
 

Appendix 3.2. Assessment criteria and marking strategy for 

evaluating methodological quality 

Domain Description 

Blinding of Index Test Were the index test results interpreted without knowledge of the 
results of the reference standard? 
 
This item is similar to “blinding” in intervention studies. Interpretation of index test results 
may be influenced by knowledge of the reference standard. The potential for bias is related 
to the subjectivity of index test interpretation and the order of testing.  
 
If the index test was always conducted and interpreted prior to the reference standard, this 
item was rated “low risk”. If it was not described whether the outcomes of the reference 
standard were known to those conducting the index test, the study was typically 
considered to have an “unclear risk”. However, if the objective of the study was not to 
evaluate the use of the index test, such cases were also considered to be “low risk”.   

Blinding of Reference Test Were the reference standard results interpreted without knowledge of the results of the 
index test? 
 
This item is similar to the signalling question related to interpretation of the index test. 
Potential for bias is related to the potential influence of prior knowledge on the 
interpretation of the reference standard.  
 
As above, if it was not described whether the outcomes of the index test were known to 
those conducting the reference standard, the study was typically considered to have an 
“unclear risk”. However, if the objective of the study was not to evaluate the use of the 
index test, such cases were also considered to be “low risk”.  

Length of Time Between Surveys Was the interval between index test and reference standard appropriate?  
 
Ideally, index test and reference standard surveys would be collected in the same 
communities at the same time. If there is a significant delay, or if MDA has been 
implemented between the index test and reference standard, misclassification may occur 
due to an increase or decrease in disease prevalence between the two surveys.  
 
We considered a gap of less than 6 months between to be “low” risk. For gaps of more than 
6 months and less than 12 months, or if the length of time between surveys was not 
described, we considered the risk to be “unclear”. For gaps of more than 12 months but 
less than 18 months the risk was considered “high”. If the gap was more than 18 months, or 
if MDA had been implemented in between, the comparison was considered unsuitable for 
inclusion in the review.  

Matching of Sampled Communities  Were the communities in which the index test and reference standards were conducted 
appropriately matched? 
 
Ideally, the index test and reference standard surveys would be conducted in exactly the 
same areas. If the surveyed area is large, eg. district level, with MX surveys conducted in 
one village and mf surveys conducted in a distant village, the surveys may not be expected 
to provide comparable results.  
 
We considered surveys that were undertaken in the same villages to be “low” risk, even if 
the households targeted for entomological and parasitological surveys were not identical. 
However, if surveys were conducted at a district or sub-district level and MX surveys were 
carried out in specific communities within the district or sub-district that was not matched 
by mf surveys, we considered this to be “high” risk. If there was not information about 
sampling strategies to form a judgement, studies were graded as “unclear” risk 
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Continuity of Methods  
[Longitudinal studies only] 

Could variation in methodology used at different time points have introduced bias? 
 
Any variation in the methodology used for the sampling of locations, the index test or 
reference standard may lead to systematic changes in the outcome data collected.  
 
We considered studies to be at “low” risk if there was no or limited variation in 
methodology, and “high” risk if there was significant variation that we felt could influence 
measurements of MX rate and mf prevalence. If there was not information about sampling 
strategies to form a judgement, studies were graded as “unclear” risk.  
 

Index test participant applicability Do the index test participants match the review question? 
 
We considered studies to be at “high” risk if we had concerns that the sampling strategy 
targeted a limited population that was not widely applicable to the general black fly 
population in the area. We considered studies to be at “low” risk if we had no such 
concerns, and “unclear” if there was not enough information to make a decision.  
 
 

Reference standard participant applicability Do the reference standard participants match the review question? 
 
We considered studies to be at “high” risk if we had concerns that the sampling strategy 
targeted a limited population that was not widely applicable to the general human 
population in the area. We considered studies to be at “low” risk if we had no such 
concerns, and “unclear” if there was not enough information to make a decision.  
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Appendix 3.3. Characteristics of included studies 

Botto 2016 

Study Location Venezeula. South, Amazonian region  

Timing of study Final surveys conducted in 2015 with data reported previous 20 years.  
Relevant data for review collected in 2012-13 

Epidemiological 
background 

Combination of hypoendemic, mesoendemic and hyperendemic communities 
prior to treatment. Sentinel communities were typically hyperendemic.  

History of MDA 6 monthly ivermectin treatment began in 2000. >85% coverage sustained since 
In 2009, treatment frequency began to increasee to quarterly regimens and at 
the time of the study had been extended to 192 out of 241 (80 %) of the 
endemic communities in the focus. 
   

History of other 
interventions 

None described.  

Study design Longitudinal, with data presented from baseline and follows 15 years of MDA. 
Only data from 2013 from 3 villages were suitable for inclusion in the review 
analyses 

Study objectives To find evidence of transmission suppression in the region after 15 years of 
MDA 

Sampling strategy 
(reference standard) 

16 sentinel / extra-sentinel communities were selected for ongoing 
parasitological monitoring (including the four which were selected for 
entomological monitoring).  

Frequency and timing of 
sampling (reference 
standard) 

Direct observation of skin snips (2001, 2008, 2013, 2015). Opthalmological 
evaluations to detect presence of mf in the cornea or anterior chamber (2001, 
2008, 2015).  

Oncho diagnostic method Direct observation of skin snips and opthalmological evaluations to detect 
presence of mf in the cornea or anterior chamber  

Sampling strategy (index 
test) 

Three sentinel (Hasupiwei, Pashopëka, Koyowë) and one extra-sentinel 
(Arokofita) community 

Frequency and timing of 
black fly sampling 

3-12 consecutive days in each community, during the high transmission seasons 
(Jan-April and Sep-Nov). The number of collection days depended on the biting 
density in each community in order to reach a number of at least 6000 flies. 
Surveys were conducted in each of the four vilages in 2012-13. One community 
was additionally surveyed in 2006 and 2010.  

Black fly trapping method HLC. 2 collectors and two attractants working for approximately 7 hours per day 
until target sample was reached.  

