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1. General introduction 

On the African continent, two major filarial infections occur causing millions of people to 
suffer from clinical manifestations due to these infections. These two filarial infections 
are onchocerciasis (river blindness) and lymphatic filariasis (LF). In this chapter, we 
present a brief introduction to each of these diseases (section 1.1 and 1.2). We then 
continue with an introduction to disease burden principles (section 1.3), and finalise 
with research aims and questions (section 1.4), and the outline of this thesis (section 1.5).  
 

1.1 Onchocerciasis 

Life cycle and epidemiology 

Onchocerciasis, also known as river blindness, is a vector-borne parasitic disease that is 
endemic in many countries in sub-Saharan Africa (SSA), but also in the Arabian peninsula 
and in parts of Central and South America [1,2]. The disease is caused by the filarial 
nematode (roundworm) Onchocerca volvulus. The 
vector of O. volvulus is the anthropophilic blackfly 
(Diptera: Simuliidae). The breeding site of this fly is 
in shallow, oxygen-rich, fast-running water, such as 
river rapids with vegetation [3,4]. In SSA, the most 
common vectors that transmit O. volvulus are 
various cytoforms of the Simulium damnosum 

complex, each with their own ecologies [5] (Figure 
1.1).  
 
The lifecycle of Onchocerca volvulus is shown in Figure 1.2. A human can become infected 
with third-stage (L3) larvae through the bite of an infected blackfly. It is only the female 
blackfly that bites, as she requires blood for the development of her eggs. Inoculated L3 
filarial larvae can move into subcutaneous and deep-tissue nodules, where only a small 
fraction of the larvae eventually develops into a sexually mature adult worm (male or 

Figure 1.1 Simulium damnosum 
spp. Image courtesy of Herman 
Vanvinckenroye. ©Institute of 
Tropical Medicine in Antwerp. 
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female). O. volvulus worms have an estimated mean reproductive life span of ten years 
with a maximum of 15 years  [6,7]. Female worms can grow up to 50 cm long and remain 
sedentary in the nodules. Male worms are somewhat smaller (up to 42 cm), and they 
typically migrate from nodule to nodule in search of female worms. Female worms can 
become inseminated by the male worms, and they can produce millions of offspring, so-
called microfilariae (mf) during their life time [8]. Mf can measure up to 360 μm and can 
live up to two years [6]. Some individuals could host more than 50 adult worms at a time, 
with 73% of the live females developing embryos or producing mf [9]. As long as mature 
female worms are regularly inseminated, they can produce mf. The mf typically move 
into the skin or less frequent to the optic nerve and retina [10]. When another blackfly 
takes a blood meal, it can ingest mf from the skin. During their passage from the blackfly’s 
midgut to thoracic muscles, mf develop into L3 larvae stages. The blackfly can then 
inoculate infective material through its proboscis into another host, completing the life 
cycle of the parasite.  
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Figure 1.2  The life cycle of Onchocerca volvulus, showing parasite development in the 
human host and vector, as well as types of morbidity. Image courtesy of 
Alfred Granberg and The Carter Centre. 

 

 

 
Worldwide more than 218 million people are at risk of contracting O. volvulus infection, 
with an estimated 18 million people currently infected (2019 data [11]). Endemic foci in 
the Eastern Mediterranean region (e.g. Yemen) and Central and South America are have 
little infection remaining. Onchocerciasis is predominantly found across 31 endemic 
countries in SSA, containing 99% of the global disease burden [11]. For this reason, this 
thesis focuses on onchocerciasis in SSA. Figure 1.3 shows the geographical distribution 
of the estimated prevalence of onchocerciasis infection in SSA for the year 1975, before 
the implementation of any control programmes.  

14
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Figure 1.3 The pre-control geographical distribution of onchocerciasis, based on skin 
snip surveys in the former OCP-countries and the prevalence of palpable 
nodules with conversion to mf prevalence in former APOC-countries, for the 
year 1975. Image extracted from WHO progress presentation at the final JAF 
meeting in 2015. Image courtesy of J. H. F. Remme. 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

Disease manifestations 

In 1874, a first description of people suffering from blindness, and scaly, nodular skin 
caused by onchocerciasis was made in Africa. The combination of these symptoms was 
locally known in West Africa as kru kru or craw craw [12]. In 1874, a naval surgeon 
discovered mf from the skin of patients with craw craw from Ghana [13,14], and 16 years 
later the adult worms were discovered [15]. The clinical presentation of O. volvulus 
infection consists of a wide spectrum of eye and skin manifestations. Clinical symptoms 
are triggered by the host immune response (eosinophilic granulocytes and macrophages 

1975 
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[16]) in response to the release of both microfilarial antigens and endosymbiotic 
Wolbachia bacteria when mf die [17–20]. Blindness is the most severe clinical 
manifestation of onchocerciasis. Due to the geographical association of vector breeding 
sites with rivers, onchocerciasis has earned the name “river blindness”. Eye-lesions 
(onchocercal eye disease [OED]) are usually found in both eyes, with lesions ranging 
from punctate corneal opacities, corneal scaring (Figure 1.4A-B, page 42), and eventually 
damage to the retina and optic nerve causing blindness [21–23]. Individuals with high 
infection loads and long exposure to infection will be more likely to progress from visual 
impairment to blindness over time [24–27]. The impact of onchocerciasis treatment 
(ivermectin) on the progression of eye lesions is not completely understood [28]. OED 
tends to be more severe in savannah areas, even with moderate parasite burdens, which 
may be due to differences between savanna and forest parasite strains [29–31]. 
Blindness is associated with excess mortality; blindness can lead to low body mass 
indices (e.g. due to suppression of Th1 and Th2 responses) which may lead to other fatal 
disease outcomes [32], but it can also lead to accidents, such as burns and injuries, 
reducing the life expectancy [33].  
 
Besides OED, onchocerciasis infection can lead to a wide spectrum of skin manifestations 
(onchocercal skin disease [OSD]). Infection with O. volvulus can cause acute, hyper-
reactive, and reversible clinical conditions to the skin (i.e. palpable nodules, severe itch, 
reactive skin disease). Generally, the first indication of O. volvulus infection is the 
presence of pruritus (severe itching) and can be so severe that it causes insomnia [34]. 
Reactive skin disease (RSD) comprises again of a group of conditions that present as 
papular onchodermatitis (acute papular onchodermatitis (APOD), chronic papular 
onchodermatitis (CPOD), and lichenified onchodermatitis (LOD)). RSD can present itself 
as pruritic papules that may vary in size or plaques, and which progress to vesicles and 
pustules in more severe cases. The three forms of RSD can coexist in an individual. 
Palpable nodules are developed due to encapsulation of adult worms in fibrous tissue, 
forming subcutaneous nodules. Longstanding infection with onchocerciasis ultimately 
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leads to more generalised, chronic conditions of the skin (i.e. atrophy, depigmentation, 
hanging groin). See for all clinical manifestations Figure 1.4 (pages 42-43). With the 
exception of palpable nodules, all forms of clinical manifestations due to onchocerciasis 
are caused by mf that migrate out of the nodule and concentrate in the skin and eye of 
the affected person. There is now increasing evidence of a causal relationship between 
O. volvulus infection and the early development of epilepsy [35,36], potentially triggered 
by the passing of mf to the central nervous system in underdeveloped brains of children 
and young adults [37–39]. Until recently, onchocerciasis-associated epilepsy (OAE) has 
been an under-investigated research terrain, and it would therefore be interesting to 
assess how many people would be affected by OAE in Africa.  
 

Diagnosis  

Clinical diagnosis of O. volvulus-infected patients can be made based on clinical 
manifestations such as described above. A skin snip can be taken for detection of O. 

volvulus parasites in individuals, which can reliably diagnose onchocerciasis-infected 
individuals. Skin snips are small, superficial skin biopsies taken from the skin around the 
iliac crest [40]. The skin snip is then evaluated by microscopy. Unfortunately the snipping 
of skin is painful, necessitates sterilised equipment, and could lead to false-negative 
results in individuals with low mf density in the skin [41,42]. More modern diagnostic 
techniques for detection of O. volvulus parasites is based on detection of parasite DNA in 
scrapings of skin through polymerase chain reaction (PCR) [42,43], or the detection of 
immunological components in the blood using OV16 (ELISA) [44]. For rapid mapping of 
endemicity levels in onchocerciasis-endemic communities, however, palpation of 
nodules is commonly used. The Rapid Epidemiological Mapping of Onchocerciasis 
(REMO) was used to identify areas at greatest risk of disease by assessing adult males for 
the presence of sub-cutaneous worm nodules [45].  
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Control programmes 

Large-scale programmes aimed to control and later to eliminate onchocerciasis were 
introduced throughout endemic Africa. From 1974 to 2002, the Onchocerciasis Control 
Programme (OCP) in West-Africa was implemented [46,47]. The OCP controlled 
onchocerciasis as a public health concern by widespread aerial insecticide treatment of 
river basins and ground insecticide coverage [48]. Control efforts were later 
supplemented by mass drug administration (MDA) with ivermectin (free donation since 
1987 by the manufactured Merck & Co. Inc, through the Mectizan Donation Programme). 
Ivermectin is suitable as a drug for mass distribution, as it can be given as a single dose 
and is generally safe. Ivermectin has high impact on the circulating mf and reduces the 
mf production of adult worms up to several months post-treatment [49]. Much later, the 
African Programme for Onchocerciasis Control (APOC, 1995-2015) was implemented in 
20 central and east African countries [45]. Their main strategy of control and elimination 
of onchocerciasis was through long-lasting MDA with ivermectin, and some focal vector 
control in problem areas, including slash-and-clear interventions of black fly breeding 
sites [50]. Areas that were hitherto not regarded as a significant public health problem 
as the risk of disease was considered too low (onchocerciasis hypoendemic areas), were 
previously not treated. Onchocerciasis is targeted for elimination by 2030 with renewed 
efforts thanks to the road map for Neglected Tropical Diseases (NTDs) 2021-2030 [51], 
and it became essential to also treat onchocerciasis hypoendemic areas. However, in 
onchocerciasis hypoendemic areas that are co-endemic of yet another filarial worm (Loa 

loa), MDA with ivermectin cannot be given without certain risks.  
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The problem of Loa loa 

Loiasis, or African eye worm, is 
caused by the filarial nematode Loa 

loa that lives in the lymphatics and 
subcutaneous tissues of humans [52]. 
Infection is transmitted by vectors of 
the genus Chrysops (day-biting 
deerflies) with the main vectors 
being Chrysops silacea and C. dimidiate  (Figure 1.5). Chrysops spp. are common in tropical 
rainforests of Central and West Africa. The tropical dense and mosaic savanna forests 
was shown to be the most important ecological predictor of L. loa as these areas favour 
the breeding of the flies [52–55]. The parasite life cycle is quite similar to the life cycle of 
the previously discussed filarial parasite. The geographical distribution of loiasis has 
been documented and mapped, and is based on large-scale loiasis field prevalence 
assessments in West- and Central Africa, the “Rapid Assessment Procedure for Loiasis” 
(RAPLOA) surveys [45,56,57]. More than 30 million people live in high or moderate 
loiasis transmission zones of West and Central Africa, and more than 14 million people 
were likely infected with L. loa in 2010 [58,59]. 
 
L. loa infection is in many individuals easily recognisable due to the subconjunctival 
migration of adult worms, called “African eye worm” (Figure 1.6A, page 43). Loiasis can 
also cause the typical Calabar swellings on the body (angioedema of the lower layer of 
skin in the face, tongue, larynx, abdomen, or arms and legs) caused by the adult worms 
(Figure 1.6B, page 43). In most cases, Calabar swellings are very painful and itchy [60]. 
In addition, loiasis causes a variety of non-specific symptoms, the most commonly 
reported ones being recurrent pruritus and oedema [61,62]. More severe renal, cardiac, 
and neurological complications may develop in some cases if the associated 
inflammation extends to the nearby joints or peripheral nerves [52,63,64]. There is now 
incoming evidence that L. loa infection in itself can cause excess mortality [65]. 

Figure 1.5 Chrysops spp. Image courtesy of 
Acarologiste. Modified from  
https://commons.wikimedia.org/wiki/File:Chrys
ops_adult_lateral.png 
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Nonetheless, L. loa is commonly judged a relatively harmless nematode. Loiasis has 
therefore received limited public health attention and does not belong to the World 
Health Organization’s (WHO) list of neglected tropical diseases (NTDs) to be controlled 
or eradicated in worldwide campaigns [58]. 
 
However, loiasis is of importance in the fight to eliminate onchocerciasis, as in 
onchocerciasis hypoendemic areas co-endemic for loiasis, MDA with ivermectin is not 
considered safe due to too high risks of serious adverse events (SAEs) after ivermectin 
intake by individuals with high loiasis mf loads (≥20,000 mf/mL blood) [66–69]. For this 
reason, the geographical distribution of L. loa in Africa needs to be evaluated, and this 
was done using the RAPLOA, assessing the history of eye worm in individuals [59]. Since 
2015, a field-friendly diagnostic tool, the LoaScope, is used to quantify L. loa mf densities 
in the peripheral blood to exclude L. loa-hyperinfected individuals from ivermectin 
treatment during onchocerciasis control programmes; a Test-and-Not-Treat (TNT) 
strategy [70]. Those patients should receive alternative treatment against 
onchocerciasis, e.g. doxycycline, or new and safe drugs. As large populations in 
onchocerciasis-loiasis co-endemic areas need to be screened with the LoaScope to 
exclude L. loa hypermicrofilaraemic individuals from MDA, the TNT strategy is costlier 
than MDA and optimal implementation at the community is still challenging [71]. Vector 
control could also be a solution for the control of onchocerciasis in loiasis co-endemic 
areas, such as slash-and-clear strategies.  
 
To more efficiently implement alternative control strategies in areas with large 
populations at risk of SAEs due to ivermectin, it is important to understand the current 
and future predicted geographical overlap of onchocerciasis and loiasis prevalence in 
Africa taking account of control efforts. To decide whether research and development of 
new and safe drugs is warranted, we first need to understand the magnitude of patients 
requiring (alternative) treatment across onchocerciasis and loiasis co-endemic areas.  
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1.2 Lymphatic filariasis 

Life cycle and epidemiology 

Human infection by lymphatic filariasis (LF), also known as elephantiasis, is caused by 
three different parasite species of a filarial nematode: Wuchereria bancrofti, Brugia 

malayi and Brugia timori. Infection can be transmitted by a wide range of mosquito 
species. In Africa, W. bancrofti is primarily transmitted by Anopheles spp., whereas in the 
Americas the main vector is of the genus Culex. Culex species are also more common in 
urban settings, driven by poor human sanitation favourable for the breeding of the main 
vector, Culex quiquefasciatus (Figure 1.7). In the Pacific and Asian region, most common 
mosquito species transmitting W. bancrofti are Aedes spp., Mansonia spp. and Culex spp. 
Brugian filariasis is principally a rural disease transmitted by Mansonia spp., Anopheles 

spp. and Aedes spp. mosquitoes [72]. Transmission of infection is closely related to 
behaviour and socio-economic status, and the disease is mostly affecting the poor. 
Humans are the exclusive host of infection with W. bancrofti, whereas certain strains of 
B. malayi are also zoophilic.  
 

The lifecycle of LF is shown in Figure 1.8. Humans can become infected by the bite of an 
infected mosquito taking a blood meal. The infected mosquito can then inject L3 filarial 
larvae into the skin. Some of these L3 filarial larvae can develop into sexually-mature 
adults [8,73] over a period of six to twelve months [74]. Females and males lie coiled in 
the lymph nodes of the human host [75] where they can live for five to ten years [76,77]. 
The female worms of the W. bancrofti are larger than those of Brugia spp. Inseminated 

Figure 1.7 Female Culex quinquefasciatus, main 
vector of urban bancroftian filariasis. Image 
courtesy of E. A. Goeldi (1905). This figure is 
identified as being free of known restrictions under 
copyright law, including all related and 
neighbouring rights. 
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female worms will produce millions of offspring (sheathed mf). Mf can survive up to 
approximately six to 24 months [49]. A human can harbour over 10,000 mf/mL blood. 
Mf will then migrate into, and actively move through, peripheral blood vessels and 
lymphatics. Mf are mainly visible in the peripheral blood during night-time and they 
withdraw during day-time (nocturnal periodicity). In the Western Pacific region, mf have 
no marked periodicity (subperiodic periodicity) or are more visible during daytime 
(diurnal periodicity). The life cycle of the parasite is complete when a mosquito takes a 
blood meal ingesting some of the circulating mf. In the thoracic muscles of the mosquito, 
the mf develops from L1 to L3 larvae. People with mf – even those without clinical 
symptoms – are carriers of infection and a source of ongoing transmission [78].  
 

Figure 1.8 Schematic representation of the life cycle of lymphatic filariasis, showing 
parasite development in the human host and vector. Image courtesy of Shreya Chonkar. 
©Biology Discussion. 
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Over 90% of all human infections are caused by W. bancrofti and less than 10% by 
Brugian species. Distribution and transmission of W. bancrofti is very widespread, with 
countries in SSA, South-East Asia, the Western Pacific, and Central and South America 
being affected [79]. The parasites of B. malayi are confined to areas of the Western Pacific 
and south-east Asia, notably India, Indonesia, Malaysia and Thailand. So far, B. timori has 
only been found on a group of islands of Indonesia (Figure 1.9). 
 

Figure 1.9  Global map of lymphatic filariasis (LF) pre-control (2000) with areas 
coloured in red indicating areas suitable for LF transmission, as predicted 
by a boosted regression tree-model. In white are countries that are LF-
endemic. Image courtesy of Jorge Cano, and published in [79]. 

 
 
An estimated 889 million people in 72 countries worldwide required preventive 
chemotherapy against LF in the year 2017, with an approximate 1.6 million people 
reported to be affected by clinical disease [80]. Approximately 60% of the population 
requiring preventive chemotherapy live in south-east Asian and Western Pacific regions, 
and about 39% live in SSA across 34 African countries [80]. In the Eastern Mediterranean 
region, only Egypt, Sudan and Yemen are LF-endemic.  
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Disease manifestations  

Many people with LF infection are subclinical, even though they may harbour high worm 
burdens. Nonetheless, subclinical disease already shows pathological changes that are 
only visible by diagnostic imaging techniques [81]. Upon infection, the adult worms can 
cause dilation of lymphatics leading to dysfunction of the lymphatic valves and impaired 
lymphatic flow. Inflammatory reaction upon de death of adult worms (both treatment-
induced and spontaneous worm death) can lead to further progression of lymphatic 
dysfunction. The acute inflammation of the lymphatics can lead to recurrent attacks of 
fever (acute filarial lymphangitis, AFL) and generally has a mild clinical course. 
Individuals with lymphatic dysfunction are at increased risk of secondary bacterial and 
fungal infections that can result in inflammation of the lymph nodes (acute 
dermatolymphangioadenitis, ADLA) [82,83].  
 
After continued lymphatic dysfunction and impaired lymphatic flow, chronic clinical 
manifestations can develop, often years after initial infection [83]. The main chronic 
sequelae due to LF infection are hydrocele, lymphoedema and chyluria (milky white 
urine). Lymphoedema can eventually progress to elephantiasis in the absence of 
morbidity management. Lymphoedema is the swelling of body parts, generally the upper 
or lower extremities, the vulva, the breast, or the scrotum [84] (Figure 1.10A, page 44). 
Lymphoedema in the lower limbs is most common. The WHO developed a grading 
system to quantify the severity of the lymphoedema for more efficient morbidity 
management [85]. Grade I lymphoedema is described as mostly pitting oedema (i.e. when 
a swollen area is pressed and an indentation or pit remains) and spontaneously 
reversible on elevation; grade II, mostly non-pitting oedema and not spontaneously 
reversible on elevation; and grade III, non-pitting, irreversible swelling of the limb and 
with thickened skin or skin folds; and grade IV, non-pitting swellings with deep folds, 
fibrotic and verrucous skin changes (elephantiasis) (Figure 1.11) [85].  
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Figure 1.11 Visualisation of the severity stages of the lymphoedema, according to the 
World Health Organization [85]. 