Sample type (heads / 
bodies / whole carcasses 
etc) 

Body pools were analyzed first; if any of those pools were positive, all of the 
head pools analyzed to provide an estimate of the infectivity rate  

Max pool size  200 
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Convit 2013 

Study Location Venezuela. North Central and North East foci 

Timing of study Final surveys conducted in 2012 with data reported previous 12 years.  
No matched data suitable for review  

Epidemiological 
background 

Combination of hypoendemic, mesoendemic and hyperendemic communities 
prior to treatment. Sentinel communities were typically hyperendemic.  

History of MDA 6 monthly ivermectin treatment began in 2001. >85% coverage sustained since 
In 2004/5.   

History of other 
interventions 

None described.  

Study design Longitudinal, with data presented from baseline prior and following 12 years of 
MDA.    

Study objectives To find evidence of transmission suppression in the region after 12 years of 
MDA 

Sampling strategy 
(reference standard) 

NC: 1 sentinel and 4 extra-sentinel communities (<174 inhabitants per 
community).  
NE: 5 sentinel and 8 extra-sentinel communities (<206 inhabitants per 
community).  
 

Frequency and timing of 
sampling (reference 
standard) 

North Central: 4 parasitological (2001, 2005, 2008, 2010) and 2 ophthalmologic 
(2008, 2010) surveys were carried out in the sentinel community. 
North East: 4 parasitological (2001, 2006, 2009, 2012) and 4 ophthalmologic 
(2001, 2006, 2009, 2012) surveys 

Oncho diagnostic method Direct observation of skin snips and opthalmological evaluations to detect 
presence of mf in the cornea or anterior chamber  

Sampling strategy (index 
test) 

NC: 1 sentinel and 4 extra-sentinel communities (<174 inhabitants per 
community).  
NE: 5 sentinel and 8 extra-sentinel communities (<206 inhabitants per 
community).  

Frequency and timing of 
black fly sampling 

North Central: 
September 2007 to March 2008 in the sentinel community, and September to 
November 2009 in the extra-sentinel 
communities.  
 
North-east:  
September 2007 to March 
2008 and during 2011 in the 5 sentinel communities. September to November 
2010 and 2012 in 5 extra-sentinel communities. 

Black fly trapping method HLC. 2 collectors and two attractants working for approximately 8 hours per day 
until target sample was reached. 

Sample type (heads / 
bodies / whole carcasses 
etc) 

Body pools were analyzed first; if any of those pools were positive, all of the 
head pools analyzed to provide an estimate of the infectivity rate  

Max pool size  50 
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Cruz-Ortiz 2012 

Study Location Guatemala. Huehuetenango Focus 

Timing of study 2007-8 

Epidemiological 
background 

The area was showing a gradual reduction in infection prevalence before the 
initiation of MDA. Skin snip mf prevalence < 1% in 1992 

History of MDA Annual Ivermectin treatment began in 1996. Increased to twice annually in 
2000. >85% coverage sustained since In 2002..   

History of other 
interventions 

None described.  

Study design Cross-sectional 

Study objectives To find evidence of transmission suppression in the region after 12 years of 
MDA 

Sampling strategy 
(reference standard) 

For skin mf surveys, children age 6-12 were surveyed by randomly selecting 
schools in the area until a target of 3000 children was reached. For 
opthalmological examinations, 40 residents (13 houses) randomly sampled from 
each of nine communities, which were selected from among the 19 eligible 
communities.  

Frequency and timing of 
sampling (reference 
standard) 

September 2007 

Oncho diagnostic method Serology of school children to detect IgG antibodies to OV16 antigen (no 
positives detected) and opthalmological evaluations to detect presence of mf in 
the cornea or anterior chamber  

Sampling strategy (index 
test) 

Samples were collected in four coffee plantations located in the same 
geographical areas of the potentially endemic communities.  

Frequency and timing of 
black fly sampling 

Twice per month from November 2007 to April 2008.  

Black fly trapping method HLC. Four attractants and Four collectors at each of four plantations, working for 
approximately two days per month.   

Sample type (heads / 
bodies / whole carcasses 
etc) 

Not described.  

Max pool size  50 
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Evans 2014 

Study Location Nigeria.Central, Platea and Nasarawa 

Timing of study 2009 

Epidemiological 
background 

Baseline skin mf prevalence of 42.95% 

History of MDA Annual MDA with ivermectin began in 1992, in combination with albendazole 
since 2001.  

History of other 
interventions 

None described 

Study design Cross-sectional 

Study objectives To find evidence of transmission suppression in the region after 17 years of 
MDA 

Sampling strategy 
(reference standard) 

6 sentinel villages. All eligible residents of the six sentinel villages 
were invited to participate and all those who arrived on the 
appointed day were enrolled.  

Frequency and timing of 
sampling (reference 
standard) 

2009, 12–14 months after the last round of MDA 

Oncho diagnostic method direct observation of snip snips for mf 

Sampling strategy (index 
test) 

Vector breeding sites near each of the 6 sentinel villages 

Frequency and timing of 
black fly sampling 

June-August 2009 

Black fly trapping method HLC. Teams of four at each sentinel site, four days per month for 11 hours per 
day  

Sample type (heads / 
bodies / whole carcasses 
etc) 

Body pools were analyzed first; if any of those pools were positive, all of the 
head pools analyzed to provide an estimate of the infectivity rate  

Max pool size  100 
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Guderian 1997 

Study Location Ecuador. Rio Santiago focus 

Timing of study January 1990 to December 1996 

Epidemiological 
background 

Combination of hypoendemic, mesoendemic and hyperendemic communities 
prior to treatment. Sentinel communities were hyperendemic.  

History of MDA Ivermection MDA started in 1990 and continued until 1996. 6 monthly in 
hyperendemic communities, annually in other.  

History of other 
interventions 

None described.  

Study design Longitudinal 

Study objectives To report the impact of 7 years of MDA on disease transmission 

Sampling strategy 
(reference standard) 

All children under 5 in hyperendemic communities were sampled for skin snip 
survey.  

Frequency and timing of 
sampling (reference 
standard) 

Skin snips were taken every 6 months, from 1990 to 1996 from a cohort of 
infected participants. Skin snips were taken from all children <5 in 1990 priort to 
ivermectin and 1996 only. Opthalmological examinations were also conducted in 
1990 and 1995. 