 

 
 
In men, W. bancroftian worms prefer to reside and reproduce in the scrotal area, 
eventually dying in this area, which may lead to the development of hydrocele in men 
[83,86] (Figure 1.10B, page 44). Hydrocele is the swelling of the male genitals, and its 
severity is graded on the size of the hydrocele which could vary in diameter from ~6 cm 
(grade II) to more than 15 cm (grade V) [87]. In many Bancroftian highly endemic 
communities, between 20% and 37% of all men may be affected with hydrocele [88–90]. 
Hydrocele may be accompanied by thickening of the spermatic cord and thickening of 
the skin.  
 
Diagnosis 

Diagnosis of LF is generally based on blood parasite detection of circulating mf in the 
blood. Various diagnostic tools have been used to diagnose LF, each with inherent 
laboratory techniques, different blood volumes, and varying diagnostic sensitivities. In 
addition, the choice of a diagnostic technique may depend on the geographical area. 
Stained thick blood smear (TBS) has historically been used most often. TBS detects mf in 
peripheral blood (≥10-≤120 µL blood) using a finger prick and microscopy. Membrane 
filtration techniques (MFT) are based on filtration concentration procedures (filtration 
of blood elements through a membrane). Knott’s technique is also a concentration 
technique, but is based on centrifuging for sedimentation using stained thick films [91]. 
Concentration techniques require large blood volumes (~1 mL blood), increasing the 
diagnostic sensitivity of the test. Counting chamber technique (CCT) is based on the 
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counting of parasites in chambers of glass strips from standard microscope slides, and 
generally uses between 20 and 100 µL of blood [92]. MFT, Knott’s technique and CCT are 
effective means to determine the mf density rather than filarial species identification 
which is more easily performed using TBS [91]. In the absence of a gold standard, it 
would be very useful to have a means to standardise mf prevalences as detected by 
various diagnostic measures with different blood volumes to one reference diagnostic 
technique. This would facilitate the comparison between geographic LF-survey data and 
mapping initiatives. Other diagnostic techniques now also commonly used for the 
detection of LF include the immunochromatographic test (ICT), enzyme-linked 
immunosorbent assays (ELISA) [93], and real-time polymerase chain reaction (PCR)-
based essays [94].  
 
Control programmes 

LF is targeted for global elimination as a public health problem by the WHO through the 
Global Programme to Eliminate Lymphatic Filariasis (GPELF) strategy, with renewed 
efforts thanks to the NTD road map 2021-2030 [51]. Since 2000, the GPELF scaled  
community-wide mass treatment programmes up to a large-scale in order to prevent LF 
infection in the 72 endemic countries. GPELF recommends annual MDA for a minimum 
of five years with at least 65% population coverage [80]. In most LF-endemic countries, 
the treatment of choice is annual diethylcarbamazine (DEC) plus albendazole [95,96]. 
Yet, as DEC is contra-indicated in individuals co-infected with O. volvulus and L. loa due 
to risks of severe side effects, ivermectin plus albendazole is recommended in LF-
onchocerciasis co-endemic countries, and twice-yearly administration of albendazole 
alone in combination with coordinated vector control in LF-loiasis co-endemic countries 
of Africa [96].   
 
Besides preventive chemotherapy to prevent individuals from infection and early 
symptoms, morbidity management of clinical patients is required to halt the progression 
to more severe manifestations. Morbidity management of patients with LF includes 
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elevation, exercising, massaging and bandaging of body parts affected by lymphoedema. 
To avoid secondary infections, hygiene and skin care is essential. Advanced stages of 
hydrocele require surgical management.  
 

1.3 Assessing trends in disease burden  

Burden of disease estimates are useful to gauge the impact of one disease as compared 
to another disease, but it can also be useful in assessing the impact of interventions on 
population health. The disease burden can be expressed as the number of cases with 
various groups of disease sequelae or in terms of disability-adjusted life years (DALYs) 
lost, to allow for comparison between the impact of diseases at population’s health. 
DALYs are a measure that accounts for both loss in quality of life and premature 
mortality. DALYs are calculated by summing years lived in disability (YLD, weighted for 
the loss in quality of life) and the years of life lost (YLL) due to premature mortality [97]. 
YLDs are calculated by multiplying the number of prevalent cases of morbidity with a 
specific disability weight. For example, the disability weight of blindness is 0.187 
whereas the disability weight for mild depigmentation (disfigurement level 1) is only 
0.011 [98]. YLLs are calculated by multiplying the number of deaths by a standardised 
life expectancy at the age of death [99]. In this thesis, we only take account of excess 
mortality due to onchocercal blindness.  
 
Good estimates of the number of people with filarial infection and disease are required 
to assess the impact of interventions hitherto, to guide control policy makers in planning 
of health care needs and interventions, and to drive research and development efforts of 
new and safer treatment. The Global Burden of Disease (GBD) study has estimated the 
burden of onchocerciasis and LF from 1990 up to 2016 [100]. For onchocerciasis, the all-
age DALYs loss was estimated to be 1,420 thousand in 1990 which decreased to 963 
thousand in 2016. For LF, the GBD study estimated 1,596 thousand all-age DALYs lost in 
1990 and 1,189 thousand in 2016 [100].  
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There are some limitations to the work by the GBD project. The GBD study only roughly 
estimates the global burden of groups of sequelae for onchocerciasis (i.e. asymptomatic 
onchocerciasis, onchocercal skin diseases, and vision loss) and LF (i.e. lymphoedema, 
hydrocele). As these conditions were designed to be generic and not necessarily specific 
to any particular disease, we aim to correlate each sequelae for onchocerciasis and LF to 
a condition associated with a disability weight in the GBD project. In addition, acute 
onchocercal symptoms like troublesome itch due to onchocerciasis were modelled by the 
GBD project through add-on analyses using statistical models linking mathematical 
output on current infection levels to the prevalence of symptoms (for GBD 2010 and 
2013). Similarly, the GBD project calculated LF sequalae using statistical models. Such 
statistical models may not always capture the impact of treatment on morbidity very 
well, especially for symptoms that correlate not only with current infection status, but 
also with history of infection. Statistical models do not loan for model predictions into 
the future as the aforementioned complexities cannot be taken into account.  
 
Predictions of the disease burden due to onchocerciasis and LF now and into the near 
future are nevertheless meaningful for planning of resources and more targeted control 
efforts. An update and a more sophisticated approach in estimating the disease burden 
of onchocerciasis and LF in terms of number of cases and DALYs lost is therefore 
warranted. For onchocerciasis, a mechanical, stochastic model would be required that 
better captures the aforementioned complexities than statistical models. We therefore 
aim to develop and quantify a generalised module for morbidity within ONCHOSIM that 
could incorporate disease dynamics, capturing these non-linearities explicitly. For LF, we 
aim to understand the statistical associations on the pre-control prevalence of infection 
and disease, and then use these associations in cohort models to predict the burden of 
LF. To do so, we will first quantify the (pre-control) association between infection and 
disease, by using the most comprehensive data available for both onchocerciasis and LF. 
New mathematical techniques and statistical models will need to be developed to then 
capture these associations and reproduce empirical data and assess the impact of 
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interventions over time. These mathematical and statistical models can then also predict 
not only past and current disease burden, but even provide projections into the future of 
the disease burden.  
 

1.4 Aims and research questions 

The overall aim of this thesis is to quantify the disease burden of the two major filarial 
infections in Africa – onchocerciasis and lymphatic filariasis – in the past, present and 
future. The following three research questions will be addressed: 

 
1. How does infection associate with clinical morbidity for onchocerciasis and 

lymphatic filariasis at the population level?  
 

2. How has the disease burden of onchocerciasis and lymphatic filariasis, in terms of 
total number of cases and DALYs lost, changed since the introduction of large-scale 
mass treatment programmes and what burden will remain by 2030? 
 

3. To which extent is onchocerciasis elimination hindered by Loa loa co-endemicity 
in Africa?  
 

1.5 Outline of this thesis 

The association between infection and clinical morbidity (research question 1) is 
examined and quantitatively described in Chapter 2 for onchocerciasis, and in Chapter 

5 for LF. We collated paired data on the community-level prevalence of onchocerciasis 
infection and morbidity, as well as data on the age distribution of morbidity in different 
endemicity settings. To better understand the dynamics, we extended an established 
individual-based mathematical model ONCHOSIM with a novel morbidity module that 
describes the development and progression of morbidity in individuals in relation to 
their infection history, which we calibrated against the collated data. For LF, we 

29



Chapter 1

 

 

performed a systematic literature review to collate paired data on community-level 
prevalence of infection and clinical morbidity to which statistical models were fitted to 
quantify the association between the two variables (Chapter 5). In addition, infection 
prevalence estimates were standardised to prevent bias due to the use of different 
diagnostic tests for measuring infection prevalence, using the methods developed in 
Chapter 4.  
 
Trends in the burden of disease (research question 2) are covered in Chapter 3 for 
onchocerciasis, and in Chapter 5 for LF. For onchocerciasis, we used the mathematical 
model ONCHOSIM – including the new morbidity module – to predict trends over time in 
the prevalence of infection and onchocercal morbidity, accounting for specific treatment 
history in countries previously under the APOC-mandate. This is then used to estimate 
the burden of onchocerciasis for the years 1990, 2000 and 2030 (Chapter 3). As the 
analysis described in chapters 2 and 3 have not taken account of the association between 
the prevalence of O. volvulus infection and onchocerciasis-associated epilepsy (OAE), we 
performed a separate burden estimate in terms of number of cases of and YLDs due to 
OAE in Chapter 6.  
 
Finally, the extent to which onchocerciasis elimination is hindered by L. loa (research 
question 3) is addressed in Chapter 7. Geospatial maps of loiasis and onchocerciasis 
prevalence are overlaid, and mathematical and statistical modelling techniques are used 
to estimate the number of co-infected individuals, including those at risk of post-
ivermectin SAEs in West and Central Africa from 1995 to 2025.  
 

Chapter 8 concludes this thesis, summarising the answers to the three research 
questions, and some next steps are discussed. Section 8.4 will close this thesis with 
conclusions and recommendations.  
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Figure 1.4  The spectrum of mild and severe onchocercal morbidity. 
 
 
 
 
 
 
 
 
 

 

 

 
C. Large nodule, or onchocercoma, 
overlying a rib.  
Image courtesy of Michele E. Murdoch [64,65]. 

 

A. Early stages of irreversible onchocercal 
sclerosing keratitis (corneal scarring). Image 
courtesy of Ian Murdoch and Allen Foster. 

B. Late stages of irreversible onchocercal 
sclerosing keratitis eventually leading to 
blindness. Image of Dietrich W Büttner, deceased 
17 January 2011. 
 

E. Lichenified onchodermatitis (a form of 
reactive skin disease [RSD]) affecting one 
leg in an 18 year old.  
Image courtesy of Michele E. Murdoch 
[64,65]. 
male. 

D. Onchocercal skin atrophy confined to the 
buttocks. 
Image courtesy of Michele E. Murdoch [64,65]. 

 

F. Severe depigmentation on the shins or 
‘leopard skin’.  
Image courtesy of Michele E. Murdoch [64,65]. 
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Figure 1.6 Typical clinical manifestations caused by the filarial worm Loa loa.   
 
 

 

  

G. Late hanging groin in a female, with redundant 
folds of atrophic skin.  
Image courtesy of Michele E. Murdoch [64,65]. 

H. Onchocerciasis-associated epilepsy (OAE) 
often develops in young children living in poor 
conditions. ©picture-alliance/landov 
 

A. Adult worm migrates freely in the 
subcutaneous tissue, including the 
subconjunctiva or sclera of the eye. ©Drug 
Discovery for Tropical Diseases. All rights 
reserved. 

B. Calabar swellings in the face of a child 
that lived many years in West Africa. 
Courtesy of J. D. MacLean Centre for 
Tropical Diseases, McGill University. 
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Figure 1.10 Most common clinical manifestations due to lymphatic filariasis: (A) 
lymphoedema and (B) hydrocele.  
 

 

 

 

 

 

 

 

 

 

 

A. Leg lymphoedema due to LF, Orissa, 
India.  
Image courtesy of Sean Hawkey (WHO). 

B. Patient with advanced hydrocele due 
to W. bancrofti infection in the Ivory 
Coast.  
Image courtesy of Peter U. Fischer.  
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Abstract  

Background: Onchocerciasis (river-blindness) in Africa is targeted for elimination 
through mass drug administration (MDA) with ivermectin. Onchocerciasis may cause 
various types of skin and eye disease. Predicting the impact of MDA on onchocercal 
morbidity is useful for future policy development. Here, we introduce a new disease 
module within the established ONCHOSIM model to predict trends over time in 
prevalence of onchocercal morbidity. 
 

Methods: We developed novel generic model concepts for development of symptoms 
due to cumulative exposure to dead microfilariae, accommodating both reversible 
(acute) and irreversible (chronic) symptoms. The model was calibrated to reproduce 
pre-control age patterns and associations between prevalences of infection, eye 
disease, and various types of skin disease as observed in a large set of population-
based studies. We then used the new disease module to predict the impact of MDA on 
morbidity prevalence over a 30-year time frame for various scenarios.  
 

Results: ONCHOSIM reproduced observed age-patterns in disease and community-
level associations between infection and disease reasonably well. For highly endemic 
settings with 30 years of annual MDA at 60% coverage, the model predicted a 70% to 
89% reduction in prevalence of chronic morbidity. This relative decline was similar 
with higher MDA coverage and only somewhat higher for settings with lower pre-
control endemicity. The decline in prevalence was lowest for mild depigmentation and 
visual impairment. The prevalence of acute clinical manifestations (severe itch, 
reactive skin disease) declined by 95% to 100% after 30 years of annual MDA, 
regardless of pre-control endemicity.  
 

Conclusion: We present generic model concepts for predicting trends in acute and 
chronic symptoms due to history of exposure to parasitic worm infections, and apply 
this to onchocerciasis. Our predictions suggest that onchocercal morbidity, in 
particular chronic manifestations, will remain a public health concern in many 
epidemiological settings in Africa, even after 30 years of MDA. 
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Author Summary  

Onchocerciasis, also known as river blindness, is the second most common infectious 
cause of blindness worldwide, but also leads to serious skin conditions. Large-scale 
interventions are ongoing to control and eliminate the disease in Africa, yet the impact 
of these interventions on onchocercal morbidity is largely unknown. Here, we predict 
the trends in a wide spectrum of skin and eye disease due to onchocerciasis after up 
to 30 years of annual mass drug administration (MDA) with ivermectin. To this end, 
we have developed a novel disease framework within the established ONCHOSIM 
model. We show that annual MDA will rapidly reduce the prevalence of acute clinical 
conditions, whereas the prevalence of chronic clinical manifestations will decline 
much more slowly. The new disease framework was validated with several data 
sources and reproduced morbidity trends adequately, making the framework 
applicable for more refined disease prevalence predictions by taking account of 
treatment history in Africa. Such predictions are essential for accurate estimates of 
disability-adjusted life years lost due to onchocerciasis by 2025. 
 

Introduction 

Onchocerca volvulus is a parasitic filarial nematode transmitted through the bite of 
infected blackflies (genus Simulium). In endemic areas, individuals may build up 
considerable worm loads through life-long exposure to bites in the absence of 
treatment [1]. Adult worms reside in worm bundles located in palpable 
subcutaneous nodules or in deeper body tissues, and produce microfilariae (mf) that 
migrate throughout the body, mainly to the skin and eyes [2]. Adult female worms 
live for 10 years on average [3] and produce hundreds to thousands of mf daily. 
Clinical manifestations are triggered, among others, by the host immune response to 
the release of both microfilarial antigens and endosymbiotic Wolbachia bacteria 
when mf die, and by the resulting tissue damage [4–7]. Clinical manifestations caused 
by inflammation are diverse, including onchocercal skin disease (OSD) and 
onchocercal eye disease (OED). OSD can be very severe and includes deforming skin 
lesions and itching. The accumulation of tissue damage can eventually lead to 
irreversible stigmatising skin pathologies, i.e. depigmentation (leopard skin), 
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hanging groin, and atrophy [8]. Mf-induced damage to the eye can lead to visual 
impairment and eventually blindness. Blindness in turn may lead to premature death 
[9–11]. Approximately 218 million people in 30 countries worldwide (2018) are at 
risk of onchocerciasis; 99% of those people live in sub-Saharan Africa [12].  
According to estimates, about 7.5 million people were infected with O. volvulus in 
West-Africa around 1974 (prior the implementation of the Onchocerciasis Control 
Programme [OCP]) [13]. Another study estimated that 36 million people would have 
been infected in the APOC countries by 2011 if there had been no ivermectin 
treatment [14]. 
 
To deal with the dramatic health and associated socio-economic impact of 
onchocerciasis, large-scale control programmes based on vector control and/or 
preventive therapy to control onchocerciasis in Africa have been running since 1974. 
Mass drug administration (MDA) with ivermectin decelerates O. volvulus 
transmission by killing the larval stage parasites (mf) in humans, and by temporarily 
interrupting and permanently reducing mf production by adult female worms [15]. 
It has been suggested that repeated ivermectin treatments may also have a 
macrofilaricidal effect on adult worms, especially when individuals are treated at 
high frequency (≥4x/year) [16–18]. Studies in foci in Mali, Senegal, and Nigeria 
demonstrated that the prevalence of skin mf can be reduced below postulated 
threshold values for elimination using ivermectin treatment only [19–22]. These 
achievements have led in 2010 to an expansion of the original World Health 
Organization (WHO) objectives for morbidity control to include elimination of 
onchocerciasis transmission [23].  
 
Monitoring and evaluation has hitherto largely focussed on MDA coverage and its 
effect on O. volvulus infection. However, the underlying goal remains reduction in 
morbidity and it would also be useful to identify to what extent interventions have 
reduced disease prevalence, what the disease burden is at present, and what it will be 
in the future. Mathematical models have previously been used to predict the impact of 
interventions on O. volvulus infections and disease [24–27]. Although there are 
modelling studies on the predicted impact of MDA in terms of infection [28], severe 
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itching, and eye disease [29], there are, to date, no estimates for the whole spectrum 
of onchocercal morbidity. To predict the prevalence of onchocerciasis-related clinical 
manifestations (i.e. severe itch, reactive skin disease, palpable nodules, 
depigmentation, atrophy, hanging groin, visual impairment, and blindness) over time, 
we extended the established individual-based transmission model ONCHOSIM [24–
26,30]  with a novel module for the development and natural history of morbidity. We 
have used this new disease module to predict how the prevalence of onchocercal skin 
and eye morbidity decline during MDA, in order to assess the expected remaining 
prevalence after up to 30 years of MDA. 
 

Methods 

The simulation model ONCHOSIM 

ONCHOSIM is an established individual-based mathematical model for the 
transmission and control of onchocerciasis in a dynamic population [24,30,31]. A 
detailed formal description of the ONCHOSIM model including the Java source code is 
provided elsewhere (see additional files in [26]). Previous versions of ONCHOSIM 
included a basic disease process that only accommodated chronic, irreversible clinical 
manifestations, and could simulate one condition at a time. Here, we report findings 
with ONCHOSIM 2.76, a version which incorporates a new module for morbidity to 
simulate a wide spectrum of onchocercal skin and eye disease simultaneously. S1 Text 
provides a detailed description of the structure and quantification of ONCHOSIM; S1 
Text also contains all supplementary tables and figures, meaning that, for instance, “S1 
Table” refers to “S1 Table within S1 Text”. 
 
Generic disease module  

The new, generic disease module within ONCHOSIM can simulate a wide range of 
clinical manifestations due to onchocerciasis (Table 1), which can be reversible 
(severe itch, reactive skin disease) or irreversible (depigmentation, atrophy, hanging 
groin, visual impairment, and blindness). Tissue damage is caused by the host immune 
response to the release of both microfilarial antigens and endosymbiotic Wolbachia 

bacteria when mf die and that induce inflammatory reactions (skin and eye 
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manifestations). In the model, the amount of tissue damage changes over time as new 
tissue damage accumulates with every time step (in months) due to dying mf (see S1 
Table for mathematical equations and explanation of how tissue damage is simulated). 
Acute, reversible clinical manifestations may to some extent disappear through a 
constant healing process, defined as a constant fraction of damage that is healed with 
every time step (damage regression rate). For irreversible clinical conditions, we 
assume zero regression of tissue damage.  
 
Table 1. List of clinical manifestations that are modelled in ONCHOSIM, and the 
associated assumptions about reversibility. The input specifications and disease 
parameters for each clinical manifestation are presented in S3 Table within S1 Text. 

Disease process Clinical manifestation Reversibility 
of condition 

Reactive skin disease (acute and chronic 
papular onchodermatitis & lichenified 
onchodermatitis) 

Any reactive skin disease (RSD) Reversible 

Severe itch Severe itch (itch with insomnia) Reversible 

Depigmentation Threshold 1: mild 
depigmentation 

Irreversible 

 Threshold 2: severe 
depigmentation  

Atrophy Atrophy Irreversible 

Hanging groin Hanging groin Irreversible 

Onchocercal eye disease Threshold 1: visual impairment Irreversible 

 Threshold 2: blindness 

 

Clinical manifestations are assumed to appear when an individual passes a critical 
threshold of accumulated tissue damage. For irreversible conditions, these are 
considered to be permanent but reversible clinical manifestations resolve once 
accumulated tissue damage drops below the threshold. Clinical conditions with a 
disease continuum (i.e. mild to severe depigmentation and visual impairment to 
blindness) are governed by the same counter of accumulated tissue damage. Here, 
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clinical manifestations can develop in a two-phase process based on separate disease 
thresholds (threshold 1 and 2 in Table 1), with a higher disease threshold for the more 
severe form of the clinical condition. For visual impairment and blindness, the 
threshold is assumed to differ between forest and savanna bioclimate, i.e. lower for 
savanna, to reflect the generally higher prevalence of eye disease. Mf killed through 
ivermectin treatment are not considered to directly cause tissue damage, but 
ivermectin reduces the mf load, and can thereby temporarily halt the accrual of tissue 
damage. There are some reports of adverse effects (generic symptoms, e.g. oedema, 
fever, pain) upon ivermectin treatment within 24-48 hours after intake, but these 
reactions were generally mild and self-limiting [32–34]. There is evidence that O. 

volvulus mf in patients treated with ivermectin first migrate to regional lymph nodes 
where they degenerate and are encircled by eosinophils or macrophages. As a result, 
inflammatory cellular reactions due to the death of mf in the tissues upon ivermectin 
intake is minimal [35] (in contrast to diethylcarbamazine that gives a strong 
histological reaction within ocular tissue accelerating onchocercal blindness [36]). 
Treatment is further assumed to only indirectly affect the development and presence 
of symptoms via removal of mf which would have caused damage if they would have 
died naturally.  
 
We further incorporated some degree of variation in susceptibility to specific clinical 
manifestations between hosts by varying the amount of damage accrued per dying mf, 
using a random life-long susceptibility index for each person and clinical 
manifestation. There is evidence that there are various determinants that lead to 
variation in susceptibility to infectious disease susceptibility, including host and 
pathogen genetic variation and immune effectiveness [37,38]. As a result, some 
individuals will develop a particular clinical condition very rapidly, and others will 
develop it slowly or never, for a given adult worm and mf load. We assume that 
different types of conditions (e.g. skin disease and eye disease) may develop 
independently within the same host. This means that an individual may be more prone 
to develop one particular symptom (e.g. severe itch) than another (e.g. eye disease).  
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Finally, we accounted for excess mortality due to blindness. As in previous modelling 
exercises [39], ONCHOSIM models the excess mortality by reducing the individual’s 
remaining life expectancy once he/she becomes blind by a user-defined fraction 
(usually 50%) [39]. With this assumption, the model adequately reproduced the 
declining trend in blindness during vector control, shown by data from the 
Onchocerciasis Control Programme (OCP) across West-Africa, assuming that 
blindness is irreversible [10,40]. The excess mortality due to blindness also slightly 
affects the presence of other clinical manifestations, as these are now modelled 
simultaneously and aggregate in those with the highest worm burdens. 
 
The parameters of the disease module (S3 Table) have been quantified by fitting the 
model against data for pre-control age patterns of disease prevalence, pre-control 
association of infection and disease prevalence, and longitudinal trends of the effect of 
MDA on disease prevalence. More details about case definitions and data of 
onchocercal skin and eye disease are given below.  
 
Modelling development of palpable nodules as clinical condition 

Palpable nodules due to the presence of patent female worms in an individual are a 
proxy for infection at the population-level, but nodules can also be considered a 
clinical manifestation that exert a disease burden due to shame and stigmatisation. 
The presence of adult worms is recognised by the human body as foreign material, and 
leads to thickened epidermal cell layers, i.e. palpable collagenous nodules. We have, 
therefore, followed a similar approach as for the clinical manifestations in Table 1, but 
now assuming that disease development is triggered by the presence of adult patent 
female worms. Again, we accounted for individual variation in susceptibility to 
developing palpable nodules. On average, adult worms have a long lifespan of 
approximately 10 years [3].  When adult worms eventually die without replacement, 
the process leading to nodule formation will cease and the palpable nodules may 
disappear over time [41]. 
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Onchocercal skin disease (OSD) 

Case definitions 

Case definitions for each morbidity subtype were made according to the classification 
of Murdoch et al. 1993 [8]. We combined acute papular onchodermatitis, chronic 
papular onchodermatitis, and lichenified onchodermatitis as one clinical 
manifestation: reactive skin disease (RSD). Depigmentation was assumed to be a 
multi-stage skin disease in this model, progressing from incomplete pigment loss to 
complete pigment loss with spots of normally pigmented skin, or ‘leopard skin’ [8]. 
Here, we refer to those two stages as mild and severe depigmentation (Table 1).  
 
Data 

To quantify model parameters for OSD, we used anonymised individual-level data on 
multiple clinical manifestations for 6,910 individuals from five African countries 
(Cameroon, Ghana, Nigeria, Tanzania, and Uganda) [42]. The data contain clinical 
information on severe itch, reactive skin disease, palpable nodules, mild and severe 
depigmentation, atrophy, and hanging groin by age and sex. The only indicator of 
infection available in the data was the presence of palpable nodules. We restricted our 
analyses to data from Nigeria, Tanzania, and Uganda, including a total of 4,810 
randomly sampled persons from 24 villages. Data from Cameroon and Ghana were 
excluded in view of potential bias introduced by convenience sampling.  
 
Stratification by endemicity for OSD 

The data were stratified into three endemicity classes based on pre-control nodule 
prevalence in adult males (aged ≥20 years): mesoendemic (≥ 20% and <40%), 
hyperendemic (≥40% and <65%), and very hyperendemic (≥65%) villages (S1 Text, 
section 2.1). We converted the prevalence of palpable nodules (as a proxy of infection 
in the data) into mf prevalence in order to reproduce pre-control associations of 
infection and morbidity. To do this, we took the mean prevalence of palpable nodules 
for each of the three endemicity categories (meso-, hyper, and very hyperendemic), 
and translated it into a mean mf prevalence on the basis of a previously published 
function for converting nodule prevalence in adult males to OCP-standardised (mean) 
mf prevalence in the general population aged ≥5 years [43]. This conversion reflects 
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the average nodule and mf prevalence of an entire region; it does not consider the level 
of uncertainty associated with village-level prevalence. We then tuned the relative 
biting rate (rbr) values in the model such that with a high number of repeated 
simulations, our model could adequately reproduce the mean mf prevalence per 
endemicity category. See S1 Text, section 2.1 for more information. 
 
Onchocercal eye disease (OED) 

Case definitions 

Here, we use the term “visual impairment” for any moderate or severe visual 
impairment. Following the WHO criteria, we defined visual impairment as visual 
acuity between 6/18 and 6/60 and equal to or better than 3/60 in the better eye. 
According to the WHO criteria, we defined blindness as visual acuity of less than 3/60 
or a restriction of visual field to less than 10° in the better eye [44,45]. 
 
Data 

We used pre-control data on the association between the community-level prevalence 
of infection and the prevalence of visual impairment and/or blindness to quantify our 
model. We quantified OED for forest and savanna bioclimates separately, since the 
savanna strain is more pathogenic, resulting in different biological outcomes for the 
different parasite species [46]. Data from the savanna bioclimate reported mf 
prevalence in the population aged ≥5 old [47], whereas the data from forest and mixed 
savanna-forest bioclimate consisted of community microfilarial load (CMFL) as the 
infection proxy [48–57]. CMFL is a measure of intensity of infection in the community; 
it is defined as the geometric mean number of mf per skin snip among adults aged 20 
years and more [41]. 
 

Infection intensity for OED 

To reproduce the association between infection and OED at the community-level, we 
defined a large number of rbr values (from 0.280 to 0.980), resulting in a range of pre-
control infection levels that covered the range of the data. This was then used to relate 
model-predicted OED prevalence with mf prevalence (savanna) or CMFL (forest).  
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Calibration of parameters and validation of the model 

Basically, there are three free parameters for each clinical manifestation: variation in 
an individual’s susceptibility to damage, disease threshold, and rate of damage 
regression. For reversible clinical manifestations (i.e. severe itch, RSD, palpable 
nodules), we first chose a grid of values for the damage regression rate. For each 
chosen value of regression rate, we calibrated parameters for variation in individual’s 
susceptibility to damage and disease threshold, using data on pre-control association 
between age patterns and prevalence of disease for the different age groups and 
endemicity strata [42]. Then, based on the fit to the available longitudinal data of the 
impact of six years of MDA on the prevalence of reversible clinical manifestations 
[58,59] (S1 Text, section 2.1), we chose which the optimal combination of (chosen) 
damage regression rate and (fitted) values of variation in individual susceptibility and 
damage threshold. 
 
For irreversible clinical conditions, only two parameters needed to be estimated, as 
the damage regression rate was considered to be zero. For OED, as well as irreversible 
subtypes of OSD (i.e. mild and severe depigmentation, atrophy, hanging groin), we 
fitted the variation in individual’s susceptibility to damage and disease threshold such 
that the model could best reproduce the observed pre-control association between 
age patterns and prevalence of disease for the different endemicity strata 
simultaneously [42] (for subtypes of OSD), and such that the model could best 
reproduce the pre-control association between infection intensity and prevalence of 
OED. The disease threshold for OED in forest areas was fitted using pre-control data 
on blindness and visual impairment combined. No data were available on the 
prevalence of visual impairment for savanna areas, but there is evidence from 
hyperendemic OCP-savanna areas that the pre-control prevalence of visual 
impairment is about 1.8 times the prevalence of blindness [39,48]. Additionally, the 
mean mf prevalence in a hyperendemic area has been reported to be 73% [39], so we 
modelled the prevalence of visual impairment for savanna areas as 1.8 times the 
prevalence of blindness at 73% mf prevalence. The assumption of zero damage 
regression was supported by a Cochrane review of placebo-controlled trials that 
found no evidence for an effect of ivermectin on severe eye disease [60].  
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Disease parameters related to each clinical manifestation were quantified using a two 
or three-dimensional grid search of the difference between model predictions and 
actual empirical age-specific morbidity prevalence for each endemicity category, 
expressed by the sum of squared errors (SSE). Further details of the SSE grid search 
are described in S1 Text, section 2.3.  
 
After quantification of the different disease parameters for each clinical manifestation, 
we validated the disease model post-hoc using internal and external data. Amongst 
others, we simulated the model-predicted ecological association between the 
prevalence of infection (here: palpable nodules) and skin morbidity at the community-
level, and assessed how well this fitted pre-control field data [42,58,59,61]. Details of 
the model validation are presented in S1 Text, section 3. 
 
Predicting trends in morbidity during MDA  

We ran simulations for various scenarios to evaluate the impact of MDA on 
onchocercal morbidity over time pertaining to pre-control endemicity, bioclimate (for 
OED), and history of MDA (annual vs. semi-annual, therapeutic coverage of 60%, 70% 
and 80%). The prevalence of infection and disease in hypoendemic areas was taken as 
a 0.10 fraction of that of mesoendemic areas, as in previous work [39]. We modelled 
MDA for a duration of 30 years, i.e. the maximum number of treatment rounds for any 
MDA implementation unit (“project”) of the African Programme for Onchocerciasis 
Control (APOC). To assess how long it takes for the various disease outcomes to largely 
disappear from a population, we estimate after how many years of MDA the 
prevalence of clinical manifestations falls below an arbitrary threshold of 0.5%. We 
note that this may be longer than the duration of MDA required for interruption of 
transmission, as the latter does not require infection to be completely cleared from a 
population [25,62] and because chronic symptoms like blindness persist after clearing 
infection [63]. For each scenario, we present the average of 750 repeated simulation 
runs, as some of the disease outcomes were quite rare. For simulating scenarios, we 
used the rbr values that reproduced the mean pre-control mf prevalence as reported 
by Prost et al. [64] for meso-, hyper-, and very hyperendemic areas.  
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Sensitivity analyses  

We performed multiple univariate sensitivity analyses, including alternative MDA 
therapeutic coverages ranging between 60% and 80%, annual versus semi-annual 
MDA with 70% therapeutic coverage, 1% and 5% systematic non-participation of the 
population eligible to take ivermectin during MDA, a 1% regression of OED before the 
disease threshold has been reached, and between 40% and 60% reductions in the 
remaining life expectancy for blind individuals. For the latter two sensitivity analyses, 
we re-quantified the disease parameters (i.e. variation in individual’s susceptibility to 
damage and disease threshold) to reproduce the pre-control data.  
 

Results 

Parameter estimates and goodness-of-fit to data  

The pre-control model-predicted prevalence patterns for each of the subtypes of skin 
manifestations fitted reasonably well with the data (Figure 1). The disease thresholds 
for severe itch (255) and RSD (210) were quite similar (yet with different individual 
variation in susceptibility to disease and regression rates, S3 Table), resulting in 
similar age patterns (Figure 1). The disease thresholds for atrophy (11.3 thousand) 
and hanging groin (21.4 thousand) were much higher than those of the acute clinical 
manifestations and depigmentation (mild: 2.4 thousand; severe: 4.3 thousand). The 
disease threshold for hanging groin was almost twice as high as for atrophy (but with 
substantially lower individual variation in susceptibility to disease), reflecting that 
hanging groin is a much rarer clinical manifestation. This very high disease threshold 
for hanging groin corresponds with the very low prevalence (<3%) of hanging groin 
in 50+ year old individuals as compared to atrophy (<5%) from ≥30 years old (Figure 
1). The disease threshold of palpable nodules (triggered by adult patent female 
worms, not mf) equals 12. 
 

The model-predicted pre-control association between prevalence of blindness and 
OED (i.e. sum of visual impairment and blindness) against the prevalence of skin mf in 
the population of ≥5 years for savanna and CMFL in forest areas also followed the 
observed data adequately (Figure 2). The difference between the disease thresholds 
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of visual impairment and blindness was higher in forest areas (10.5 vs. 12.5 thousand, 
respectively) than in savanna areas (1.7 vs. 3.1 thousand, respectively), which reflects 
that only a small additional amount of tissue damage for people with visual 
impairment in savanna areas is needed to become blind (S3 Table). 
 

Validation of the model with external data 

Our model performs reasonably well when validating the ecological association of our 
pre-control model predictions against internal and external data (Figure 3). As 
expected, the model-predicted association of the prevalence of nodules in adult males 
with the prevalence of morbidity closely follows the data of Murdoch et al. 2002 [42] 
(data used for fit). When comparing the model-predictions with external data, the 
prevalence of atrophy and hanging groin was underestimated by our model as 
compared to the Kaduna dataset. This underestimation can largely be explained by the 
higher reported pre-control prevalence rates of these subtypes of OSD in Kaduna, 
Nigeria [61]. There was also a discrepancy between the model-predicted prevalence 
of itch as compared to the data from Kaduna, which is due to the fact that we quantified 
our model solely with data on the prevalence of severe itch whereas Murdoch et al. 
2017 [61] included the prevalence of troublesome itch in their clinical survey. They 
defined troublesome itch as any form of itching with or without insomnia, whereas 
severe itching is defined as itching with insomnia [42].  
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Figure 1. Comparison of ONCHOSIM model predictions with multi-country data by 
age patterns for different onchocercal skin disease subtypes and endemicity strata. 
The data points [42] consist of three onchocerciasis endemic countries with individual 
data from 4,810 persons (≥5 years) living in 26 villages. Each panel represents a 
different disease manifestation or disease stage. The lines represent the model 
predictions by ONCHOSIM by pre-control age patterns in prevalence of onchocercal 
skin disease. Please note the different scales for the y-axes in the panels.  
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Figure 2. Pre-control prevalence of onchocercal eye disease (OED) by mf prevalence 
in the total population: model predictions versus observed data (data points) for A) 
savanna areas, and B) forest areas. The red and blue lines represent the model-
predicted pre-control prevalence of blindness and vision loss (any OED, i.e. blindness 
+ visual impairment), respectively. In panel 2A the vertical dotted line is the mf 
prevalence at 73% at which the prevalence of visual impairment is assumed to be 1.8 
times the prevalence of blindness [48]. In panel 2B the blue triangles represent data 
points for the data on any OED [39]. Please note the different infection metrics for 
measurement of onchocerciasis prevalence (mf prevalence versus community 
microfilarial load, CMFL).  
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Figure 3. The model-predicted association between prevalence of nodules and 
prevalence of subtypes of OSD at the community level. The data [42,58,59,61] consist 
of a combined 19,781 persons living in 64 villages in Africa. Data were collected by 
means of cross-sectional dermatological surveys of individuals aged ≥5 years. Each 
panel represents the prevalence of a different disease manifestation or disease stage 
(y-axis). The black lines represent the pre-control model predictions by ONCHOSIM 
for prevalence of onchocercal skin disease by prevalence of infection. The model-
predictions for mf prevalence rates below 15% are not shown due to unstable runs. 
Please note the different scales for the y-axes in the panels. The data from Murdoch et 

al. 2002 [42] (blue coloured bullets) were used for the quantification of the model, and 
the remaining data sources [58,59,61] were used for external validation of the model. 
The data from Murdoch et al. 2017 [61] only contains data on the prevalence of 
troublesome itch rather than severe itch. Troublesome itch was defined as any form 
of itching with or without insomnia, whereas severe itching was defined as itching 
with insomnia. 
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Likewise, when assessing the age-stratified prevalence of subtypes of OSD using the 
Kaduna data, our model underestimates the prevalence of nodules in older age groups 
(>35 years), atrophy (from ≳30 years), and hanging groin (from ≳40 years). There 
seems to be a lower prevalence of RSD in Kaduna, Nigeria as compared to the 
prevalence reported by Murdoch et al. 2002 [42] (Figure S5).  
 
The model-predicted concurrence of clinical manifestations fitted the data reasonably 
well (Figures S6 and S7). Trends in the model-predicted prevalence of morbidity over 
time since the start of MDA also matched the observed data quite well (Figure S8). 
Although data for any depigmentation before and during control deviated from our 
model predictions [59], the model-predicted pattern of the decline in prevalence of 
depigmentation over time since the start of MDA was similar to the external data (i.e. 
a slightly decreasing straight line, meaning a very slow decline in morbidity 
prevalence).  
 
Model-predicted impact of MDA on the prevalence of disease  

Figure 4 shows the model-predicted reduction in prevalence of morbidity after 
multiple years of annual MDA with different population coverages. The corresponding 
impact on prevalence of infection over time is shown in Figure S17. To reduce the 
prevalence of palpable nodules to <0.5% in mesoendemic communities, between 15 
and 20 years of annual MDA are required, depending on the therapeutic coverage of 
MDA achieved. In very hyperendemic areas, the predicted prevalence of palpable 
nodules will still be approximately 14% after 30 years of annual MDA (75% relative 
reduction since pre-control; Table 2) with an average MDA coverage of 60%. The 
prevalence of nodules can be further reduced by increasing the coverage to 70% 
(about 4% prevalence after 30 years of annual MDA; 93% relative reduction) or 80% 
(<0.5% prevalence after 30 years of annual MDA; 99% relative reduction). 
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Figure 4. Predicted impact of annual mass drug administration (MDA) on the 
prevalence of morbidity due to onchocerciasis. Coloured lines represent different 
levels of treatment coverage. The lines that start at different points on the y-axis 
represent various pre-control endemicity levels (from upper to lower lines: very 
hyperendemic, hyperendemic, mesoendemic). Different panels represent the various 
subtypes of onchocercal skin disease (OSD) and onchocercal eye disease (OSD). The 
predicted trends are based on the average of 750 simulations. Please note the different 
scales for the y-axes in the panels.  
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Table 2: Model-predicted relative reduction in morbidity prevalence in the general 
population after 30 years of annual MDA. RSD = reactive skin disease; DPM = 
depigmentation. 