Oncho diagnostic method Direct observation of skin snips and opthalmological evaluations to detect 
presence of mf in the cornea or anterior chamber.  
Only the skin snip survey is conducted within a suitable time frame for 
comparison with the entomological survey 

Sampling strategy (index 
test) 

Not described. Targeted 10,000 black flies 

Frequency and timing of 
black fly sampling 

April and May in 1989 and 1996.  

Black fly trapping method HLC. Over a 7-day period, 10000 black flies were captured by 8 volunteers, 
between 6 a.m. and 5 p.m. 

Sample type (heads / 
bodies / whole carcasses 
etc) 

Not described 

Max pool size  50 
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Katabarwa 2020a 

Study Location Sudan and Ethiopia, Galabat-Metema focus.  

Timing of study 2014 - 2017 

Epidemiological 
background 

Onchocercal disease  was reported to be a major problemin the districts. Skin mf 
prevalence in Galabat focus was reported as 52.5% 

History of MDA Once per year MDA began in Ethiopia's Metema focus in 2003 and the Sudan's 
Galabat focus in 2007. Twice per year MDA began in Ethiopia's Metema focus in 
2016 and the Sudan's Galabat focus in 2008. 

History of other 
interventions 

None-described 

Study design Cross-sectional 

Study objectives To see if either subfocus met the requirements for stopping MDA.  

Sampling strategy 
(reference standard) 

Sampling in each subfocus was conducted to get a minimum of 3000 children 
aged five to 10 years of age. Villages were selected based on known history of 
onchocerciasis and closeness to the border. 
 
Surveys were also conducted in adjacent districts Alefa, Quara, Tach Armachicho 
and Chilga. In each village, 100 children (5 to 10 years) were included.  
 

Frequency and timing of 
sampling (reference 
standard) 

One survey in each district, occuring between 2015 and 2017.  

Oncho diagnostic method OV16 ELISA testing of dried blood samples. All OV-16 positive children were 
followed up for skin snip collections which were screened using o-150 PCR.  

Sampling strategy (index 
test) 

Targeted at least 6000 vectors per focus. 10 collection sites were identified (7 in 
Metema and 3 in Galabat).  
 
Surveys were also conducted in 6 fly collection sites in the adjacent districts 
Alefa, Quara, Tach Armachicho and Chilga.  
 

Frequency and timing of 
black fly sampling 

June 2014 to February 2015 (study areas).  
November 2015 to November 2016 in adjacent districts.  
Monthly.  

Black fly trapping method HLC. Collections conducted 11 hours a day, 10 days per month for 9 months.  

Sample type (heads / 
bodies / whole carcasses 
etc) 

Heads 

Max pool size  200 
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Katabarwa 2020b 

Study Location Uganda, Victoria Nile focus 

Timing of study Feb 2017 - Feb 2018 

Epidemiological 
background 

The focus was considered to have eliminated onchocerciasis since 1967 after 
elimination of the vector species S. damnosum. However this had not been 
confirmed by recent WHO standards 

History of MDA None described 

History of other 
interventions 

Historical elimination of the vector species Simulium damnosum sl using 
insecticide air sprays, drips and larviciding  

Study design Cross-sectional 

Study objectives To verify elimination of onchocerciasis in the focus by WHO guidelines.  

Sampling strategy 
(reference standard) 

Villages at highest risk of bites from Simulium (those located nearest to the 
river) were surveyed 

Frequency and timing of 
sampling (reference 
standard) 

One survey in 2017 

Oncho diagnostic method OV16 ELISA testing of dried blood samples. All samples were OV16 negative 

Sampling strategy (index 
test) 

Targeted 6 historical vector breeding sites and one additional potential breeding 
site along the river.  

Frequency and timing of 
black fly sampling 

Feb 2017 - Feb 2018 

Black fly trapping method HLC. Two fly collectos at each collection site, 11 hours a day, 2 days per week (8 
days per site per month).  

Sample type (heads / 
bodies / whole carcasses 
etc) 

Heads. 
 
Note, only S. adersi flies were identified, which is not a known vector of O. 
volvulus 

Max pool size  100 
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Komlan 2018 

Study Location Togo, North and Central regions. River basins of Oti, Keran and Mo.  

Timing of study 2015 - 2017 

Epidemiological 
background 

Following vector control and MDA implementation, epidemiological surveys 
conducted by the national conttol programme have shown mf prevalence below 
5% (and below 1% in children under 10) in most hyperendemic districts.  

History of MDA MDA with ivermectin implemented since 1988. Biannual ivermectin implemeted 
in special transmission areas from 2007 until 2012.  

History of other 
interventions 

Vector control from 1987 until 2007 

Study design Cross-sectional 

Study objectives To assess the current epidemiological situation and to determine whether 
transmission has been interrupted and ivermectin MDA can be stopped. 

Sampling strategy 
(reference standard) 

For this study, 11 sentinel villages were selected. 3 were matched with fly 
collection villages 

Frequency and timing of 
sampling (reference 
standard) 

One survey - timing not stated 

Oncho diagnostic method Direct observation of skin snips 

Sampling strategy (index 
test) 

The collection of S. damnosum s.l. was conducted at 4 specific catch points at 
river sites in proximity to sentinel villages in the Oˆti river basin (village 
Pance´rys/ Savanes Region), Kara (village Tchitchira/Kara Region), Moˆ (village 
Baghan/Kara Region and Bouzalo/Central Region). 3 were matched with 
parasitological survey sites.  

Frequency and timing of 
black fly sampling 

Aug-Sep 2015 and until 2017 in the Mo study site 

Black fly trapping method HLC. 11 hours a day for 5 days a week 

Sample type (heads / 
bodies / whole carcasses 
etc) 

Whole flies 

Max pool size  25 
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Lindblade 2007 

Study Location Guatemala, Santa Rosa focus 

Timing of study 2004-2005 

Epidemiological 
background 

Hypoendemic 

History of MDA MDA with ivermectin implemented since 1996 and high coverage of biannual 
treatment sustained from 2000 

History of other 
interventions 

None described 

Study design Cross-sectional 

Study objectives To verify elimination of onchocerciasis in the focus by WHO guidelines.  