  Onchocercal skin disease  Onchocercal eye disease 

Pre-control 
endemicity 
and MDA 
coverage 

Nodules RSD Severe 
itch 

Depigmentation Atrophy Hanging 
groin 

Visual impairment Blindness 
Mild Severe Forest Savanna Forest Savanna 

Very hyperendemic settings 

60% 100 100 >99 80 84 87 89 84 72 95 90 
70% 100 100 100 79 84 87 89 87 75 96 93 
80% 100 100 100 79 85 88 91 88 77 97 94 

 
Hyperendemic settings 

60% 100 100 100 84 88 90 92 90 79 98 93 
70% 100 100 100 84 87 91 90 92 81 98 95 
80% 100 100 100 84 89 92 92 92 82 98 96 

 
Meso- and hypoendemic settings 

60% 100 100 100 87 89 93 93 89 84 100 97 
70% 100 100 100 86 90 93 93 92 86 100 97 
80% 100 100 100 87 91 93 98 95 87 100 98 
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As reversible clinical manifestations correlate more to current infection status than to 
history of infection, when MDA is implemented we see a faster prevalence reduction 
for severe itch and RSD than for irreversible conditions. This is readily explained by 
the fact that during MDA, prevalence of acute symptoms declines simultaneously in all 
age groups (Figure S9). In mesoendemic areas, RSD could be reduced to <0.1% after 
11 years of annual MDA at 70% coverage, but in very hyperendemic areas this is 
expected to take 28 years. The reduction in prevalence of RSD to <0.5% in very 
hyperendemic areas could be achieved more rapidly with 15 rounds of annual MDA 
by increasing the population coverage to 80%. These numbers are slightly less 
optimistic for the prevalence of severe itch, where in mesoendemic areas a predicted 
prevalence of <0.5% can be reached after a minimum of 15 years of annual MDA, even 
with 60% MDA coverage. In the worst-case scenario (very hyperendemic areas pre-
control and 60% MDA coverage), it would require over 30 rounds of annual MDA to 
reach ~1.5% prevalence. Still, this is a 95% relative reduction in prevalence since pre-
control over a 30-year time frame. 
 
More annual rounds of MDA will be required for irreversible clinical manifestations 
than for reversible conditions, since the reduction in prevalence is slower and more 
linear for the former. This is readily explained by the fact that during MDA, the decline 
in prevalence of chronic symptoms is mostly driven by demographic turn-over, as can 
be seen from the shift in age patterns in Figures S9 and S10. Yet, for hanging groin, 
atrophy, and OED in forest areas, less than 30 years of annual MDA are required to 
reduce these conditions to <0.5% prevalence, thanks to their very low initial pre-
control prevalence levels. For example, in meso- and hyperendemic areas, the pre-
control prevalence of atrophy is already below 1%, and annual MDA will assist slowly 
in removing this clinical condition from these communities. In very hyperendemic 
areas, the pre-control prevalence of atrophy is 2.3% and it will take an average of 15 
to 20 years of annual MDA to reduce its community prevalence below 0.5% (~70% 
relative reduction in prevalence since pre-control). These patterns in reduction of 
prevalence are similar for hanging groin and OED in forest areas.  
For the more common depigmentation and OED in savanna areas, more rounds of 
annual MDA are required to reduce morbidity in communities to low levels. In 
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mesoendemic areas, the minimum duration of annual MDA to reduce the prevalence 
of mild and severe depigmentation to <0.5% would be between 20 and 25 years with 
60% MDA coverage (~64% relative reduction in prevalence compared to pre-control). 
Increasing the MDA coverage to 80% would only marginally increase the relative 
reduction in prevalence to ~67%; the clinical condition will only slowly fade from the 
population. The pre-control prevalence of mild and severe depigmentation (4.2% and 
9.3% respectively) is much higher across very hyperendemic areas as compared to 
areas of moderate endemicity (1.6% and 1.5% respectively). Due to the higher pre-
control prevalence levels, we predict that more than 30 years of annual MDA are 
required to reduce the prevalence of depigmentation to <0.5%.  
 
For visual impairment in very hyperendemic savanna areas – even though the pre-
control prevalence of blindness (11.8%) in these areas is higher than visual 
impairment (10.0%) –more than 30 annual rounds MDA will be required to reach 
<0.5% prevalence, even with 80% population coverage (similar to depigmentation). 
Reducing the prevalence of savanna visual impairment to very low levels will require 
more MDA rounds than the number of rounds required for savanna blindness. This is 
because the lower disease threshold for visual impairment still allows some new cases 
to develop over time (although this likelihood is reduced with continued annual MDA), 
but it is highly unlikely that these individuals will become blind. 
 

The stochastic variation of the model for the scenario of annual MDA with 70% 
treatment coverage is presented in Figures S11-S13. For relatively low pre-control 
disease prevalences (<10%, i.e. atrophy, mild depigmentation, hanging groin, and OED 
in forest areas), there is somewhat more stochastic variation in individual runs, 
meaning that prediction uncertainty is higher for the number of annual MDA rounds 
to reduce morbidity prevalences to <0.5%. 
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Sensitivity analysis  

Increasing the MDA frequency from annual to biannual will result in a more rapid 
decline in prevalence of infection (Figure S18) and reversible clinical conditions 
compared to pre-control (Figure S19). For example, in very hyperendemic areas, semi-
annual MDA led to <0.5% prevalence of RSD and severe itch about seven years earlier 
than with annual MDA only, whereas semi-annual MDA almost halved the time to 
reach <0.5% prevalence of palpable nodules as opposed to annual MDA. These 
programmatic differences only slightly impact the speed of the reduction of the 
prevalence of irreversible clinical conditions since the implementation of MDA, as 
these are mostly driven by demographic turn-over. The assumption of higher 
systematic non-participation to MDA barely impacts any of our results (Figures S22-
S24). 
 
Assuming 1% instead of 0% reversibility of tissue damage leading to vision loss 
changed the curvature of the pre-control association between community infection 
levels and the prevalence of OED (Figure S14). This change was caused by a shift in 
the estimated damage threshold for blindness that compensated for the fact that 
people (who are yet to turn blind) are constantly recovering from eye damage. 
Likewise, alternative assumptions about excess mortality due to blindness (i.e. 40% 
and 60%, instead of 50%) changed the curvature of the pre-control association 
between infection levels and OED (Figures S15-S16). Here, the shift in the estimated 
damage threshold for blindness compensated for the change in remaining lifespan of 
prevalent blind cases. In addition, the alternative assumptions about excess mortality 
due to blindness also influenced the prevalence of concurrent chronic skin conditions. 
As a result, assumptions about reversibility of eye damage and excess mortality due 
to blindness together influenced the prevalence of reductions in eye and skin 
morbidity over time after implementation of MDA (Figure S25-S29), particularly for 
OED, but also rare subtypes of OSD (such as hanging groin). More information on the 
quantification of these biological assumptions and their impact on morbidity is 
described in sections 5.2 and 5.3 of S1 Text.  
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Discussion 

We have developed and quantified a new disease module within the established 
mathematical model ONCHOSIM to evaluate the impact of MDA on morbidity 
prevalence with projections up to 30 years. We quantified the model using a wide 
variety of robust empirical data on the pre-control association of infection and 
onchocercal skin and eye disease from various African countries. We also used 
longitudinal trends to quantify and validate the model, and found that observed 
disease patterns could be reproduced adequately. In areas of very high pre-control 
onchocerciasis endemicity, the relative reduction in the prevalence of chronic 
morbidity ranged from 70% to 89% after 30 years of moderate annual MDA coverage 
(60%). The prevalence of acute clinical manifestations (severe itch, RSD) declined to 
almost zero after 30 years of annual MDA, independent of the pre-control endemicity 
and MDA coverage. However, the speed of this decline depends on the pre-control 
endemicity, MDA coverage, and frequency of MDA rounds.  
 
This is the first time that multiple clinical manifestations due to onchocerciasis have 
been simultaneously simulated in a mathematical model that is able to differentiate 
between reversible and irreversible clinical manifestations, as well as single- and 
multi-stage disease, taking account of excess mortality due to blindness in the trends 
for prevalence of all these conditions. For OED, we quantified the occurrence of 
morbidity separately for savanna and forest areas to reflect that levels of OED are 
generally higher in savanna than forest areas with moderate parasite burdens [65,66]. 
For the quantification of the reversible clinical skin manifestations, we also used 
longitudinal trends. For longitudinal impact of ivermectin on itch, we used the Brieger 
et al. [58] study, one of the few studies on the impact of ivermectin on itch that 
distinguishes severe itch (which is more specific for onchocerciasis). For the 
remaining morbidity patterns, we included longitudinal data collected by the same 
investigators using the same screening methods to limit heterogeneity between 
studies [59]. In addition, our model predictions agree well with reported impact of 
eight to ten years of annual MDA on palpable nodules in selected hyperendemic 
villages in  Nigeria, Cameroon and Uganda [67,68]. 
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Our model predictions for itch are not directly comparable to earlier estimates derived 
with a previous version of ONCHOSIM [39] or EpiOncho [27]: we quantified our model 
only for “severe itch” (itch with insomnia) as, following expert opinion, this was 
considered more specific for O. volvulus infection than the definition of “troublesome 
itch” used in previous modelling. Several factors contribute to differences in the 
model-predicted trends in itch prevalence during MDA. Firstly, the earlier estimates 
were based on a simple statistical relationship between the prevalence of troublesome 
itch and adult female worms [27,39], while we now consider the dynamic 
accumulation and regression of tissue damage. Secondly, as discussed in detail 
elsewhere [69], differences in underlying transmission dynamics make ONCHOSIM 
more optimistic about elimination prospects than EpiOncho, which explains why the 
number treatment years needed to reduce itch prevalence to low levels is much lower 
in the current analysis as compared to the previous estimate from Turner et al.[27]. 
As our model-predicted prevalence of reversible clinical manifestations (severe itch, 
RSD, and palpable nodules) closely followed longitudinal data on the impact of MDA 
[58,59], we are confident that our estimates are robust.  
 
As acute, reversible clinical manifestations are directly correlated to active O. volvulus 
infection, intensified MDA effectively reduces the prevalence of these subtypes of OSD 
more rapidly than irreversible conditions. Although intensified MDA also leads to a 
more rapid decline in incidence of chronic forms of OSD and OED, this barely 
influences the rate of decline in prevalence. The prevalence of irreversible clinical 
manifestations diminishes gradually over a longer timeframe through a natural 
process of gradual mortality in the affected population and an influx of healthy people 
through birth in the absence of new cases. Still, this process is slow and a substantial 
number of chronic cases is expected to remain after 30 years of MDA. New therapeutic 
drugs may target populations affected by onchocerciasis more effectively and further 
prevent the development of new clinical signs. For instance, moxidectin treatment 
causes a longer sustained reduction in individual skin mf densities than observed with 
ivermectin treatment [70]. Still, better treatment cannot reduce the existing chronic 
burden of disease.  
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At the time of the quantification of the model, we did not yet have the pre-control data 
from Kaduna (savanna area, Nigeria) [61] to our disposal. We therefore used these 
data as an external data source to cross-validate our model. As there is significant 
variability in the characterisation of cutaneous signs, such as of depigmentation, as 
well as potential variability between study designs or screening approaches, we have 
only used data where the cutaneous signs are defined according to Murdoch et al  [8], 
for both the model quantification as well as the external validation. The variability in 
methodological approaches as well as differences in bioclimatic and epidemiological 
settings, may lead to different associations between infection and disease. For 
example, in communities of southern Cameroon, a higher prevalence of any 
depigmentation was reported for a given nodule prevalence as compared to our 
association, i.e. for a nodule prevalence of 40%, they reported a ~30% prevalence of 
any depigmentation, and at 80% nodule prevalence a ~60% depigmentation 
prevalence [71]. On the other hand, the associations between the prevalence of 
infection and depigmentation in rural villages in Kwara State in Nigeria [72] and the 
Republic of Congo [73] are of the same order of magnitude as our predictions. The 
prevalences of chronic papular onchodermatitis and lichenified onchodermatitis 
(included within the category RSD in our analysis) as well as palpable nodules were 
all lower in savanna-Kaduna (Nigeria) [61] as compared to the data from forest and 
mixed forest-savanna areas used in this study [42]. On the other hand, the prevalence 
of hanging groin and atrophy were higher in the savanna communities. Such 
geographical variation may occur by chance, although we cannot exclude the 
possibility of systematic differences in the prevalence of subtypes of OSD between 
savannah and forest areas, similar to variations measured in OED prevalence related 
to genetic variation in O. volvulus [46,65,66,74]. For endemic areas previously under 
the APOC mandate, the difference in the occurrence of skin disease between forest 
versus savanna areas is of less relevance as the majority of endemic areas are of the 
forest type. However, when implementing the model in other areas (e.g., countries 
formerly covered by OCP), one should be aware of potential differences in morbidity 
prevalence between the bioclimates. Although we used the most robust data 
published on the association between infection and OSD in forest areas [42], there 
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might still be some uncertainty and unexplained variation between regions and 
countries in the prevalence of subtypes of morbidity.  
 
We quantified the prevalence of OED assuming irreversibility of clinical 
manifestations and 50% excess mortality due to blindness. Changing these biological 
assumptions influenced the disease threshold estimates and thereby the pre-control 
shape of the association between the prevalence of infection and morbidity 
substantially. Evidence for the reversibility of OED is weak, and most studies assessing 
the impact of ivermectin on the reduction of OED are underpowered or of too short 
duration [60,75–77]. On the one hand, community-based studies reported a decline in 
the prevalence of early-stage eye lesions (i.e. punctate keratitis, iritis) after several 
rounds of ivermectin intake [78,79]. This may suggest (partial) reversibility of early-
stage OED. On the other hand, no reductions in the incidence or prevalence of more 
severe OED ― such as sclerosing keratitis, chorioretinitis, and optic atrophy ― were 
measured after two years of semi-annual community-wide MDA [79]. This may 
suggest irreversibility of more severe onchocercal eye damage. It is therefore difficult 
to assess whether our assumptions on (ir)reversibility of OED are realistic. The 50% 
reduction in remaining life expectancy (excess mortality) used in the baseline analyses 
was previously predicted [39] using data from OCP on trends in blindness during 
vector control in villages with a pre-control mf prevalence of 70% and 90% [40]. 
Although this reduction may be a biologically reasonable assumption, the excess 
mortality rates due to (all-cause) blindness may systematically vary between 
countries, bioclimates, populations, and time periods [10,11,80]. Likewise, women 
may be more prone to a shortened life expectancy due to blindness than men [10,80]. 
These variations in excess mortality rates due to (all-cause) blindness between 
settings also introduces uncertainty in our estimates of total mortality due to 
blindness.  
 
One point that we have not considered here, but which might need to be taken into 
account in future studies if evidence becomes available, is the possibility of excess 
mortality due to microfilarial load in an individual [81,82] or severe subtypes of OSD 
(i.e. severe itch, hanging groin, atrophy). We have also not considered onchocerciasis-
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associated epilepsy (OAE). In view of the growing evidence [83,84], it might be 
interesting to also include this disease manifestation in our model to allow for disease 
predictions over time. Finally, we have used dynamic mechanistic processes of disease 
accumulation to quantify our model. Such a mechanistic mathematical model is more 
appropriate to forecast disease prevalence over time than statistical modelling. 
However, fitting such more sophisticated stochastic models with advanced techniques 
to quantify uncertainty (e.g. Bayesian frameworks) is technically highly challenging 
and computationally demanding, and we therefore opted for a simpler approach for 
model quantification and instead performed extensive sensitivity analyses. 
 
Conclusion  

We have developed, quantified, and validated a new disease module within 
ONCHOSIM to model trends over time of the prevalence of onchocercal skin and eye 
morbidity since the implementation of MDA. Our model has shown for the first time 
how the prevalence of various manifestations of onchocerciasis are likely to decrease 
with ongoing MDA with ivermectin. It is anticipated that with future input from a 
wider field of clinicians, including those with expertise in onchocerciasis-associated 
epilepsy, further refinements to the model may be developed. We expect that chronic 
onchocerciasis morbidity will remain a significant public health problem now and in 
the near future. This disease module will be used to estimate trends in the onchocercal 
disease burden of in terms of Disability Adjusted Life Years lost due to onchocerciasis 
in Africa with stratifications by age, sex, and country.   
 
Ethics approval  

Not applicable. Anonymous secondary data were used and approval for their use was 
provided. 
 
Acknowledgements 

We thank Drs. MC Asuzu, M Hagan, WH Makunde, P Ngoumou (deceased), KF Ogbuagu, 
D Okello, G Ozoh, WR Brieger and JHF Remme for their contributions to the multi-
country pre-control onchocercal skin disease study and for sharing the raw data set. 

74



How does onchocerciasis-related skin and eye disease in Africa 

 

We would like to warmly thank Louise Burrows (DNDi) for help with editing the final 
manuscript. 
 
 

  

75



Chapter 2

 

References 

1.  Hall LR, Pearlman E (1999) Pathogenesis of onchocercal keratitis (river 
blindness). Clinical Microbiology Reviews 12: 445–453. 

2.  Bradley J, Whitworth J, Basáñez M (2005) Onchocerciasis. Parasitology: 781–
801. 

3.  Plaisier AP, van Oortmarssen GJ, Remme J, Habbema JD (1991) The reproductive 
lifespan of Onchocerca volvulus in West African savanna. Acta Tropica 48: 271–
284. 

4.  Tamarozzi F, Halliday A, Gentil K, Hoerauf A, Pearlman E, et al. (2011) 
Onchocerciasis: the role of Wolbachia bacterial endosymbionts in parasite 
biology, disease pathogenesis, and treatment. Clinical Microbiology Reviews 24: 
459–468. 

5.  Mackenzie CD, Williams JF, Sisley BM, Steward MW, O’Day J (1985) Variations in 
host responses and the pathogenesis of human onchocerciasis. Reviews of 

Infectious Diseases 7: 802–808. 
6.  Pearlman E, Toé L, Boatin BA, Gilles AA, Higgins AW, et al. (1999) Eotaxin 

expression in Onchocerca volvulus-induced dermatitis after topical application 
of diethylcarbamazine. Journal of Infectious Diseases 180: 1394–1397. 

7.  Ali MM, Baraka OZ, AbdelRahman SI, Sulaiman SM, Williams JF, et al. (2003) 
Immune responses directed against microfilariae correlate with severity of 
clinical onchodermatitis and treatment history. Journal of Infectious Diseases 
187: 714–717. 

8.  Murdoch ME, Hay RJ, Mackenzie CD, Williams JF, Ghalib HW, et al. (1993) A 
clinical classification and grading system of the cutaneous changes in 
onchocerciasis. British Journal of Dermatology 129: 260–269. 

9.  Prost A (1986) The burden of blindness in adult males in the savanna villages of 
West Africa exposed to onchocerciasis. Transactions of the Royal Society of 

Tropical Medicine and Hygiene 80: 525–527. 
10.  Prost A, Vaugelade J (1981) Excess mortality among blind persons in the West 

African savannah zone. Bulletin of the World Health Organization 59: 773–776. 

76



How does onchocerciasis-related skin and eye disease in Africa 

 

11.  Pion SDS, Kamgno J, Demanga-Ngangue M, Boussinesq M (2002) Excess 
mortality associated with blindness in the onchocerciasis focus of the Mbam 
Valley, Cameroon. Annals of tropical medicine and parasitology 96: 181–189. 

12.  World Health Organization (2019) Elimination of human onchocerciasis: 
progress report, 2018–2019. World Heal Organization; Weekly Epidemiological 

Record 95: 513–524. 
13.  O’Hanlon SJ, Slater HC, Cheke RA, Boatin BA, Coffeng LE, et al. (2016) Model-

Based Geostatistical Mapping of the Prevalence of Onchocerca volvulus in West 
Africa. PLoS Medicine 10: e0004328. 

14.  Zouré HHGM, Noma M, Tekle AH, Amazigo UV, Diggle PJ, et al. (2014) The 
geographic distribution of onchocerciasis in the 20 participating countries of the 
African Programme for Onchocerciasis Control: (2) pre-control endemicity 
levels and estimated number infected. Parasites & Vectors 7: 326. 

15.  Plaisier AP, Alley ES, Boatin BA, Van Oortmarssen GJ, Remme H, et al. (1995) 
Irreversible effects of ivermectin on adult parasites in onchocerciasis patients 
in the Onchocerciasis Control Programme in West Africa. Journal of Infectious 

Diseases 172: 204–210. 
16.  Cupp EW, Cupp MS (2005) Short report: impact of ivermectin community-level 

treatments on elimination of adult Onchocerca volvulus when individuals 
receive multiple treatments per year. American Journal of Tropical Medicine and 

Hygiene 73: 1159–1161. 
17.  Gardon J, Boussinesq M, Kamgno J, Gardon-Wendel N, Demanga-Ngangue, et al. 

(2002) Effects of standard and high doses of ivermectin on adult worms of 
Onchocerca volvulus: a randomised controlled trial. Lancet 360: 203–210. 

18.  Walker M, Pion SDS, Fang H, Gardon J, Kamgno J, et al. (2017) Macrofilaricidal 
efficacy of repeated doses of ivermectin for the treatment of river blindness. 
Clinical Infectious Diseases 65: 2026–2034. 

19.  World Health Organization (2012) Accelerating work to overcome the global 
impact of neglected tropical diseases - a roadmap for implementation. 
WHO/HTM/NTD/2012.1. Available at: 
http//www.who.int/neglected_diseases/NTD_RoadMap_2012_Fullversion.pdf 
(Accessed on: 2 May 2016). 

77



Chapter 2

 

20.  Diawara L, Traoré MO, Badji A, Bissan Y, Doumbia K, et al. (2009) Feasibility of 
onchocerciasis elimination with ivermectin treatment in endemic foci in Africa: 
first evidence from studies in Mali and Senegal. PLoS Neglected Tropical Diseases 
3: e497. 

21.  Traore MO, Sarr MD, Badji A, Bissan Y, Diawara L, et al. (2012) Proof-of-principle 
of onchocerciasis elimination with ivermectin treatment in endemic foci in 
Africa: final results of a study in Mali and Senegal. PLoS Neglected Tropical 

Diseases 6: e1825. 
22.  Tekle AH, Elhassan E, Isiyaku S, Amazigo U V, Bush S, et al. (2012) Impact of long-

term treatment of onchocerciasis with ivermectin in Kaduna State, Nigeria: first 
evidence of the potential for elimination in the operational area of the African 
Programme for Onchocerciasis Control. Parasites & Vectors 5: 28. 

23.  African Programme for Onchocerciasis Control (2010) Conceptual and 
operational framework of onchocerciasis elimination with ivermectin 
treatment. Ouagadougou. JAF16.6 (II). WHO/APOC/MG/10.1. 

24.  Habbema J, van Oortmarssen G, Plaisier A (1996) The ONCHOSIM model and its 
use in decision support for river blindness control. Cambridge University Press: 
360–380. 

25.  Coffeng LE, Stolk WA, Hoerauf A, Habbema D, Bakker R, et al. (2014) Elimination 
of African onchocerciasis: modeling the impact of increasing the frequency of 
ivermectin mass treatment. PloS ONE 9: e115886. 

26.  Stolk WA, Walker M, Coffeng LE, Basáñez M-G, de Vlas SJ (2015) Required 
duration of mass ivermectin treatment for onchocerciasis elimination in Africa: 
a comparative modelling analysis. Parasites & Vectors 8: 552. 

27.  Turner HC, Walker M, Churcher TS, Basáñez M-G (2014) Modelling the impact 
of ivermectin on River Blindness and its burden of morbidity and mortality in 
African Savannah: EpiOncho projections. Parasites & Vectors 7: 241. 

28.  Kim YE, Remme JHF, Steinmann P, Stolk WA, Roungou J-B, et al. (2015) Control, 
elimination, and eradication of river blindness: scenarios, timelines, and 
ivermectin treatment needs in Africa. PLoS Neglected Tropical Diseases 9: 
e0003664. 

78



How does onchocerciasis-related skin and eye disease in Africa 

 

29.  Kim YE, Stolk WA, Tanner M, Tediosi F (2017) Modelling the health and 
economic impacts of the elimination of river blindness (onchocerciasis) in 
Africa. BMJ Global Health 2: e000158. 

30.  Plaisier AP, van Oortmarssen GJ, Habbema JD, Remme J, Alley ES (1990) 
ONCHOSIM: a model and computer simulation program for the transmission 
and control of onchocerciasis. Computer Methods Programs Biomedicine 31: 43–
56. 

31.  Plaisier A (1996) Modelling onchocerciasis transmission and control [PhD 
Thesis]. Erasmus University Rotterdam. Available at: 
https://repub.eur.nl/pub/21404 (Accessed on: 17 Dec. 2019). 

32.  Tielsch JM, Beeche A (2004) Impact of ivermectin on illness and disability 
associated with onchocerciasis. Tropical Medicine & International Health 9: A45-
56. 

33.  Pacqué M, Munoz B, Greene BM, Taylor HR (1991) Community-based treatment 
of onchocerciasis with ivermectin: Safety, efficacy, and acceptability of yearly 
treatment. Journal of Infectious Diseases 163: 381–385. 

34.  Zea-Flores R, Richards FO, González-Peralta C, Ramirez JC, Zea-Flores G, et al. 
(1992) Adverse reactions after community treatment of onchocerciasis with 
ivermectin in Guatemala. Transactions of the Royal Society of Tropical Medicine 

and Hygiene 86: 663–666. 
35.  Duke BOL, Soula G, Zea-Flores G, Bratthauer GL, Doumbo O (1991) Migration 

and death of skin-dwelling Onchocerca volvulus microfilariae after treatment 
with ivermectin. Annals of Tropical Medicine and Parasitology 42: 25–30. 

36.  Taylor HR, Murphy RP, Newland HS, White AT, D’Anna SA, et al. (1986) 
Treatment of onchocerciasis. The ocular effects of ivermectin and 
diethylcarbamazine. Archives of Ophthalmology 104: 863–870. 

37.  Baker C, Antonovics J (2012) Evolutionary determinants of genetic variation in 
susceptibility to infectious diseases in humans. PLoS ONE 7: 29089. 

38.  Canales CP, Walz K (2011) Copy number variation and susceptibility to complex 
traits. EMBO Molecular Medicine 3: 1–4. 

79



Chapter 2

 

39.  Coffeng LE, Stolk WA, Zouré HGM, Veerman JL, Agblewonu KB, et al. (2013) 
African Programme for Onchocerciasis Control 1995-2015: model-estimated 
health impact and cost. PLoS Neglected Tropical Diseases 7: e2032. 

40.  Dadzie KY, Remme J, Rolland A, Thylefors B (1986) The effect of 7-8 years of 
vector control on the evolution of ocular onchocerciasis in West African 
savanna. Annals of Tropical Medicine and Parasitology 37: 263–270. 

41.  Kischer CW, Brody GS (1981) Structure of the collagen nodule from 
hypertrophic scars and keloids. Scanning Electron Microscopy: 371–376. 

42.  Murdoch ME, Asuzu MC, Hagan M, Makunde WH, Ngoumou P, et al. (2002) 
Onchocerciasis: the clinical and epidemiological burden of skin disease in Africa. 
Annals of Tropical Medicine and Parasitology 96: 283–296. 

43.  Coffeng LE, Pion SDS, O’Hanlon S, Cousens S, Abiose AO, et al. (2013) 
Onchocerciasis: the pre-control association between prevalence of palpable 
nodules and skin microfilariae. PLoS Neglected Tropical Diseases 7: e2168. 

44.  WHO (1973) WHO Study Group on the Prevention of Blindness & World Health 
Organization. The prevention of blindness : report of a WHO Study Group 
[meeting held in Geneva from 6 to 10 November 1972]. World Health 
Organization; Technical Report Series ; no. 518. 

45.  Bourne RRA, Flaxman SR, Braithwaite T, Cicinelli M V., Das A, et al. (2017) 
Magnitude, temporal trends, and projections of the global prevalence of 
blindness and distance and near vision impairment: a systematic review and 
meta-analysis. Lancet Global Health 5: e888–e897. 

46.  Duke BO, Lewis DJ, Moore PJ (1966) Onchocerca-Simulium complexes. I. 
Transmission of forest and Sudan-savanna strains of Onchocerca volvulus, from 
Cameroon, by Simulium damnosum from various West African bioclimatic zones. 
Annals of Tropical Medicine and Parasitology 60: 318–326. 

47.  Remme J, Dadzie KY, Rolland A, Thylefors B (1989) Ocular onchocerciasis and 
intensity of infection in the community. I. West African savanna. Annals of 

Tropical Medicine and Parasitology 40: 340–347. 
48.  Remme JHF (2004) The Global Burden of Onchocerciasis in 1990. Geneva: WHO. 

80



How does onchocerciasis-related skin and eye disease in Africa 

 

49.  Brown R, Shannon R (1989) Prevalence, intensity and ocular manifestations of 
Onchocerca volvulus infection in Dimbelenge, Zaire. Annales de la Sociéte Belge 

de Médecine Tropicale 69: 137–142. 
50.  Henry MC, Maertens K (1990) The onchocerciasis focus at Kinsuka/Kinshasa 

(Republic of Zaire) in 1985. II. Parasitological and clinical aspects. Annals of 

Tropical Medicine and Parasitology 84: 493–502. 
51.  Whitworth JA, Gilbert CE, Mabey DM, Maude GH, Morgan D, et al. (1991) Effects 

of repeated doses of ivermectin on ocular onchocerciasis: community-based 
trial in Sierra Leone. Lancet 338: 1100–1103. 

52.  Whitworth JA, Gilbert CE, Mabey DM, Morgan D, Foster A (1993) Visual loss in 
an onchocerciasis endemic community in Sierra Leone. British Journal of 

Ophthalmology 77: 30–32. 
53.  Kayembe DL, Kasonga DL, Kayembe PK, Mwanza J-CK, Boussinesq M (2003) 

Profile of eye lesions and vision loss: a cross-sectional study in Lusambo, a 
forest-savanna area hyperendemic for onchocerciasis in the Democratic 
Republic of Congo. Tropical Medicine & International Health  8: 83–89. 

54.  Resnikoff S, Pascolini D, Etya’ale D, Kocur I, Pararajasegaram R, et al. (2004) 
Global data on visual impairment in the year 2002. Bulletin of the World Health 

Organization 82: 844–851. 
55.  Dadzie KY, Remme J, Baker RH, Rolland A, Thylefors B (1990) Ocular 

onchocerciasis and intensity of infection in the community. III. West African 
rainforest foci of the vector Simulium sanctipauli. Annals of Tropical Medicine 

and Parasitology 41: 376–382. 
56.  Dadzie KY, De Sole G, Remme J (1992) Ocular onchocerciasis and the intensity 

of infection in the community. IV. The degraded forest of Sierra Leone. Annals of 

Tropical Medicine and Parasitology 43: 75–79. 
57.  Dadzie KY, Remme J, Rolland A, Thylefors B (1989) Ocular onchocerciasis and 

intensity of infection in the community. II. West African rainforest foci of the 
vector Simulium yahense. Annals of Tropical Medicine and Parasitology 40: 348–
354. 

81



Chapter 2

 

58.  Brieger WR, Awedoba AK, Eneanya CI, Hagan M, Ogbuagu KF, et al. (1998) The 
effects of ivermectin on onchocercal skin disease and severe itching: results of a 
multicentre trial. Tropical Medicine & International Health 3: 951–961. 

59.  Ozoh GA, Murdoch ME, Bissek A-C, Hagan M, Ogbuagu K, et al. (2011) The 
African Programme for Onchocerciasis Control: impact on onchocercal skin 
disease. Tropical Medicine & International Health 16: 875–883. 

60.  Ejere HO, Schwartz E, Wormald R, Evans JR (2001) Ivermectin for onchocercal 
eye disease (river blindness). Cochrane Database of Systematic Reviews: 
CD002219. 

61.  Murdoch ME, Murdoch IE, Evans J, Yahaya H, Njepuome N, et al. (2017) Pre-
control relationship of onchocercal skin disease with onchocercal infection in 
Guinea Savanna, Northern Nigeria. PLoS Neglected Tropical Diseases 11: 
e0005489. 

62.  Coffeng LE, Stolk WA, Golden A, de Los Santos T, Domingo GJ, et al. (2019) 
Predictive Value of Ov16 Antibody Prevalence in Different Sub-Populations for 
Elimination of African Onchocerciasis. American Journal of Epidemiology 351: 
843. 

63.  WHO (2001) Certification of elimination of human onchocerciasis: criteria and 
procedures. World Health Organization. WHO/CDS/CPE/CEE/2001.18a. 
Available at: 
http://www.oepa.net/Documentos/CriteriosCertificacionOMS/WHO_CDS_CPE
_CEE_2001.18b.pdf (Accessed on: 17 Feb. 2021).  

64.  Prost A, Hervouet J, Thylefors B (1979) The degrees of endemicity of 
onchocerciasis. Bulletin of the World Health Organization 57: 655–662. 

65.  Erttmann KD, Unnasch TR, Greene BM, Albiez EJ, Boateng J, et al. (1987) A DNA 
sequence specific for forest form Onchocerca volvulus. Nature 327: 415–417. 

66.  Zimmerman PA, Dadzie KY, de Sole G, Remme J, Alley ES, et al. (1992) 
Onchocerca volvulus DNA probe classification correlates with epidemiologic 
patterns of blindness. Journal of Infectious Diseases 165: 964–968. 

67.  Emukah EC, Osuoha E, Miri ES, Onyenama J, Amazigo U, et al. (2004) A 
longitudinal study of impact of repeated mass ivermectin treatment on clinical 

82



How does onchocerciasis-related skin and eye disease in Africa 

 

manifestations of onchocerciasis in Imo State, Nigeria. American Journal of 

Tropical Medicine and Hygiene 70: 556–561. 
68.  Katabarwa M, Eyamba A, Habomugisha P, Lakwo T, Ekobo S, et al. (2008) After 

a decade of annual dose mass ivermectin treatment in Cameroon and Uganda, 
onchocerciasis transmission continues. Tropical Medicine & International Health 
13: 1196–1203. 

69.  Hamley JID, Walker M, Coffeng LE, Milton P, de Vlas SJ, et al. (2020) Structural 
uncertainty in onchocerciasis transmission models influences the estimation of 
elimination thresholds and selection of age groups for seromonitoring. Journal 

of Infectious Diseases 221: S510–S518. 
70.  Opoku NO, Bakajika DK, Kanza EM, Howard H, Mambandu GL, et al. (2018) 

Single dose moxidectin versus ivermectin for Onchocerca volvulus infection in 
Ghana, Liberia, and the Democratic Republic of the Congo: a randomised, 
controlled, double-blind phase 3 trial. Lancet 392: 1207–1216. 

71.  Kollo B, Mather FJ, Cline BL (1995) Evaluation of alternate methods of rapid 
assessment of endemicity of Onchocerca volvulus in communities in southern 
Cameroon. American Journal of Tropical Medicine and Hygiene 53: 243–247. 

72.  Edungbola L, Alabi T, Oni G, Asaolu S, Ogunbanjo B, et al. (1987) “Leopard Skin” 
as a rapid diagnostic index for estimating the endemicity of African 
onchocerciasis. International Journal of Epidemiology 16: 590–594. 

73.  Carme B, Ntsoumou-Madzou V, Samba Y, Yebakima A (1994) Prevalence of 
depigmentation of the shins: a simple and cheap way to screen for severe 
endemic onchocerciasis in Africa. Bulletin of the World Health Organization 72: 
755–758. 

74.  Anderson J, Fuglsang H, Hamilton PJS, de C. Marshall TF (1974) Studies on 
onchocerciasis in the United Cameroon Republic II. Comparison of 
onchocerciasis in rain-forest and Sudan-savanna. Transactions of the Royal 

Society of Tropical Medicine and Hygiene 68: 209–222. 
75.  Mabey D, Eckstein M, Gilbert C, Whitworth J (1996) Ocular onchocerciasis - the 

effects of six years of treatment with ivermectin. IOVS 37: ARVO Abstract 1672. 

83



Chapter 2

 

76.  Chippaux JP, Boussinesq M, Fobi G, Lafleur C, Audugé A, et al. (1999) Effect of 
repeated ivermectin treatments on ocular onchocerciasis: Evaluation after six 
to eight dosings. Ophthalmic Epidemiology 6: 229–246. 

77.  Banla M, Tchalim S, Karabou PK, Gantin RG, Agba AI, et al. (2014) Sustainable 
control of onchocerciasis: ocular pathology in onchocerciasis patients treated 
annually with ivermectin for 23 years: a cohort study. PloS ONE 9: e98411. 

78.  Abiose A, Jones BR, Cousens SN, Murdoch I, Casselsbrown A, et al. (1993) 
Reduction in incidence of optic-nerve disease with annual ivermectin to control 
onchocerciasis. Lancet 341: 130–134. 

79.  Whitworth JAG, Morgan D, Maude GH, Downham MD, Taylor DW (1991) A 
community trial of ivermectin for onchocerciasis in Sierra Leone: Adverse 
reactions after the first five treatment rounds. Transactions of the Royal Society 

of Tropical Medicine and Hygiene 85: 501–505. 
80.  Taylor HR, Katala S, Muñoz B, Turner V (1991) Increase in mortality associated 

with blindness in rural Africa. Bulletin of the World Health Organization 69: 335–
338. 

81.  Little MP, Breitling LP, Basáñez M-G, Alley ES, Boatin BA (2004) Association 
between microfilarial load and excess mortality in onchocerciasis: an 
epidemiological study. Lancet 363: 1514–1521. 

82.  Walker M, Little MP, Wagner KS, Soumbey-Alley EW, Boatin BA, et al. (2012) 
Density-dependent mortality of the human host in onchocerciasis: relationships 
between microfilarial load and excess mortality. PLoS Neglected Tropical 

Diseases 6: e1578. 
83.  Johnson TP, Tyagi R, Lee PR, Lee M-H, Johnson KR, et al. (2017) Nodding 

syndrome may be an autoimmune reaction to the parasitic worm Onchocerca 

volvulus. Science Translational Medicine 9: 6953. 
84.  Chesnais CB, Bizet C, Campillo JT, Njamnshi WY, Bopda J, et al. (2020) A second 

population-based cohort study in Cameroon confirms the temporal relationship 
between onchocerciasis and epilepsy. Open Forum Infectious Diseases 7(6): 
ofaa206. 

  
 

84



 
 

  

SSuupppplleemmeenntt  ttoo  cchhaapptteerr  22  
 

 

S1 Text 
 

A selection of 

Detailed description of methods, model, and 

results of sensitivity analyses 
 
 
 

Link to online publication and full supplement:  
https://doi.org/10.1371/journal.pntd.0009489.s001  

 
Here we present a selection of the texts, tables and figures of the S1 Text which 
are most important to understand the methods, main results and conclusions 
of this study.



Chapter 2

 

1.3 Disease framework within ONCHOSIM 

We have developed and quantified a generalised module for morbidity within 
ONCHOSIM by which we can simultaneously model various clinical manifestations, while 
taking account of history of control, bioclimate, and excess mortality due to blindness. 
See S1 Table for expanded model parameters, their interpretation and the  mathematical 
characteristics as used in the model.  
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S1 Table. Parameters used within the expanded disease module.  

 
  

Parameter Interpretation Support Function or distribution 

Dix(t) Amount of tissue activation / damage with regard to 
condition x or xk (a continuum of k mutually 
exclusive conditions caused by the same process, e.g. 
visual impairment and blindness) in individual i in 
month t. 

[0,∞) ΔDix(t) = Six × di(t) − rx × Dix(t) 

Six Susceptibility of individual i to developing condition 
x or xk. 

[0,∞) Γ(α, β), where α = β such that the 
mean of the distribution is one.† 

rx Regression rate, which is the proportion of tissue 
activation / damage that regresses per month with 
regard to condition x or xk. 

[0,1) Constant. 

di(t) Accrued damage in month t, defined as either the 
number of microfilariae that die or the number of 
adult female worms that are present in individual i in 
month t. 