Sampling strategy 
(reference standard) 

Serological survey: 
All schoolchildren 6–12 years of age in the 43 schools serving the 70 potentially 
endemic communities and a 2 km buffer around each PEC to reach a target of 
3000 children 
 
Opthalmological survey: 6 of 70 potentially endemic communities were selected 
based on history of nodule prevalence >0% in last 3 surveys and elevatino > 800 
m. All community members > 7 years old were asked to participate.  

Frequency and timing of 
sampling (reference 
standard) 

Not described 

Oncho diagnostic method Serology of school children to detect IgG antibodies to OV16 antigen (no 
positives detected) and opthalmological evaluations to detect presence of mf in 
the cornea or anterior chamber  

Sampling strategy (index 
test) 

8 collection sites in 7 of the 70 potentially endemic communities were selected 
based on high vector density and willingness to participate.  

Frequency and timing of 
black fly sampling 

Twice monthly between Dec 2004 and Apr 2005.  

Black fly trapping method HLC. Four teams of one collector and one attractant working for 8 hours per day 

Sample type (heads / 
bodies / whole carcasses 
etc) 

Body pools were analyzed first; if any of those pools were positive, all of the 
head pools analyzed to provide an estimate of the infectivity rate  

Max pool size  50 
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Nicholls 2018 

Study Location Colombia. Naicioná village 

Timing of study 1998 - 2010 

Epidemiological 
background 

Pre-treatment skin snip mf prevalence of 40%  

History of MDA 12 years of biannual ivermection MDA from 1996 with 85% coverage achieved 
from 1999.  

History of other 
interventions 

None described.  

Study design Longitudinal, however only surveys conducted in 2001 and 2004 provide 
matched parasitological and entomological data 

Study objectives To verify elimination of onchocerciasis in the focus by WHO guidelines.  

Sampling strategy 
(reference standard) 

Not described 

Frequency and timing of 
sampling (reference 
standard) 

Relevant surveys in 2001 and 2004 

Oncho diagnostic method Skin snip survey. (confirmation of mf method not described) 

Sampling strategy (index 
test) 

Blackfly collections were done at known transmission sites in the community of 
Naicioná. Several 
sampling sites were selected. 

Frequency and timing of 
black fly sampling 

Collections were carried out once a 
month, between July and December.  

Black fly trapping method Not described 

Sample type (heads / 
bodies / whole carcasses 
etc) 

Heads 

Max pool size  50 
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Richards 2015 

Study Location Guatemala, Central Endemic Zone 

Timing of study 2003-2014 

Epidemiological 
background 

Baseline skin mf prevalence of ~70% 

History of MDA MDA with ivermectin implemented since 1988 and high coverage of biannual 
treatment sustained from 2000 to 2011.  

History of other 
interventions 

None described. 

Study design Longitudinal with multiple surveys conducted during the MDA period. Matched 
data are provided from 2007 and 2010-2011.  

Study objectives Report of recent surveys leading to the declaration that transmission had been 
eliminated in the zone 

Sampling strategy 
(reference standard) 

9 sentinel villages were selected for the area, SVs were selected from among the 
most highly endemic communities for onchocerciasis  

Frequency and timing of 
sampling (reference 
standard) 

Matched data are provided from 2007 and 2010-2011.  

Oncho diagnostic method Direct observation of superficial skin biopsies, obtained from those who were ≥ 
5 years old. Slit lamp examinations were conducted by an experienced 
ophthalmologist in residents ≥ 7 years old 

Sampling strategy (index 
test) 

4 

Frequency and timing of 
black fly sampling 

Matched data are provided from 2007 and 2010-2011.  
Surveys conducted from November - April.  

Black fly trapping method HLC. One collector and one attractant working 8 hours per day  

Sample type (heads / 
bodies / whole carcasses 
etc) 

Body pools were analyzed first; if any of those pools were positive, all of the 
head pools analyzed to provide an estimate of the infectivity rate  

Max pool size  50 
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Rodriguez-Perez 1999 

Study Location Mexico. Las Golondrinas, southern Chiapas focus 

Timing of study 1997 - 1998 

Epidemiological 
background 

Formerly hyper-endemic (78% skin mf prevalence) 

History of MDA 7 years (11 rounds) of ivermectin MDA 

History of other 
interventions 

7 years (11 rounds) of nodulectomy 

Study design Cross-sectional entomological survey presented alongside longitudinal 
monitoring of human infection prevalence.  
Only 1997 parasitological data provides a comparison 

Study objectives To compare a PCR assay for the detection of O. volvulus DNA with dissection-
based methods 

Sampling strategy 
(reference standard) 

All children under 18 with consenting parents 

Frequency and timing of 
sampling (reference 
standard) 

Annually from 1994 - 1998 (only 1997 provides a comparison with entomological 
data 

Oncho diagnostic method Direct observation of skin snips 

Sampling strategy (index 
test) 

4 collection sites - 2 within the village and 2 in a nearby coffee plantation of Las 
Golondrinas 

Frequency and timing of 
black fly sampling 

April 1997 - February 1998 

Black fly trapping method HLC. 9 hours per day 

Sample type (heads / 
bodies / whole carcasses 
etc) 

Whole flies 

Max pool size  50 
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Rodriguez-Perez 2013 

Study Location Mexico. Three foci, Oaxaca, Southern Chiapas and Northern Chiapas. However, 
no parasitological data were available for Northern Chiapas. 

Timing of study 1998 - 2011 

Epidemiological 
background 

Oaxaca communities: 89% hypo-endemic, 11% meso-endemic.   
 
Southern Chiapas communities: 56% hypo-endemic, 37% meso-endemic, 7% 
hyper-endemic.   

History of MDA Semi-annual MDA with ivermectin since 1997 

History of other 
interventions 

Nodulectomy campaigns since 1932 

Study design Longitudinal observations 

Study objectives To observe the effect of ivermectin MDA on transmission and ultimately 
determine whether transmission has been interrupted.  