[0,∞) di(t) is simulated by ONCHOSIM 

Tx One or multiple thresholds for the amount of tissue 
activation / damage with regard to condition or a 
continuum of k conditions. If Txk ≤ Dix < Txk+1 , then 
condition xk is considered to be present in individual 
i.¥ 

(0,∞) Constant 

Rx,k Reversibility of k-th stage of condition x in case the 
amount of tissue activation / damage has dropped 
below threshold Tx,k after having initially exceeded it. 

0 or 1 Constant 

† Gamma distribution with shape α and rate β. For each condition x or xk a separate gamma 
distribution is specified. 
¥ In case of xk representing a continuum of k conditions, these conditions are assumed to be mutually 
exclusive (e.g. visual impairment and blindness). In other words, as soon as Txk ≤ Dix < Txk+1 , then 
conditions xk-1, xk-2, …, x1, are no longer considered to be present in individual i.  
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2.2 Onchocercal eye disease (OED) 

There is no additional information concerning the data, stratification by endemicity, or 
model quantification of OED. All methods are described in the main manuscript, under 
“Onchocercal eye disease (OED)” in the Methods section.  
 
2.3 Calibration of parameters for disease processes 

We quantified the disease parameters for each clinical manifestation using the SSE grid 
search. The regression rate for irreversible clinical conditions was set to zero, and we 
used a range of regression rates for reversible skin clinical manifestation that followed 
longitudinal trends best [1,2] (see above). For each clinical manifestation, we calibrated 
the disease parameters, such that when we varied the rbr-values, the age patterns and 
differences in endemicity levels could be captured adequately. Parameters related to 
each clinical manifestation were quantified using a grid search using a sum of squared 
errors (SSE). The grid search measured the deviations predicted from the actual 
empirical age-specific prevalence of morbidity for each endemicity category by 
minimising the sum of squared residuals. The least squares finds the line of best model 
fit for a set of data, and visualises the data and size of the SSE in a three-dimensional grid 
for each combination of disease parameters. We used the SSE function as follows: 
 

SSE =  Sum(y_obs_frac −  y_hat_frac)^2 / weight 
Where: 
y_obs_frac =  Observed prevalence of disease / 100 
y_hat_frac =  Model-predicted prevalence of disease / 100 
Weight =  Variance of prevalences over villages for an age group (standardisation 
weights) 
 
The minimum and maximum values of the grid for each fit procedure are pre-defined by 
setting a range in values for each disease parameter, in which the model will run 100 
simulations at a grid resolution of 11, combining unique sets of disease parameters 
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within these bounds. At each step in the fit procedure, we zoomed-in on the minimum 
and maximum values of the disease parameters for the grid on the basis of the results of 
the area on the grid with the smallest SSE of the former fit procedure (on average ~15 
steps for further zooming-in of the SSE grid). This resulted in a specific set of disease 
parameters per clinical manifestation with the smallest SSE, representing the best model 
fit that could reproduce pre-control disease prevalence over age patterns for the three 
endemicity levels (OSD) or range in infection intensity (OED). This exercise was 
performed for each clinical condition separately. The final input specifications and 
disease parameters for each clinical manifestation are presented in S3 Table. 
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S3 Table. Final values of the free disease parameters in the model. Disease thresholds 
are presented x1000.  
Clinical manifestation Individual 

variation in 

susceptibility 

Disease 

threshold 

(x1000) 

Regression 

rate per 

month 

Root Mean 

Square Error 

Onchocercal Skin Disease 

Severe itch 0.316 0.255 0.015 4.8 
Reactive skin disease 0.425 0.210 0.030 4.7 
Depigmentation* 
 Mild depigmentation 0.246 2.35 ¥ 3.9 
 Severe 

depigmentation 
0.246 4.30 ¥ 3.8 

Atrophy 0.279 11.3 ¥ 0.2 
Hanging groin 0.857 21.4 

 
¥ 0.5 

Onchocercal palpable 
nodules# 

1.816 0.012 0.278 8.6 

  
Onchocercal Eye Disease 

Savanna areas* 

 Visual impairment 1.0 1.65 ¥ 8.1 
 Blindness 1.0 3.05 ¥ 6.3 
Forest areas* 
 Visual impairment 1.0 10.5 ¥ 1.9 
 Blindness 1.0 12.5 ¥ 1.8 
 

Note: * The parameters for individual variation in susceptibility to multi-stage diseases 
(depigmentation and onchocercal eye disease) were assumed to be the same for both disease 
stages. We fitted the disease parameters for savanna versus forest areas also in parallel as the 
biological process of tissue damage is the same. The fitted individual susceptibility variability 
was 1.0902, which we rounded off to 1.0. 
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# Tissue damage leading to palpable nodules within an individual is triggered by the presence of 
adult patent female worms. This is in contrast with all other clinical manifestations which are 
triggered by the death of mf and the release of Wolbachia which induces inflammatory reactions.  
¥ These regression rates were all pre-set to zero, as these clinical manifestations were assumed 
to be irreversible (chronic).  
 

2. Validation of  the model with external data 

After the final selection of disease parameters (S3 Table), we validated the model-
predicted prevalence of morbidity against external data:  

 Ecological association of our pre-control model predictions against the multi-
country data; 

 Age-specific pre-control prevalence of clinical manifestations using external data; 
 Model-predicted concurrency between clinical manifestations versus observed 

concurrency (data); 
 Longitudinal trends in the prevalence of morbidity with MDA. 

 
Ecological association of our pre-control model predictions against external data  

For internal validation of our model, we simulated the ecological association between the 
prevalence of palpable nodules and skin morbidity at the community-level, and plotted 
this against pre-control field data [1–4] (Figure 3, main manuscript). We did not fit the 
model using the ecological association (as the data were not yet available at the time of 
fitting), but it provides a clear overview of how our model performs at an ecological level 
at other geographical sites. Only the model-predictions for atrophy and hanging groin 
have inferior performance in the specific setting of Kaduna, Nigeria (savanna area) [4]. 
 

Age-specific pre-control prevalence of clinical manifestations using external data 

For external validation of our pre-control model predictions, which were based on data 
from forest and mixed forest-savanna bioclimate [3], we also compared our model 
predictions to data from a locality with a savanna bioclimate (Kaduna, Nigeria) [4]. 
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Figure S5 shows that the fit of the model predictions to the available external data is 
mediocre. Only the model predictions for depigmentation seem to reasonably agree with 
the Kaduna data. In contrast, prevalences of hanging groin and atrophy were much 
higher in Kaduna (up to 45% of the female population with atrophy, and 16% of females 
with hanging groin) than predicted by our model. Differences between these datasets 
from two different sets of bioclimates may be due to detection variances in the clinical 
team, but could potentially also be due to differences in morbidity expression between 
forest and savanna parasite species. With regards to itch, it is important to note that we 
quantified our model for the prevalence of severe itch, which is more specific to O. 

volvulus infection, whereas the Kaduna data only included “any itch”, regardless of 
severity, which explains the overall higher prevalences of itch in Kaduna and the absence 
of an increase with age in those data.  
 

Longitudinal trends in the prevalence of morbidity with MDA 

We validated the model-predicted impact of annual MDA over time since the start of mass 
treatment on the prevalence of morbidity against observed longitudinal data for four 
clinical manifestations for which data was available (i.e. palpable nodules, RSD, severe 
itch, and any depigmentation), using two external data sources [1,2]. Our model 
reproduces the impact of MDA over time quite well, with slight underestimations in pre-
control prevalence of RSD and any depigmentation at lower MDA coverages (Figure S8). 
When setting the transmission parameters such that it could reproduce the pre-control 
prevalence of palpable nodules, it consequently also reduced the pre-control prevalence 
of RSD and depigmentation.  
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Figure S5. Model-predicted age-stratified prevalence of morbidity against 

observed data per endemicity level. The data contained pre-control information from 
36 villages in Kaduna (Nigeria) with a nodule prevalence in adult males between 7.3% 
and 66.7% [4]. The coloured lines represent the model-predicted age-specific pre-
control prevalence of morbidity for meso- and hyperendemic areas, whereas the bullets 
are the observed data points by age. Model-predicted prevalence of severe itch was 
plotted against the observed prevalence of any itch due to absence of data on severe itch 
in the data from Murdoch et al. 2017 [4] (upper right panel). Troublesome itch was 
defined as any form of itching with or without insomnia, severe itching was defined as 
itching with insomnia. The prevalence of atrophy was plotted up to 54 years of age 
omitting cases of atrophy for individuals 50+ (as in the data) (lower left panel). Note the 
varying values on the y-axis.  
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Figure S8. Longitudinal trends in the model-predicted decline in prevalence of 

morbidity over time (up to six years) since start of MDA versus observed data.  
The blue bullets are the data points from various data sources [1,2] with estimated 95% 
confidence intervals around the point estimates. The red lines are our model predictions 
for the respective clinical manifestations (row panels) and treatment coverages (column 
panels). Please note the varying y-axis per panel. 
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4.2 Model-predicted evolution of age patterns in the prevalence of disease 

during MDA.  

Figure S9 shows the age-stratified prevalence of subtypes of OSD, and how the number 
of years since the start of annual MDA (70% coverage) impacts this prevalence. Without 
any MDA (zero time since start MDA), the prevalence of reversible conditions (nodules, 
RSD, severe itch) is predicted to increase rapidly at young ages (from five to 19 years of 
age onwards, dependent on the pre-control endemicity level). After a minimum of five 
years of MDA, the age-stratified prevalence of reversible skin diseases is already 
expected to decline over all age groups. This effect increases with a longer duration of 
annual MDA, reducing reversible skin diseases after >20 years of MDA to negligible 
prevalence levels in all age groups.  
 
The prevalence of irreversible conditions (atrophy, depigmentation, hanging groin, and 
OED) in the absence of MDA is predicted to increase more slowly and linearly with age 
than reversible conditions, particularly among older age groups (from ~20 years old 
onwards, depending on the subtype of OSD and bioclimate for OED, as well as pre-control 
endemicity) (Figures S9 and S10). Since the implementation of annual MDA, the 
prevalence of irreversible diseases is predicted to mostly shift to lower prevalence levels 
with age, but morbidity remains prevalent among older age groups.  
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Figure S9. The impact of MDA since the start of treatment with ivermectin on the 

age-stratified prevalence of subtypes of OSD by endemicity.  
The column-panels (and colours) represent the different endemicity levels, and the row 
panels the various subtypes of OSD. The different types of dashed lines represent the 
impact of different years of MDA since the start of treatment on the age-stratified 
prevalence of morbidity. Please note the different scales for the Y-axes in the row panels. 
Abbreviations: sev. itch = severe itch; RSD = reactive skin disease; DPM = 
depigmentation; HG = hanging groin.  

 

Figure S9. The impact of MDA since the start of treatment with ivermectin on the 

age-stratified prevalence of subtypes of OSD by endemicity.  
The column-panels (and colours) represent the different endemicity levels, and the row 
panels the various subtypes of OSD. The different types of dashed lines represent the 
impact of different years of MDA since the start of treatment on the age-stratified 
prevalence of morbidity. Please note the different scales for the Y-axes in the row panels. 
Abbreviations: sev. itch = severe itch; RSD = reactive skin disease; DPM = 
depigmentation; HG = hanging groin.  
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Figure S10. The impact of MDA since the start of treatment with ivermectin on the 

age-stratified prevalence of subtypes of onchocercal eye disease (OED) by 

endemicity.  
The column-panels (and colours) represent the different endemicity levels, and the row 
panels the various subtypes of OED. The different types of dashed lines represent the 
impact of different years of MDA since the start of treatment on the age-stratified 
prevalence of morbidity. Please note the different scales for the Y-axes in the row panels. 
Abbreviations: VI = visual impairment.  

 

Figure S10. The impact of MDA since the start of treatment with ivermectin on the 

age-stratified prevalence of subtypes of onchocercal eye disease (OED) by 

endemicity.  
The column-panels (and colours) represent the different endemicity levels, and the row 
panels the various subtypes of OED. The different types of dashed lines represent the 
impact of different years of MDA since the start of treatment on the age-stratified 
prevalence of morbidity. Please note the different scales for the Y-axes in the row panels. 
Abbreviations: VI = visual impairment.  
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Abstract  

Background: Onchocerciasis (“river blindness”) can cause severe morbidity, including 
vision loss and various skin manifestations, and is targeted for elimination using 
ivermectin mass drug administration (MDA). We calculated the number of people with 
Onchocerca volvulus infection and onchocercal skin and eye disease as well as disability-
adjusted life years (DALYs) lost from 1990 through to 2030 in areas formerly covered by 
the African Programme for Onchocerciasis Control. 
 
Methods: Per MDA implementation unit, we collated data on the pre-control distribution 
of microfilariae (mf) prevalence and the history of control. Next, we predicted trends in 
infection and morbidity over time using the ONCHOSIM simulation model. DALY 
estimates were calculated using disability weights from the Global Burden of Disease 
Study. 
 
Results: In 1990, prior to MDA implementation, the total population at risk was 79.8 
million with 26.0 million (32.5%) mf-positive individuals, of whom 17.5 million (21.9%) 
had some form of onchocercal skin or eye disease (2.5 million DALYs lost). By 2030, the 
total population was predicted to increase to 236.1 million, while the number of mf-
positive cases (about 6.8 million, 2.9%), people with skin or eye morbidity (4.2 million, 
1.8%), and DALYs lost (0.7 million) were predicted to decline.  
 

Conclusions: MDA has had a remarkable impact on the onchocerciasis burden in 
countries previously under the APOC mandate. In the few countries where we predict 
continued transmission between now and 2030, intensified MDA could be combined 
with local vector control efforts, or the introduction of new drugs for mopping up 
residual cases of infection and morbidity. 
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Author summary 

Onchocerciasis, also known as river blindness, is a neglected tropical disease caused by 
a parasitic worm transmitted through the bite of an infected blackfly. Onchocerciasis is, 
or used to be, endemic in many West, Central, and East African countries. Mass drug 
administration (MDA) with ivermectin and vector control have been used to prevent the 
spread of infection and effectively control onchocerciasis as a public health problem. In 
Central and East Africa, this was done under the mandate of the African Programme for 
Onchocerciasis Control (APOC). In 2012, the World Health Organization targeted 
onchocerciasis for control and elimination. Here, we assess the impact of MDA with 
ivermectin on the prevalence of onchocercal morbidity in 1990 (pre-control), 2020, and 
2030, and calculate the associated burden of disease in terms of disability-adjusted life 
years (DALYs), a composite measure of life years lost and years lived with disability. By 
2030, we expect that 691 thousand DALYs will be lost in countries formerly covered by 
APOC. This burden is due to onchocercal skin disease in about 3.8 million people and 
onchocercal eye disease in about 384 thousand people, with most of this burden being 
concentrated in only a few countries. 
 

Introduction 

Human onchocerciasis, also known as river blindness, is a parasitic disease caused by 
Onchocerca volvulus that is transmitted through the bite of an infected blackfly (genus 
Simulium). Onchocerciasis has been associated with a high impact on health and 
socioeconomic status due to blindness and stigmatising scaly, itchy skin manifestations 
[1]. Before the initiation of mass drug administration (MDA), about 32 million people 
were estimated to be infected with O. volvulus in countries under the former mandate of 
the African Programme for Onchocerciasis Control (APOC), which ran from 1995 till 
2015 [2]. Another 7.6 million people were estimated to be infected in areas previously 
under the mandate of the Onchocerciasis Control Programme (OCP, 1974-2002) in West-
Africa, prior to the initiation of interventions [3]. In 2019, an estimated 217.2 million 
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people in 30 countries were in need of preventive therapy for onchocerciasis [4], most of 
whom live in sub-Saharan Africa. Thanks to long-term and large-scale onchocerciasis 
interventions in Africa, 1.2 million people no longer require MDA [4] and several other 
regions may be close to elimination [5]. 
 
Onchocerciasis is now targeted for elimination [6], and great progress has been achieved 
in reducing O. volvulus infection to low levels with MDA [5]. However, with the current 
focus being mostly on infection levels and interruption of transmission, relatively little 
attention has been paid to the expected impact of MDA on the prevalence of clinical 
manifestations and overall disease burden. This is relevant because there are likely to be 
residual infections and disease burden even after elimination targets are met or by the 
time they should be met. In areas where the targets are met in time and MDA is scaled 
down, some form of clinical treatment may be needed to address residual cases of 
infection and disease (e.g. macrofilaricidal drugs or drugs inducing permanent 
sterilisation of adult female worms). For areas where MDA was implemented relatively 
recently or less successfully, additional interventions may be needed to speed up 
progress towards elimination, e.g. intensified MDA efforts, use of moxidectin (longer 
suppression of skin mf), additional vector control, or new macrofilaricidal or worm-
sterilising drug treatments. To understand the potential need for treatments with a new 
drug to address the residual burden of onchocerciasis, it is necessary to quantify to what 
extent this burden is affected by MDA with ivermectin. It is important to note that 
onchocercal morbidity includes a wide range of clinical manifestations, some of which 
will (partially) persist even after clearance of infection (chronic morbidity, e.g. vision loss 
and skin depigmentation) and are therefore not, or only marginally, amenable to anti-
parasitic treatment. 
 
Here, we estimate the number of infections, number of cases with clinical manifestations, 
and the disease burden of onchocerciasis in terms of case numbers and disability-
adjusted life years (DALYs) lost in 1990, 2020, and 2030 for countries formerly under 
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the APOC mandate. We include a wide spectrum of onchocercal skin (OSD) and eye 
disease (OED): severe itch, reactive skin disease, skin depigmentation (leopard skin), 
skin atrophy, hanging groin, subcutaneous onchocercal nodules, and vision loss (visual 
impairment and blindness). We predict trends over time in the prevalence of infection, 
OSD, and OED based on data on the pre-control distribution of infection and the history 
of MDA, and a newly developed version of the mathematical model ONCHOSIM that 
captures the dynamic association between infection, treatment, and morbidity [7]. 
 

Methods 

General approach 

To estimate the burden of onchocerciasis across countries previously under the APOC 
mandate, we used published pre-control maps of onchocerciasis prevalence covering all 
APOC countries. We then coupled the pre-control infection prevalence per APOC project 
(i.e. implementation unit for MDA) with rural population density data at baseline. We 
used the mathematical model ONCHOSIM [2,8–10] to predict the prevalence of infection 
and morbidity over time, taking account of the pre-control distribution of infection levels, 
bioclimate (forest vs. savanna parasite strain), and history of control (MDA, vector 
control) of each APOC project. Development of morbidity was modelled using a new 
version of ONCHOSIM that captures the dynamic association between infection, 
treatment, and morbidity [7]. DALYs lost due to onchocerciasis were quantified by 
calculating the number of years lived with disability (YLDs) and years of life lost (YLL) 
due to blindness-related excess mortality. A detailed description of the methods applied 
is provided in  S1 Text; a high-level overview is provided below. 
 
Pre-control infection level and population size 

We used a previously published 1x1 km2 resolution raster map of the pre-control 
prevalence of onchocercal palpable nodules across 18 former APOC countries (i.e. 
Angola, Burundi, Cameroon, Central African Republic, Chad, Congo, Democratic Republic 
of Congo, Equatorial Guinea, Ethiopia, Gabon, Liberia, Malawi, Mozambique, Nigeria, 
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South Sudan, Sudan, Tanzania, Uganda), based on Rapid Epidemiological Mapping of 
Onchocerciasis (REMO) [11,12]. APOC covered 20 countries in Africa. In Rwanda and 
Kenya, the prevalence of palpable nodules was virtually zero during REMO surveys 
[11,12]. As a result, these countries were considered non-endemic for onchocerciasis and 
we therefore did not include them in our analysis. We converted the pre-control 
prevalence of palpable nodules in adult males into pre-control microfilariae (mf) 
prevalence in the population aged ≥5 years, using a published statistical association [13]. 
We linked each raster cell to an MDA implementation unit, called a “project” from here 
on, and categorised pixels into six endemicity categories (see S1 Text, S1-S2 Tables). 
Further, for each project we collated population size estimates from the APOC census 
database [14,15] and divided the population over the six endemicity levels based on the 
pixel distribution over the various endemicity levels. See  S1 Text, sections 2.1 and 2.2 
for more details.  
 
History of control 

For each project, we obtained information on the project-specific history of control and 
expected future treatment scenarios (i.e. MDA start year, achieved coverage, treatment 
frequency, as well as vector control).  S1 Text, section 2.3 provides the relevant details of 
the data on the history of control per project and assumptions on future MDA scenarios. 
Briefly, nearly all onchocerciasis hyperendemic and mesoendemic areas had started 
annual or sometimes bi-annual MDA by 2013 (up to which date we were able to collate 
information on the history of control [15]). For the few projects that had not yet started 
MDA by 2013, we consulted the ESPEN Portal [16] to verify the (expected) MDA start 
year, and adjusted the APOC treatment database where necessary (up to 2017). 
Hypoendemic areas that are potentially co-endemic for loiasis were assumed not to start 
MDA before 2025 due to the high risk of serious adverse events related to ivermectin-
intake in Loa loa-infected individuals, in line with previous work [14]. We accounted for 
MDA disruptions due to security issues in countries in civil war (CAR, Liberia, South 
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Sudan) and due to the COVID-19 pandemic. An overview of the history of control used in 
our analysis can be found in S2 Text.  
 
Mathematical modelling 

We predict the prevalence of O. volvulus infection and clinical manifestations per APOC 
project from 1990 through to 2030, using a newly developed version of the mathematical 
model ONCHOSIM that captures the dynamic association between infection, treatment, 
and morbidity [7]. A brief description of ONCHOSIM and its generic morbidity module is 
provided in S1 Text, sections 3.1 and 3.2. The model was used to predict the mf 
prevalence in the total population and in individuals aged five years and older, as well as 
the prevalence of infection with at least one female adult worm in the total population. 
The model further predicts the prevalence of the following clinical manifestations: severe 
itch (defined as troublesome itch with insomnia), reactive skin disease (RSD), palpable 
nodules (which may lead to stigmatisation and shame [17,18]), hanging groin, skin 
atrophy, depigmentation (two levels of severity: mild and severe), and vision loss (visual 
impairment and blindness).  
 
Per APOC project (N = 158), we calibrated transmission parameters to reproduce the 
pre-control mean mf prevalence for each of the six endemicity categories. Next, for each 
endemicity category in each project, we ran 500 repeated stochastic simulations, 
accounting for the project-specific MDA history and vector control (S2 Text), assuming 
that endemicity categories within a project experienced the same history of control. 
Model predictions were saved by age (0-<2, ≥2-<5, ≥5-<10, ≥10-<20, ≥20-<30, ≥30-<50, 
≥50), sex, project, and endemicity category, and were averaged over repeated 
simulations. 
 
Because ONCHOSIM simulates a single closed community of humans and does not 
consider mobility of infected humans and flies between multiple communities, it cannot 
simulate stable hypoendemic infection levels. It is yet unclear which mechanisms 
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contribute the stabilisation of infection across hypoendemic areas, but several 
hypotheses have been raised, which may not be mutually exclusive: spill-over from 
adjacent more highly endemic areas, more efficient transmission at low levels through 
additional density-dependent processes in the blackfly [19], high levels of local 
individual variation in exposure to blackflies, and/or assortative mixing of small high-
risk sub-populations [20]. Rather than explicitly modelling hypoendemic areas making 
assumptions, we calculated the prevalence of infection and morbidity in hypoendemic 
areas as a ratio of the model-predicted disease prevalence in mesoendemic areas. We 
used different ratios for calculating the prevalence of palpable nodules, reversible clinical 
manifestations (i.e. severe itch and RSD), and irreversible clinical manifestations (i.e. 
depigmentation, hanging groin, and atrophy) in hypoendemic areas based on a meta-
analysis of published data (Figure S2 in S1 Text) [21,22]. Further information and details 
are provided in  S1 Text, section 3.3.  
 
Burden calculation 

The disease burden of onchocerciasis was quantified in terms of DALYs, which are 
defined as the sum of Years Lived with Disability (YLDs) and Years of Life Lost (YLLs) 
[23,24]. YLDs were calculated by multiplying the predicted number of prevalent cases 
with a weight representing the severity level of the condition (disability weight). 
Disability weights for various subtypes of OSD were defined based on an earlier scheme 
of disability weights for onchocercal skin morbidity used in the 2010 edition of the Global 
Burden of Disease (GBD) study [25], as presented in  S3 Table in S1 Text. YLD estimates 
were corrected for concurrence of multiple types of skin manifestations, using a 
multiplicative approach [26–29][26–29]. This correction was considered important as 
the mechanics of how some skin manifestations cause a disease burden are similar (e.g. 
disfigurement) and because, conceptually, the sum of disability weight for concurrent 
symptoms should not exceed 1.0. A detailed description of how the correction was 
applied, including a graphical representation, is described in S1 Text, section 4.1. YLLs 

108



The burden of skin disease and eye disease due to onchocerciasis in Africa

 

 

were calculated for onchocercal blindness only, as blindness is associated with excess 
mortality [30,31].  S1 Text, section 4.2 provides more details about YLL calculations. 
 
Sensitivity analysis 

We assessed the impact of various biological and programmatic assumptions on the 
estimated number of cases with infection and morbidity by 2030 through univariate 
sensitivity analyses, including, but not limited to, assumptions about the ratio in 
morbidity prevalence between hypoendemic and mesoendemic areas, and over-
reporting of MDA coverage. S5 Table in S1 Text provides a full overview of all sensitivity 
analyses performed.   
 

Results 

Number of cases with infection 

The total population living in countries previously under the APOC mandate was 
predicted to increase from 79.8 million in 1990 to 236.1 million people in 2030. Before 
the initiation of MDA, the prevalence of O. volvulus skin mf-positivity among the 
population (all ages) was estimated to be 32.5% in 1990 (26.0 million cases), and was 
predicted to decline to 2.9% by 2030 (6.8 million cases) thanks to MDA, which is a 
reduction in prevalence of 74%. The prevalence of people infected with at least one adult 
female worm was predicted to decline from 41.2% in 1990 to 6.6% in 2030, which is a 
84% reduction (Table 1). As expected, by 2030, prevalence of mf and worms will be 
highest in areas that were very hyperendemic before the start of control (Table 2). 
Further, by 2030 most mf-positive cases will be in the Democratic Republic of Congo 
(45.4% of all cases), Nigeria (21.6%) and Ethiopia (10.0%). Highest country-level mf 
prevalence is expected in Gabon (11.9%), where currently no MDA programme is in place 
due to Loa loa co-endemicity, the Republic of Congo (6.1%), and Mozambique (5.7%) 
(Table 3). At the project-level, we predict that mf prevalence will be highest in 
onchocerciasis-hypoendemic areas that are co-endemic for loiasis with an overall mean 
mf prevalence of 12.7% (4.3 million mf-positive cases among 33.5 million population at 
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risk of infection in P5-projects in 12 (suspected) L. loa-endemic countries) in 2030 (Table 
W in S3 Text). There are also some hyperendemic foci with high local mf prevalence 
(>10%) remaining in the Central African Republic, Democratic Republic of Congo, and 
South Sudan by 2030. See  S3 Text for further detailed estimates by year and project, and 
S4 Text for detailed estimates by APOC-project and country, which also presents country-
specific MDA coverages. 
 

Table 1: Population at risk, total number of cases infected and with clinical 
manifestations, and DALYs lost due to onchocerciasis for 1990, 2020, and 2030. Absolute 
numbers (N and DALYs) are presented in thousands. 
 

 1990 2020 2030 

N % DALYs N % DALYs N % DALYs 
Total population at risk 79,768 100 - 180,004 100 - 236,102 100 - 
Mf-positive 25,964 32.5 - 14,092 7.8 - 6,813 2.9 - 
Mf-positive (age 5+) 25,922 32.5 - 14,084 7.8 - 6,812 2.9 - 
Adult female worm infection 32,825 41.2 - 27,073 15.2 - 15,577 6.6 - 
Palpable nodules 7,617 9.5 81 3,810 2.1 40 1,412 0.6 15 
Severe itch 4,115 5.2 747 1,663 0.9 302 542 0.2 98 
Reactive skin disease 3,089 3.9 143 845 0.5 39 129 0.1 6 
Total reversible 
onchocercal skin disease 7,205 9 890 2,508 1.4 341 670 0.3 104 

Mild depigmentation 935 1.2 10 1,117 0.6 12 879 0.4 9 
Severe depigmentation 1,057 1.3 68 1,181 0.7 76 863 0.4 56 
Atrophy 16 <0.05 <0.5 3 <0.05 <0.5 <0.5 <0.05 <0.5 
Hanging groin 33 <0.05 13 27 <0.05 10 15 <0.05 6 
Total irreversible 
onchocercal skin disease 2,041 2.6 91 2,328 1.3 99 1,756 0.7 71 

Total onchocercal skin 
disease* 16,862 21.1 1,062 8,647 4.8 480 3,839 1.6 190 

Visual impairment 421 0.5 13 426 0.2 13 316 0.1 10 
Blindness 194 0.2 1,397 126 0.1 903 69 <0.05 491 
Total onchocercal eye 
disease 616 0.8 1,410 552 0.3 916 384 0.2 501 

Total all manifestations 17,478 21.9 2,472 9,198 5.1 1,397 4,223 1.8 691 
* Note: Total onchocercal skin disease is the sum of palpable nodules, reversible and irreversible skin disease.  
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Table 2: Population at risk and numbers of cases infected and with clinical 
manifestations by endemicity level for 2030. Absolute numbers (N and DALYs) are 
presented in thousands. 

 

 Hypoendemic Mesoendemic Hyperendemic Very hyperendemic 

N % DALYs N % DALYs N % DALYs N % DALYs 

Total population 
at risk 145,846 100 - 67,483 100 - 18,053 100 - 4,721 100 - 

Mf-positive 4,299 2.9 - 1,237 1.8 - 692 3.8 - 585 12.4 - 
Mf-positive (age 
5+) 4,299 2.9 - 1,237 1.8 - 691 3.8 - 585 12.4 - 
Adult female 
worm infection 8,735 6.0 - 3,326 4.9 - 2,083 11.5 - 1,432 30.3 - 
Palpable 
nodules 482 0.3 5 419 0.6 4 281 1.6 3 231 4.9 2 

Severe itch 353 0.2 64 107 0.2 19 56 0.3 10 26 0.5 5 
Reactive skin 
disease 89 0.1 4 23 <0.05 1 11 0.1 <0.5 6 0.1 <0.5 
Total 
reversible 
onchocercal 
skin disease 

442 0.3 68 130 0.2 21 67 0.4 11 32 0.7 5 

Mild 
depigmentation 366 0.3 4 274 0.4 3 174 1 2 65 1.4 1 
Severe 
depigmentation 277 0.2 18 233 0.3 15 238 1.3 15 115 2.4 7 

Atrophy <0.5 <0.05 <0.5 <0.5 <0.05 <0.5 <0.5 <0.05 <0.5 <0.5 <0.05 <0.5 
Hanging groin <0.5 <0.05 <0.5 1 <0.05 <0.5 6 <0.05 2 8 0.2 3 
Total 
irreversible 
onchocercal skin 
disease 

643 0.4 22 508 0.8 18 418 2.3 20 188 4 11 

Total 
onchocercal 
skin disease* 

1,566 1.1 95 1,057 1.6 43 765 4.2 33 451 9.5 18 

Visual 
impairment 192 0.1 6 69 0.1 2 38 0.2 1 17 0.3 1 

Blindness 34 <0.05 227 10 <0.05 74 14 0.1 102 11 0.2 87 
Total 
onchocercal 
eye disease 

226 0.2 233 80 0.1 77 51 0.3 103 27 0.6 87 

Total all 
manifestations 1,792 1.2 329 1,137 1.7 120 817 4.5 137 478 10.1 106 

* Note: Total onchocercal skin disease is the sum of palpable nodules, reversible and irreversible skin disease. 
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Number of cases with onchocercal morbidity 

Prior to MDA implementation (1990), 21.9% of the total population at risk experienced 
clinical manifestations due to onchocerciasis (17.5 million cases). The most common 
clinical manifestation was the presence of palpable nodules, followed by acute reversible 
skin conditions (either severe itch or RSD) (Table 1). The total pre-control prevalence of 
OED was predicted to be 0.8% (615.5 thousand cases), mostly due to visual impairment 
in savanna areas (82.3% of all OED cases in 1990; Table G in S3 Text).   
 
By 2030, the total number of cases with onchocercal morbidity was predicted to decline 
to 4.2 million (1.8% of total population at risk), with palpable nodules and 
depigmentation contributing most cases (Table 1). Irreversible symptoms of 
onchocerciasis and, in particular, skin manifestations will be responsible for the majority 
of the cases: by 2030 there will be 1.8 million cases of irreversible OSD and 384 thousand 
cases of OED (some cases will have both). In contrast, reversible symptoms only affect 
670 thousand people (some of whom will also have irreversible symptoms) by 2030. 
Cases of OED will be mostly concentrated in savanna areas (87.8% of all OED cases). The 
highest prevalence of onchocercal morbidity will be in very hyperendemic areas with 
about 10.1% of the population having clinical manifestations, yet 42.4% of all cases with 
clinical manifestations due to sigh prevalence of reversible skin disease and assumed 
absence of MDA), followed by the Democratic Republic of Congo (2.9%), and the Republic 
of Congo (2.8%), and South Sudan (2.3%). There are also some hyperendemic foci with 
high overall morbidity prevalence (>7%) remaining in the Democratic Republic of Congo 
and South Sudan by 2030 (mainly due to palpable nodules). See S3 Text and S4 Text for 
further detailed estimates by year, project, and country. 
 
DALYs lost due to onchocerciasis 

The total number of DALYs lost slightly increased between 1990 and 2000 due to 
population growth combined with the gradual roll-out of MDA programmes, but from 
2000 onwards we predict a steady decline in DALYs lost (Figure 1). We estimate that the 
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total DALYs lost due to onchocerciasis was 2.5 million before MDA started (1990), that 
this figure declined to 1.4 million in 2020, and will further decline to 691 thousand by 
2030. In 1990, most of the onchocercal disease burden was due to blindness (1.4 million 
DALYs) and severe itch (747 thousand DALYs) (Table 1). By 2030, blindness (491 
thousand DALYs) and severe itch (98 thousand DALYs), will account for 71.1% and 
14.2% of all DALYs lost, respectively (Table 1). This amounts to a reduction in DALYs lost 
due to blindness and severe itch of 64.9% and 86.9%, respectively. Nigeria, the 
Democratic Republic of Congo, and South Sudan will carry the highest disease burden 
due to onchocerciasis in 2030 (Table 3 and Figure 2), primarily because of the high 
number of DALYs lost due to blindness in savanna areas and the high numbers of people 
living in endemic areas in those countries. Overall, thanks to MDA, the annual number of 
DALYs averted will rise to 6.6 million by 2030 (Figure 1) and around 96.7 million DALYs 
will have been cumulatively averted between 1990 and 2030. 
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Figure 1. Total number of disability-adjusted life years (DALYs) lost and averted due to 
onchocerciasis from 1990 to 2030 in countries formerly covered by the African 
Programme for Onchocerciasis Control. DALYs are expressed in thousands (x1000). The 
total height of the blue part of the bars represents the estimated total number of DALYs 
lost, with different intensities of blue representing four subcategories of onchocercal 
morbidity (see legend). The total height of the bars (blue plus grey) represents the DALYs 
lost in a counterfactual scenario without large-scale MDA. The light grey part of each bar 
therefore represents the annual number of DALYs averted by MDA. 
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Figure 2. Total number of disability-adjusted life years (DALYs) lost due to 
onchocerciasis by country in 2030. 
 

 
 
Sensitivity analysis 

Figure 3 shows the impact of alternative assumptions about the estimated number of 
cases with reversible and irreversible OSD by 2030. For reversible skin manifestations, 
the assumptions regarding MDA implementation have the highest impact on case 
estimates, with up to 826.8 thousand more estimated cases when MDA coverage was 
systematically reported to be higher (20% points) than the actual distribution. As O. 

volvulus infection is directly related to the presence of acute, reversible skin conditions, 
earlier initiation of MDA in untreated areas would reduce case estimates by 117.7 
thousand cases. For chronic, irreversible skin manifestations, the effect of systematic 
over-reporting of MDA coverage would be less pronounced on current case estimates (up 
to 316.5 thousand more cases if MDA coverage is over-reported by 20% points). Halving 
the factor with which we calculate morbidity prevalence in hypoendemic as a function of 
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prevalence in mesoendemic areas would considerably influence our case estimates with 
irreversible subtypes of OSD for 2030 (545.4 thousand fewer cases). As for OSD, the 
predicted prevalence of skin mf and nodules in 2030 was most sensitive to assumptions 
about MDA coverage. In contrast, OED estimates for 2030 were only marginally sensitive 
to MDA coverage but were highly sensitive to assumptions about excess mortality due to 
blindness and potential reversibility of visual impairment, which led to up to an 
estimated 7.2% and 93.3% fewer cases of OED respectively by 2030 (S1 Text, section 5). 
Starting MDA in as yet untreated L. Loa-endemic areas in 2024 instead of 2025, and in 
untreated non-L. loa-endemic areas in 2022 instead of 2023 would considerably reduce 
the number of cases with reversible skin manifestations by 2030 (-17.6%), but not the 
number of cases with irreversible skin morbidity (-1.1%). 
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Figure 3. Univariate sensitivity analysis for the predicted number of cases with 
reversible and irreversible onchocercal skin disease by 2030. Coloured bars represent 
the difference between the sensitivity analysis and the results of the main analysis 
(vertical black line). * In the sensitivity analysis, the prevalence of infection and clinical 
manifestations in hypoendemic areas was assumed to be 1/3 of that in mesoendemic 
areas (as applied in a previous modelling exercise [2]), instead of ratios based on a more 
detailed meta-analysis performed for the main analysis (see also Table E in S1 Text).  
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Discussion 

We predict major reductions in the burden of onchocerciasis between 1990 and 2030, 
both in terms of number of cases as well as in DALYs lost, mainly thanks to the massive 
impact of MDA with ivermectin. We predict that the annual number of DALYs lost due to 
onchocerciasis will be more than halved over a 40-year time frame, with around 97 
million DALYs cumulatively averted by MDA between 1990 and 2030 in countries 
formerly covered by APOC. Most of the cases remaining by 2030 will be due to palpable 
nodules and chronic skin manifestations, and most of the remaining burden will be due 
to severe itch and blindness. By 2030, almost half of all remaining cases will be located 
in the Democratic Republic of Congo, where many people live in endemic areas and MDA 
started relatively late. 
 
The GBD study estimated that the number of DALYs lost due to onchocerciasis was 1.4 
million in 1990 and 1.3 million in 2015 [32,33]. The difference with our burden estimates 
for the same years (2.5 million and 1.8 million DALYs lost in 1990 and 2015, respectively) 
can be largely explained by the fact that excess mortality due to onchocercal blindness 
was not considered in the GBD study, while we estimated onchocercal blindness to be 
responsible for 1.4 million and 1.1 million DALYS lost in 1990 and 2015, respectively. 
The remaining difference may be explained by a methodological difference: the GBD 
study relies on statistical models while our study uses a mechanistic mathematical 
model, which we consider more appropriate for producing forecasts. 
 
We identified areas where we predict high remaining onchocerciasis cases (due to loiasis 
co-endemicity or very hyperendemic baseline infection levels), as well as areas where 
onchocerciasis transmission may be close to elimination [5]. Our results are in line with 
a recent analysis on remaining O. volvulus and L. loa cases by 2025 [14], predicting 19.0% 
O. volvulus and 5.8% L. loa mf prevalence in these areas. This highlights that particularly 
hypoendemic areas with loiasis transmission, currently excluded from mass treatment, 
should rapidly be targeted for onchocerciases elimination mapping and implementation 
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of alternative treatment strategies, such as the Test-and-not-Treat strategy, community-
directed vector control (e.g. slash and clear vegetation, ground-based larviciding), or 
possibly a new macrofilaricidal treatment for onchocerciasis, once available. Intensified 
interventions could also be considered to bring down infection and morbidity in areas 
with historically high baseline endemicity levels that are currently still hyperendemic, 
even after long-term control. We predict that by 2030 the highest remaining prevalence 
of infection and morbidity is likely to be found in endemic areas of Gabon, Democratic 
Republic of Congo, and the Republic of Congo. However, the highest burden will be found 
in countries with the highest number of population at risk or those with the blinding 
savanna type of onchocerciasis (i.e. Nigeria, DRC, South Sudan, Cameroon). In other 
countries, the long-standing control interventions in Africa will have reduced infection 
and morbidity to negligible levels, such as across large areas in Burundi, Equatorial 
Guinea, and Uganda. For Uganda, these predictions are in line with empirical evidence: 
15 out of 17 onchocerciasis-endemic foci in Uganda are currently under post-treatment 
surveillance or have eliminated onchocerciasis [34,35].  
 