Sampling strategy 
(reference standard) 

Oaxaca: 4 sentinel villages (SVs), 21 Extra sentinel villages (ESVs) 
 
 
Southern Chiapas: 6 SVs. 3 ESVs 

Frequency and timing of 
sampling (reference 
standard) 

Oaxaca:  
~2001 (exact date not described): skin snip (4 SVs) 
2004: serology (4 SVs) 
2007-08: serology (4 SVs and 21 ESVs), skin snips (4 SVs) and opthalmology (4 
SVs) 
 
Southern Chiapas: 
~2001 (exact date not described): skin snip (2 SVs) 
Several other surveys conducted between 2001 and 2010 but not meetin g 
inclusion criteria for review (ie. serology screening with positives not confirmed 
by skin snip) 
 

Oncho diagnostic method Direct observation of skin snips, opthalmological examinations, and in some 
cases serology surveys in which no positives were detected  

Sampling strategy (index 
test) 

Two sites within each community (one in the community itself and one in a 
nearby coffee plantation).  

Frequency and timing of 
black fly sampling 

Feb - May 2001 

Black fly trapping method HLC. One collector and one attractant working 6 hours per day  

Sample type (heads / 
bodies / whole carcasses 
etc) 

Heads and bodies separated. Bodies were screened first. If a positive body was 
detected, body-screening was stopped in that community and head-screening 
was undertaken 

Max pool size  50 
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Traore 2012 

Study Location Mali and Senegal. The three study areas are located along the River Bakoye in 
Mali, the River Gambia in Senegal, and the River Faleme on the border of the 
two countries 

Timing of study 2006 - 2010 

Epidemiological 
background 

Hyperendemic prior to MDA.  

History of MDA Ivermection MDA started in 1988 in Mali and 1989 in Senegal 

History of other 
interventions 

No other interventions.  

Study design Longitudinal.  

Study objectives To find evidence of transmission suppression in the region after 14-17 years of 
MDA and give evidence on whether elimination is possible in the African 
continent 

Sampling strategy 
(reference standard) 

40 - 57 villages in each of three study sites. All individuals over 1 year old invited 
to participate 

Frequency and timing of 
sampling (reference 
standard) 

Sample timepoints varied between study sites based on previous results 
showing progress towards elimination.  
 
Phase 1: 2006 (IVM distributed after epi survey and before ento survey) 
Phase 2: 2007-08. Only ento surveys conducted. IVM stopped in test areas.  
Phase 3: 2008-2010 Treatment stopped in all areas. Ento and epi surveys 
conducted twice (half the villages surveyed each time) 
 
 

Oncho diagnostic method Direct observation of skin snips 

Sampling strategy (index 
test) 

4-6 fly catching points per study site 

Frequency and timing of 
black fly sampling 

Sample timepoints varied between study sites based on previous results 
showing progress towards elimination.  
 
Phase 1: 2006 (IVM distributed after epi survey and before ento survey) 
Phase 2: 2007-08. Ento and epi surveys conducted. IVM stopped in test areas.  
Phase 3: 2008-2010 Treatment stopped in all areas. Ento and epi surveys 
conducted twice 

Black fly trapping method HLC. 3-4 fly catchers working for 11 hours per day for each of 14 collection sites.  

Sample type (heads / 
bodies / whole carcasses 
etc) 

Body pools were analyzed first; if any of those pools were positive, all of the 
head pools analyzed to provide an estimate of the infectivity rate  

Max pool size  300 
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Zarroug 2016 

Study Location Sudan, Abu Hamed Focus 

Timing of study 2011 - 2015 

Epidemiological 
background 

Mesoendemic; skin mf prevalence of 37% prior to treatment 

History of MDA Annual MDA with ivermectin implemented from 1998, increased to semi annual 
from 2006. Stopped in 2012 following evidence of interruption of transmission.  

History of other 
interventions 

None described 

Study design Longitudinal (assessment of transmission interruption and validation of 
elimination) 

Study objectives To verify elimination of onchocerciasis in the focus by WHO guidelines.  

Sampling strategy 
(reference standard) 

Sentinel villages in this study included the three communities (Kiji, ElBagair, and 
ElGeraif) with the highest original endemicity in the focus. In 2011, four 
additional communities in and around the Abu Hamed focus were assessed for 
parasitological indicators of the disease. These communities included three 
communities (Sharrari, Elfida, and Mukabrab) 
 

Frequency and timing of 
sampling (reference 
standard) 

2007; 2011-12; 2014-15 

Oncho diagnostic method Serology of school children to detect IgG antibodies to OV16 antigen confirmed 
by  PCR of skin snip samples taken from positive cases 

Sampling strategy (index 
test) 

Four sample sites in and around sentinel villages 

Frequency and timing of 
black fly sampling 

December of 2010 to November of 2011 

Black fly trapping method HLC. 5 days per month for 13 hours 

Sample type (heads / 
bodies / whole carcasses 
etc) 

Heads 

Max pool size  100 
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Appendix 3.4. Explanations for assessments of methodological quality 

  Risk of Bias   Applicability domain 

  

Index Test 
blinded 

Reference 
standard blinded 

Appropriate gap 
between surveys 

Appropriate 
matching of 
sampled 
populations 

Continuity of 
methodology 
over time 

  Applicability of 
participants for 
index 

Applicability of 
participants for 
reference 

Botto 2016  Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - not 
described but 
considered low 
risk due to study 
objectives 

Unclear - not 
described in 
enough detail to 
allow a 
comparison  

Unclear – as the 
human 
population is 
semi-nomadic, 
we cannot be 
sure of the extent 
to which flies 
collected in the 
areas where 
humans were 
surveyed were an 
accurate 
reflection of the 
fly populations 
the humans had 
been exposed to    

N/A   Low - no concerns Low - no concerns 

Convit 2013  Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - not 
described but 
considered low 
risk due to study 
objectives 

High - MDA was 
implemented 
between survey 
timepoints (and 
therefore no 
matched data 
were included in 
review) 

Low - Matched 
villages  

N/A   Low - no concerns Low - no concerns 
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Cruz-Ortiz 2012  Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - time 
between 
entomological 
and 
parasitological 
surveys was less 
than 6 months 

High risk - 
entomological 
surveys and 
parasitological 
surveys were not 
conducted in the 
same 
communities 
within the 
sampling area.  

N/A   Low - no concerns Unclear - 
Serological survey 
conducted in 
school children 
only 
 

Evans 2014  Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - time 
between 
entomological 
and 
parasitological 
surveys was less 
than 6 months 

Low - matched 
villages 

N/A   Low - no concerns Low - no concerns 

Guderian 1997  Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - time 
between 
entomological 
and 
parasitological 
surveys was less 
than 6 months 

Unclear - 
sampling sites for 
entomological 
survey not 
described 

N/A   Low - no concerns High - Skin snip 
survey 
participants were 
children under 5 
only. 
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Katabarwa 2020a  Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - time 
between 
entomological 
and 
parasitological 
surveys was less 
than 6 months 

High - sampling 
sites for 
entomological 
surveys and 
parasitological 
surveys do not 
appear to have 
been matched  

N/A   Low - no concerns High - Skin snip 
survey 
participants were 
children aged 5-
10 only 

Katabarwa 2020b  Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - time 
between 
entomological 
and 
parasitological 
surveys was less 
than 6 months 

Low - sampling 
sites for 
entomological 
surveys were 
close to the 
surveyed villages 

N/A   Low - no concerns High - children 
under 10 years 
only 

Komlan 2018  Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - time 
between 
entomological 
and 
parasitological 
surveys was less 
than 6 months 

Low - sampling 
sites for 
entomological 
surveys were 
matched with 
surveyed villages 

N/A   Low - no concerns Low - no concerns 
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Lindblade 2007 Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - not 
described but 
considered low 
risk due to study 
objectives 

Unclear - Timing 
of serological and 
opthalmological 
surveys not 
described 

High - 
entomological 
sampling took 
place in 7 
communities with 
highest vector 
densities, 
serological 
surveys covered 
all 70 
communities and 
buffer areas.   

N/A   Low - no concerns Low - no concerns 

Nicholls 2018  Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - time 
between 
entomological 
and 
parasitological 
surveys was less 
than 6 months 

Low - sampling 
took place in the 
same village 

N/A   Low - no concerns Low - no concerns 

Richards 2015 Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - time 
between 
entomological 
and 
parasitological 
surveys was less 
than 6 months 

Unclear - 6 of the 
9 sentinel villages 
were used in the 
sampling but it is 
not described 
which of the 6 
and how many 
flies were 
collected in each  

N/A   Low - no concerns Low - no concerns 
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Rodriguez-Perez 1999  Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - not 
described but 
considered low 
risk due to study 
objectives 

Unclear - exact 
timing of 
parasitological 
survey not 
described.  
 

Low - sampling 
was conducted in 
a single 
community 

N/A   Low - no concerns High - children 
under 18 only 

Rodriguez-Perez 2013  Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - not 
described but 
considered low 
risk due to study 
objectives. 
 
 

Unclear - exact 
timing of surveys 
not always 
described.  

Low - samples 
were conducted 
within target 
communities 

N/A   Low - no concerns Low - no concerns 

Traore 2012  Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - time 
between 
entomological 
and 
parasitological 
surveys was less 
than 6 months 

High - Limited 
sample points in 
each study area 
(4-6 compared to 
40 - 57 villages) 

N/A   Low - no concerns High - later 
surveys found 
difficulty 
achieving 
previous numbers 
as participants 
were reluctant to 
provide further 
skin samples. Six 
entire village 
refused to 
participate in the 
final survey.  
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Zarroug 2016  Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - not 
described but 
considered low 
risk due to study 
objectives 

Low - time 
between 
entomological 
and 
parasitological 
surveys was less 
than 6 months 

Unclear - 
entomological 
sampling took 
place in specific 
sampling sites in 
and around 
sentinel villages 
(but did not cover 
all sampled 
villages) 
 

Low - No 
concerns 

  Low - no concerns Low - no concerns 
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Appendix 3.5. Quantitative data extracted from included studies.  

Abbreviations: ND – Not Described; mf – Microfilaria; MX – Molecular Xenomonitoring; SL - Santiago Lalopa; ST - Santiago Teotlaxco; LE - La Esperanza ; 

SMLC - Santa María La Chichina.  

Study Country Sub-study Comparison 
Human 
sample size 

Black fly 
sample size Human mf prevalence MX rate MX rate (head only) 

Botto 2016  Venezeula Hasupiwei (2012-13) ND 8085 7% 0  

Botto 2016  Venezeula Pashopëka (2012-13) ND 6464 2% 0  

Botto 2016  Venezeula Koyowë (2012-13) ND 13117 7% 0  

Cruz-Ortiz 2012  Guatemala - 3118 8252 0 0.00%  

Evans 2014  Nigeria Gurku 354 ND 0 0  

Evans 2014  Nigeria Arisi 362 ND 0 0  

Evans 2014  Nigeria Bakin Kogi Lemoro 346 ND 0 0  

Evans 2014  Nigeria Mafara 410 ND 0 0  

Evans 2014  Nigeria Kamwai 351 ND 0.57% 0  

Evans 2014  Nigeria Godong 374 ND 0 0  

Guderian 1997  Ecuador 1990 225 10000 64.30% 1.10%  

Guderian 1997  Ecuador 1996 233 10000 0.00% 0.08%  

Katabarwa 2020a  Sudan and Ethiopia Galabat 3931 9148 0 0%  

Katabarwa 2020a  Sudan and Ethiopia Metema 4369 10744 0 0.0002  

Katabarwa 2020a  Sudan and Ethiopia West Armachicho 1703 16839 0 0%  

Katabarwa 2020a  Sudan and Ethiopia Alefa 300 10862 0 0.0002  

Katabarwa 2020a  Sudan and Ethiopia Tach Armachicho 300 110 0 0%  

Katabarwa 2020a  Sudan and Ethiopia Quara 300 27188 0 0.0001  

Katabarwa 2020b  Uganda - 2953 854 0 0%  

Komlan 2018  Togo Oˆti/Pancery 140 1025 2.9 0.20%  

Komlan 2018  Togo Ke´ran/Tchitchira 146 875 10.3 1%  

Komlan 2018  Togo Moˆ/Baghan 151 2575 8.6 0.10%  

Lindblade 2007  Guatemala - 4127 11621 0 0  

Nicholls 2018  Colombia 2001 143 5565 0 0.02%  
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Nicholls 2018  Colombia 2004 232 10500 0.85% 0.01%  

Rodriguez-Perez 1999  Mexico - 226 10550 13.00% 0.009%  

Rodriguez-Perez 2013  Mexico Oaxaca 2001 ND 21950 7% 0.16%  

Rodriguez-Perez 2013  Mexico Oaxaca 2004 - SL 47 7600 0% 0.023% 0.000% 

Rodriguez-Perez 2013  Mexico Oaxaca 2004 - ST 28 2450 0 0.000%  

Rodriguez-Perez 2013  Mexico Oaxaca 2004 - LE 20 8450 0 >0% (actual value ND) 0.018% 

Rodriguez-Perez 2013  Mexico Oaxaca 2004 - SMLC 22 2950 0 0.000%  

Rodriguez-Perez 2013  Mexico Oaxaca 2007-08 - SL 395 >10000 0 0.000% 0.047% 

Rodriguez-Perez 2013   Mexico Oaxaca 2007-08 - ST 307 >10000 0 0.000% 0.739% 

Rodriguez-Perez 2013  Mexico Oaxaca 2007-08 - LE 112 >10000 0 0.000%  

Rodriguez-Perez 2013  Mexico Oaxaca 2007-08 - SMLC 225 >10000 0 0.000%  

Rodriguez-Perez 2013  Mexico S. Chiapas 2001 ND 5300 16% 0.71%  

Traore 2012  Mali and Senegal R. Bakoye phase 3a 3739 49800 0.05% 0.000%  

Traore 2012  Mali and Senegal R. Bakoye phase 3b 3520 56700 0% 0.000%  

Traore 2012  Mali and Senegal R. Gambia phase 3a 1561 83700 0.13% 0.000%  

Traore 2012  Mali and Senegal R. Gambia phase 3b 1540 73200 0% 0.000%  

Traore 2012  Mali and Senegal R. Faleme phase 3a 2301 122100 0.13% 0.000%  

Traore 2012  Mali and Senegal R. Faleme phase 3b 4305 107100 0.07% 0.002%  

Zarroug 2016  Sudan 2007 442 29401 0.50% 0.01%  

Zarroug 2016  Sudan 2011-12 536 17359 0 0  

Zarroug 2016  Sudan 2014-15 5266 19191 0 0  
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Appendix 4.1. Assessment criteria and marking strategy for 

evaluating methodological quality 

 

Domain Description 

1. Study area selection Could the selection of study areas have introduced bias? 
 
Signalling questions:  
Was a consecutive / random sampling process followed?  
Did the study avoid inappropriate exclusions? 
Was a case/control design avoided? 
 
(High / Low / Unclear) 

 Concerns regarding applicability: 
 
Are there concerns that the included study areas do not match the 
review question? 
 
(High / Low / Unclear) 

2. Comparison between 
sampling and survey 
strategies 

Could the conduct and interpretation of each sample collection and 
screening method evaluated have introduced bias? 
 
Signalling questions: 
Were test results interpreted without knowledge of the results of the 
alternative surveillance strategies? 
Were sampling and screening methods equal besides the key difference 
that is being compared? 
 
(High / Low / Unclear) 
 
 

 Concerns regarding applicability: 
 
Are there concerns that any of the sampling strategies being evaluated, 
its conduct, or interpretation differ from the review question? 
 
(High / Low / Unclear) 

3. Flow and timing Could the flow or timing of sample collection and screening methods 
have introduced a risk of bias? 
 
Were different sampling strategies conducted simultaneously? 
 
Note that this domain was not applicable for comparisons between 
sampling timing strategies. 
 
(High / Low / Unclear) 
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Appendix 4.2.  Explanations for assessments of methodological quality  

 

  Risk of Bias Criteria 

  1A. Study area ROB 1B. Study area applicability 2A. Sampling strategy ROB  2B. Sampling strategy applicability 3. Flow and Timing ROB  

Bockarie 2000 Low risk. Single sampling 
site.  

Low risk. Highly endemic 
for LF 

Unclear risk. The no. of 
nights collecting using CDC 
traps exceeded those used 
for HLC. Sampling 
strategies not described in 
enough detail to 
determine whether bias 
could have been 
introduced.   

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Low risk. Sampling was 
simultaneous.  

deSouza 2014 Low risk as the sampling 
strategy would not have 
lead to bias favouring 
higher infection rates in 
either species 

Low risk. The areas 
described an area 
previously known to have 
high LF transmission 

Low risk as the sampling 
methods were identical 
for the different species 

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Low risk as samples 
were collected 
simultaneously so the 
timing was identical for 
different species 

Dyab 2016 Unclear risk. Sampling 
strategy not described 

Low risk. Area endemic for 
LF 

Low risk. Single sampling 
strategy used. Vectors 
were divided by species 
after collection and stored 
in identical conditions.  

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Low risk. Sampling was 
simultaneous.  

Fischer 2002 Unclear risk as the 
sampling strategy for the 
village was not described 

Low risk. The areas 
described an area 
previously known to have 
high LF transmission 

Low risk as the sampling 
methods were identical 
for the different species 

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Low risk as samples 
were collected once so 
the timing was identical 
for different species 
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Hoti 2002 Unclear risk. Sampling 
strategy not described 

Low risk. Areas endemic 
for LF 

High risk. Different pool 
sizes were used for 
mosquitoes collected by 
IRC (10) than HLC (50). The 
study highlighted that pool 
sizes of 50 led to lower 
estimates of infection 
rates than were observed 
when using traditional 
methods based on 
dissection of mosquitoes 
and microscopic detection 
of larvae, while pool sizes 
of 10 led to equivalent 
detection to traditional 
methods. The use of pool 
sizes of 50 for mosquitoes 
collected by HLC is 
therefore likely to have led 
to reduced sensitivity in 
this group than in those 
collected by IRC.  

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Unclear risk. Sampling 
strategies not described 
in enough detail to 
determine whether bias 
could have been 
introduced.   

Irish 2015 Low risk as a random 
sampling process was 
followed. 

Low risk. The area is 
endemic for LF 

Low risk as samples were 
collected using identical 
methods aside from the 
trapping method being 
compared 

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Low risk as samples 
were all collected using 
identical timing 
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Kouassi 2015 Low risk as a random 
sampling process was 
followed. 

Low risk. The area includes 
an area of potential LF 
transmission.  

Unclear risk. Anopheles 
mosquitioes were 
processed individually 
whereas Culex mosquitoes 
were processed in pools of 
up to 20. However, both 
approaches have been 
validated as sensitive to 
single positive 
mosquitoes, and there 
may be no effect on 
sensitivity between these 
two pool sizes.  

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Low risk as samples 
were all collected using 
identical timing and 
methods 

Minetti 2020 Low risk as a random 
sampling process was 
followed. 

Low risk. The area is 
endemic for LF 

Low risk as samples were 
collected once and two 
types of processing 
methods were used - (1) 
DNA from excreta and (2) 
DNA from carcasses.  

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

High risk. E/F samples 
were collected from the 
time point that they 
were processed after 
mosquito collection for 
the approximately 35 
hours, during which 
time the likelihood of 
detection is likely to be 
at its highest. Mosquito 
carcasses were not 
processed until after 
this time, by which 
point their likelihood of 
containing parasite 
DNA will have 
decreased.  
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Mulyaningsih 2019 Unclear risk as hamlet 
and household selection 
process is not described 

Low risk. The area is 
endemic for malayn LF 

Low risk as samples 
methods were identical 
for the different species 

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Low risk as samples 
were collected once so 
was identical for 
different species 

Opoku 2018 Unclear risk as selection 
process is not described.  

Low risk. The area is a 
known LF endemic area.  

Low risk as PSC and ET 
were conducted on the 
same households and 
same nights that traps 
were utilised 

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Low risk as collections 
were conducted 
simultaneously.  

Owusu 2015 Low risk as sample sites 
in selected communities 
were chosen randomly 

Low risk. The area is a 
known LF endemic area.  

Unclear risk. It appears the 
authors used only 
Anopheles collected from 
PSC and only Culex 
collected by gravid traps. 
Though it states that each 
method primarily 
collected these respective 
species, the decision to 
exclude any examples of 
the alternate species 
collected using a particular 
method may lead to 
biased results for either 
comparison. We do not 
know how many - if any - 
were excluded for this 
reason.  

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Unclear risk as the 
timing and frequency of 
sampling is not 
described.  

Pam 2017 Low risk as study 
communities were 
randomly selected 
among those having the 
lowest and the highest 
antigenemia rates 
recorded during a 
mapping survey. 

Low risk. The area is a 
known LF endemic area.  

Unclear risk. IRC were 
conducted for a total of 
252 sampling days vs 600 
days using exit traps vs 
420 days using gravid 
traps. It is unknown if this 
difference in sampling 
intensity will affect MX 
rates 

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Unclear risk as the 
timing and frequency of 
sampling is not 
described.  
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Ramesh 2018 Low risk as a sampling 
strategy was pre-
specified.  

Low risk as area is endemic 
for LF 

Low risk due to cross-over 
design that minimised 
differences between 
collection protocols 
besides the comparison of 
interest 

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Low risk due to cross-
over design with 
concurrent sampling 
using both methods 
across an equal number 
of houses 

Schmaedick 2014 Low risk as each 
populated village was 
sampled 

Low risk. The areas 
described an area 
previously known to have 
high LF transmission 

Low risk as samples 
methods were identical 
for the different species 

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Low risk as samples 
were collected once so 
was identical for 
different species 

Supriyono 2020 Unclear risk as the 
selection process for 
sentinel villages was not 
described 

Low risk. The areas 
described an area 
previously known to have 
high LF transmission 

Low risk as the sampling 
methods were identical 
for the different species 

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Low risk as samples 
were collected once so 
the timing was identical 
for different species 

Yokoly 2020 Unclear risk as the 
selection process for 
sentinel villages was not 
described 

Low risk. The areas 
described an area 
previously known to have 
high LF transmission 

Unclear risk. Different pool 
sizes were used for 
Anopheles (20) and Culex 
(30) mosquitoes. 
However, both pool sizes 
have been validated as 
sensitive to single positive 
mosquitoes, and there 
may be no effect on 
sensitivity between these 
two pool sizes.  

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Low risk as samples 
were collected once so 
the timing was identical 
for different species 

Rao 2016 Low risk as random 
sampling procedure 
described 

Low risk. The areas 
described at at high and 
low risk for LF 
transmission.  

Low risk as samples 
methods were identical 
for the different species 
and a smaller subsample 
was used for the different 
comparisons 

Low risk. Methods provide a 
suitable comparison as 
determined by review protocol 

Low risk as samples 
were collected once so 
was identical for 
different trapping 
strategies 
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Appendix 4.3. Forest Plots for comparisons between mosquito 

sampling strategies  

 

Comparison 1. Collection Methods 

 

1.1 Fed v Gravid  

 

 

1.2 Indoor Resting Catch (Fed) v Gravid 
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1.3 Exit Trap (Fed) v Gravid 

 

 

1.4 Fed v Unfed 

 

 

1.5 Fed v Unfed (Sensitivity Analysis: Excluding studies at high risk of bias) 
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1.6 Gravid v Unfed 

 

 

1.7 Human Landing Catch v Light Trap 

 

 

1.8 Light Trap (dead) v Light Trap (alive) 
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Comparison 2. Sampling Intensity  

 

2.1 300 vs 150 trapping locations 

 

2.2 300 vs 75 trapping locations 

 

2.3 300 vs 75 trapping locations 
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Comparison 3. Mosquito genera  

3.1 Anopheles v Culex 

 

3.2 Anopheles v Culex (subgroup analysis: parasite of interest) 
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3.3 Anopheles v Culex (subgroup analysis: primary vector genus) 

 

 

3.4 Anopheles v Culex (Funnel plot for assessing publication bias) 
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Comparison 4. Mosquito sample type  

 

4.1 Carcass v Excreta/faeces  
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