The presented number of cases with infection and morbidity should be considered as 
indicative only, as the estimates depend on uncertain assumptions regarding baseline 
endemicity levels, local transmission conditions and programmatic factors. Numbers 
presented for any hypo-endemic areas left untreated by APOC should be considered with 
particular caution. The P5 areas include all areas with an estimated nodule prevalence 
between 5% and 20%, based on a geostatistical analysis of REMO survey data [11]. 
However, in most areas hypo-endemicity remains to be confirmed in the field through 
onchocerciasis elimination mapping, although the ESPEN website suggest that 
elimination mapping may not, or no longer be required in seven former APOC-countries 
(i.e., Burundi, Chad, Equatorial Guinea, Liberia, Malawi, Tanzania and Uganda). In some 
of the P5 areas, onchocerciasis infection prevalences may have been reduced thanks to 
MDA programmes against lymphatic filariasis in loiasis-free areas or the collateral 
benefits of other drug programmes (e.g., ivermectin against scabies in Ethiopia [36]) may 

120



The burden of skin disease and eye disease due to onchocerciasis in Africa

 

 

have led to minor overestimations of the aforementioned burden estimates for these 
area. 
 
Although we have taken account of most clinical manifestations attributable to O. 

volvulus infection, there is increasing evidence of an association between high intensity 
O. volvulus infection and the development of epilepsy during childhood [37–40]. A recent 
study reported 128 thousand YLDs by 2015 due to onchocerciasis-associated epilepsy in 
9 of the 17 countries formerly covered by APOC [41]. This would imply an additional 53.8 
thousand DALYs lost due to onchocerciasis (128,000 cases x 0.420 disability weight for 
uncontrolled epilepsy [25]) by 2015, which is a conservative estimate as it does not 
capture YLLs caused by excess mortality associated with epilepsy in rural Africa [41]. In 
addition, MDA with ivermectin will also have a modest impact on off-target diseases like 
soil-transmitted helminths and scabies [42]. 
 
The results presented here are estimates based on the most comprehensive available 
data from countries formerly covered by APOC. The study was motivated by the extreme 
paucity of large-scale representative data on actual morbidity levels in (formerly) 
onchocerciasis-endemic areas. Disease manifestations were modelled using a newly 
developed disease module within ONCHOSIM that, for the first time, could 
simultaneously simulate reversible and irreversible clinical manifestations, as well as 
single- and multi-stage disease, taking into account the impact of excess mortality due to 
blindness on the trends for prevalence of all these conditions. Model outcomes were 
externally validated against longitudinal trends in morbidity prevalence, community-
level patterns in prevalence of infection and disease manifestations, age-stratified pre-
control morbidity prevalence data from savanna communities, and data on the 
concurrence of clinical manifestations, and it was shown that the model could reasonably 
well reproduce the morbidity patterns in the field [7]. Also, it is important to note that 
our analysis builds on estimates of the pre-control distribution of infection levels based 
on REMO (rapid epidemiological mapping of onchocerciasis) data, which  are the most 

121



Chapter 3

 

 

comprehensive and accurate data available, and the basis of the current map of 
onchocerciasis in the 20 APOC countries. The oldest REMO surveys possibly date from 
1993, but many were done more recently. These REMO data provide a good indication of 
pre-control prevalence in treated areas. The extent of hypoendemic areas is more 
uncertain; unfortunately, data from recent and ongoing mapping efforts in hypoendemic 
areas with more sensitive diagnostic tools are not yet published. We further note that we 
did not capture the impact of potential secular developments, such as climate change, 
deforestation, economic development, demographic transition, and urbanisation, which 
may lead or may have led to changes in transmission intensity and lower population 
densities in endemic areas than assumed here. However, we do not expect this to impact 
our results with regard to where most of the future onchocercal burden will be. Indeed, 
the geographical distribution of infection may have changed somewhat over time prior 
to start of MDA. However, as we aggregated results over a larger geographical area, we 
expect that this uncertainty does not affect, or only marginally affects, our main findings 
and conclusions. 
 
We used the mathematical model ONCHOSIM to simulate the impact of ivermectin in 
treated areas on infection and morbidity according to reported treatment history and 
future MDA scenarios. ONCHOSIM captures community infection dynamics throughout 
MDA quite well [2,10,43,44], but relies on adequate input about MDA coverage levels, 
which may be reported imprecisely or incorrectly [45]. Our sensitivity analysis suggests 
that a 10% or 20% point change (everywhere) in coverage of MDA has a considerable 
impact on case and burden estimates, highlighting the importance of high-quality MDA 
coverage data. We based the assumptions of control interventions on information from 
the APOC treatment database [15] and the ESPEN portal. We might be unaware of 
acceleration strategies that countries may have implemented in specific implementation 
units, such as changing MDA frequency from annual to bi-annual [35,46]. Also, apart from 
(community-based) vector control on the island of Bioko [47–50] and in Uganda [51–53], 
we did not take account of any other local vector control strategies that may have been 
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implemented in other countries. However, we expect that in general, local interventions 
other than annual MDA would only have a minimal additional impact on the burden of 
disease, given the already large effect of annual MDA with ivermectin on prevalence of 
acute clinical manifestations and incidence of chronic conditions. We have further taken 
account of major events that may have influenced the continuation of the MDA 
programme such as civil war in South Sudan, the CAR and Liberia, as well as the COVID-
19 pandemic. The WHO recommended in 2020 to suspend all epidemiological surveys 
and MDA activities for Neglected Tropical Diseases tackled by preventive chemotherapy 
and transmission control due to the COVID-19 pandemic [54]. A recent modelling paper 
assessed the impact of MDA disruptions and delays in scaling-up of MDA since 2020, and 
shows that this affects O. volvulus transmission and infection level in both the short and 
long term [55].  
 
We used the latest GBD disability weights [23], mapping the clinical manifestations of 
onchocerciasis to the lay descriptions with corresponding disability weights to estimate 
DALYs lost due to onchocerciasis. The disability weight for blindness was estimated at 
0.187 by the GBD study. Several previous estimates of the blindness disability weight 
were considerably higher [56]. The difference between earlier and current estimates 
may be primarily due to the dimensions covered by the disability weight: the GBD 
disability weights focus only on health loss due to blindness, not capturing other socio-
economic consequences of blindness that may occur in Africa (e.g., related to livelihood, 
employment, accessibility of public resources and infrastructure). Such socio-economic 
consequences are therefore also not captured in our burden estimates. Quantifying this 
socio-economic burden was beyond the scope of this work, but it is important to 
acknowledge that this burden will be high, especially for blindness in the African context 
[57–59]. 
 
Our analysis only covers countries in Central and East Africa formerly covered by APOC, 
whereas in West Africa the Onchocerciasis Control Programme (OCP) also has been 
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recognised as one of the most successful programmes in the history of development aid 
[35]. Therefore, a next step is to perform a similar modelling study for countries 
previously under the OCP mandate to obtain a comprehensive synopsis of health losses 
due to onchocerciasis in the whole of Africa. A major challenge here will be to collate data 
on the history of MDA and vector control, which, unlike the case for APOC countries, was 
not curated centrally but by the individual countries that were part of OCP. 
 
Conclusions 

MDA has had a remarkable impact on the onchocerciasis burden in countries previously 
under the APOC mandate. Yet, by 2030 we still expect over 10 million mf-positive people 
and almost 20 million individuals harbouring adult worms, with the majority living in 
only a few countries. If in the future elimination of onchocerciasis is achieved, acute 
clinical manifestations of onchocerciasis such as reactive skin disease and itch will have 
largely disappeared, although chronic clinical manifestations will linger and only slowly 
disappear due to demographic turn-over. In the few countries where we predict 
continued transmission between now and 2030, intensified MDA could be combined 
with local vector control efforts, or the introduction of new drugs for mopping up 
residual cases of infection and morbidity. 
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1. Definitions 

Table A. List of terminology and definitions used in the manuscript. 
Terminology Definition 
Mf-positive person Someone who is positive for Onchocerca volvulus 

microfilariae (mf) in a single skin snip test. 
APOC project A geographical implementation unit for community-directed 

treatment with ivermectin (CDTi) under the formerly African 
Programme for Onchocerciasis Control (APOC). Each APOC 
project has its own organisational structure responsible for 
implementing the recommended CTDi strategy [1]; a list of all 
APOC projects is available in Supplement S3. 

Onchocercal eye 
disease (OED) 

Functional visual impairment or blindness. Following the 
WHO criteria, we define visual impairment as visual acuity in 
the range from worse than 6/18 to 6/60 and equal to or better 
than 3/60 in the better eye, which covers both moderate and 
severe visual impairment. According to the same guidelines, 
blindness was defined as visual acuity of less than 3/60 or a 
restriction of visual field to less than 10° in the better eye [2]. 

Onchocercal skin 
disease (OSD) 

We considered six different subtypes of onchocercal skin 
disease (OSD), namely severe itch, reactive skin disease, 
palpable nodules, hanging groin, atrophy (<50 years of age), 
mild and severe depigmentation. We applied a publicly 
available clinical classification and grading system [3] to 
define the conditions. 

P5-project A combination of all areas in a country that are considered to 
be hypoendemic for onchocerciasis (based on REMO surveys 
showing nodule prevalence levels between 5% and 20%), that 
were not part of previously defined APOC projects, and that 
are likely to require treatment or other interventions for the 
purpose of onchocerciasis elimination [4].   

P20-project A combination of all areas in a country that are considered to 
be hyper- and mesoendemic for onchocerciasis (based on 
REMO surveys showing nodule prevalence levels of ≥20%), 
that were not part of previously defined APOC projects, and 
that are targeted for MDA for the purpose of onchocerciasis 
elimination [4].   

Pre-control 
onchocerciasis 
endemicity levels  

Onchocerciasis endemicity levels to which simulations were 
aggregated in our analysis are based on  cut-offs in pre-control 
microfilariae prevalences (all ages) as defined by Prost et al. 
[5]: hypoendemic (<35%), mesoendemic (≥35% - <60%), 
hyperendemic (≥60%-<75%), and very hyperendemic 
(≥75%). 

  

134



The burden of skin disease and eye disease due to onchocerciasis in Africa

 

 

2. Data 

2.1 Pre-control infection levels 

We used a previously published raster map of the pre-control prevalence of onchocercal 
palpable nodules across 19 APOC countries (Angola, Burundi, Cameroon, Central African 
Republic, Chad, Congo, Democratic Republic of Congo, Equatorial Guinea, Ethiopia, 
Gabon, Kenya, Malawi, Mozambique, Nigeria, Rwanda, South Sudan, Sudan, Tanzania, 
Uganda), based on Rapid Epidemiological Mapping of Onchocerciasis (REMO) [6,7]. 
REMO surveys were carried out by APOC in a spatial sample of >14,000 villages, 
examining 30-50 adults for infection with onchocerciasis by assessing the presence of 
sub-cutaneous onchocercal nodules. Two APOC countries were found negative for 
Onchocerca volvulus infections (i.e. Kenya, Rwanda) [6] and were omitted from our 
analysis. We obtained the pixel-level infection data, and stratified each APOC project over 
six endemicity categories (Table B) by mean microfilariae (mf) prevalence to capture 
non-linearities between prevalence of infection and morbidity. We report results 
stratified by four endemicity categories, such as defined by Prost et al. (1979) [5] (Table 
A).  
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Table B. The estimated population at risk of onchocerciasis infection living in countries 
formerly under the APOC-mandate stratified over six endemicity categories. Population 
at risk for the year 1995 is based on a geostatistical analysis of REMO data combined with 
census data on the size of the population at risk in each geographical implementation 
unit. We then corrected the population densities of 1995 to 1990 (see section 2.2). 
Population numbers for the year 2030 are based on the assumption that populations 
grow by 2.75% each year and that the population does not move significantly between 
the different endemicity levels. Onchocerciasis endemicity levels are based on previous 
classification by Prost et al. [5] (Table A). 
 

 

Onchocerciasis 

endemicity levels 

Endemicity 

category for 

which analysis 

were performed 

Cut-offs for 

prevalence of skin 

microfilariae in the 

general population 

(all ages) 

Population at risk 

(millions) 

1990 2030 

Hypoendemic 1 ≥ 1% - <35%  49.3 145.8 
Mesoendemic 2 ≥ 35% - <47%  13.3 39.2 

3 ≥ 47% - <60%  8.7 26.5 
Hyperendemic 4 ≥ 60% - <66%  2.9 8.7 

5 ≥ 66% - <75%  3.1 9.3 
Very hyperendemic 6 ≥ 75% - 100% 1.6 4.7 

 Total  78.9 234.4 

 

 

3.3  Simulations per APOC project 

We divided each APOC project into six endemicity categories (Tables A and B) and for 
each category calculated the mean mf prevalence across pixels [6]. Next, in ONCHOSIM 
we calibrated the parameter for relative biting rate (rbr) to reproduce the mean pre-
control mf prevalence in each project and endemicity category. As in previous 
ONCHOSIM modelling studies [8–11], exposure heterogeneity was set at k = 3.5. The rbr 
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parameter was calibrated by simulating pre-control mf prevalences (all ages) for a grid 
of rbr values with steps of 0.01 (Figure A). Then, for each project and endemicity 
category, we mapped the mean pixel-level mf prevalence to a value for rbr, using linear 
interpolation. The corresponding rbr values were used in further simulations for the 
effect of MDA on infection and morbidity. 
 
S3 Text provides an overview of the history of control and assumptions about future 
MDA used in the simulations. We assumed that vector control reduced vector abundance 
by 97.5%. Due to the absence of pre-control pixel-level data from the island of Bioko [6], 
based on literature we assumed that the overall crude pre-control mf prevalence on the 
island was 75.2% [12]. To reproduce this very high mean pre-control mf prevalence, we 
assumed that the island population was distributed over the two highest endemicity 
categories (with average mf prevalence of 68.5% and 79.1%, respectively) at a ratio of 
25:43 such that average prevalence over the whole population was 75.2%.  
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Figure A. Association between relative biting rate (rbr, x-axis) and the pre-control mf 
prevalence (all ages, y-axis) as predicted by ONCHOSIM. The level of exposure 
heterogeneity was set at k = 3.5.  
 

 
 
 
As ONCHOSIM cannot simulate stable infection with a community mf prevalence of below 
~30% (these simulations result in spontaneous fade-out of transmission), we calculated 
the manifestations of disease prevalence in hypoendemic areas (endemicity level 1) as a 
ratio of the model-predicted morbidity prevalence in mesoendemic areas (endemicity 
level 2) (Table B), as previously done [11]. To assess which ratio in morbidity prevalence 
between mesoendemic versus hypoendemic areas would correspond to what is reported 
in the field, we performed a meta-analysis of published data on the prevalence of various 
subtypes of skin manifestations in hypoendemic versus mesoendemic areas [13,14]. For 
this purpose, we classified the different subtypes of skin manifestations in three groups 
corresponding to similar levels of acuteness and reversibility: (1) acute, reversible 
conditions (i.e. RSD and severe itch); (2) palpable nodules (i.e. slowly reversible); and (3) 
chronic, irreversible conditions (i.e. hanging groin, atrophy, depigmentation). In the 
meta-analysis, we estimated the relative difference in prevalence of aforementioned 
three groups of skin manifestations (i.e. using a log link function), allowing for random 
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effects to capture heterogeneity between the two studies as well as between individual 
types of skin manifestations within each of the three groups. The results of the meta-
analysis are visualised in Figure B. Trends in mf prevalence in hypoendemic areas were 
derived by scaling trends for mesoendemic areas by the same amount as acute, reversible 
conditions, as these two metrics follow each other closely over time [15]. 
 
For six APOC projects (i.e. NY Cuanza Norte in Angola, Jigawa and Zamfara in Nigeria, 
Sudan and Sudan Abu Hamed in Sudan, Phase 2 in Uganda), the total population of the 
APOC project lived in hypoendemic areas and thus would result in spontaneous fading 
out of transmission in the model. To correct for this, we manually set an mf prevalence 
in endemicity level 2 (mesoendemic areas) corresponding to the average mf prevalence 
of all endemicity level 2 APOC projects combined (here: a mean mf prevalence of 39.4%). 
In this way, ONCHOSIM would be able to make predictions about the infection and 
morbidity prevalence within these APOC projects for mesoendemic areas (level 2), and 
then we could apply the ratio as provided in Figure B to estimate the prevalence of 
infection and morbidity in hypoendemic areas as opposed to mesoendemic areas. The 
model-predicted prevalence in mesoendemic areas (level 2) for these six APOC projects 
was further disregarded.  
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Figure B. Results of the meta-analysis of published data [42,43] on the prevalence of OSD 
in hypoendemic versus mesoendemic areas. The risk ratio (RR) represents the factor that 
should be multiplied by the morbidity prevalence in mesoendemic areas for each 
corresponding clinical manifestation to calculate the morbidity prevalence in 
hypoendemic areas.  

 
Note: There was some deviation in the clinical definition of severe itch between the 
Murchoch et al 2017 and 2002 studies. In Murdoch et al 2017, itching was defined as any 
itch with clinically normal skin (i.e. no evidence of onchocercal skin disease, nor any 
other itchy skin disease) [13]. In Murdoch et al 2002, itching was defined as troublesome 

140



The burden of skin disease and eye disease due to onchocerciasis in Africa

 

 

itching with insomnia to try to exclude itching from other causes than onchocerciasis 
[14].  
 

4. Disease burden calculation 

In this section, we describe how the disease burden of onchocerciasis was calculated in 
terms of disability-adjusted life years (DALYs), which are defined as the sum of Years 
Lived with Disability (YLDs) and Years of Life Lost (YLLs) [16,17]. DALYs measure the 
time lost due to the effects of a condition in terms of (1) the time spent disabled by a 
condition (YLDs), weighted by the severity of the condition; and (2) time lost due to 
premature mortality by the condition (YLLs). One DALY represents one year of healthy 
life lost [16,17]. 
 
4.1 Years Lived with Disability  

YLDs were calculated by multiplying the model-predicted number of prevalent cases 
with symptoms with a weighted severity level of the condition. These so-called disability 
weights have been developed for a very wide range of conditions as part of the Global 
Burden of Disease (GBD) studies [18,19]. The disability weights are estimated on the 
scoring of the severity of a health state by a participant assessed through face-to-face, 
telephone and online surveys from nine countries across all continents worldwide 
[16,20]. Although these is some variability in the scoring of disability weights for vision 
loss and blindness between respondents due to various factors [21], we have used the 
disability weights for visual impairment and blindness as most recently published by the 
GBD [16]. As these conditions were designed to be generic and not necessarily specific to 
any particular disease, we mapped each of the symptoms considered in this study to a 
condition associated with a disability weight in the GBD project. For OED, we adopted 
disability weights for functional vision loss directly from GBD (Table C). For OSD, we used 
a set of disability weights that were previously compiled by the consulting experts on 
onchocerciasis for the GBD 2010 study (which included co-authors Murdoch, Stolk, and 
Coffeng). This previously developed scheme considered three general severity levels of 
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OSD (OSD level 1: slight, visible physical deformity that is sometimes sore or itchy, OSD 

level 2: visible physical deformity that is sore and itchy, OSD level 3: obvious physical 
deformity that is very painful and itchy), each of which could be associated with itch or 
not. Where previously, each of aforementioned severity levels encompassed a suit of OSD 
types, for our current analysis, we mapped each specific subtype of OSD to one of the 
severity levels. The disability weights and lay descriptions for each of the OSD types are 
shown in Table C. 
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Table C. Disability weights and lay descriptions for each clinical manifestation 
attributable to onchocerciasis. Disability weights are based on a previously published 
multi-country study by Salomon et al. [16]. 

Clinical 
manifestations 

Assigned 
disability 

weight 
(95%CI) 

Lay description in GBD for the assignment of 
disability weight 

Onchocercal skin disease (OSD) 
Severe itch 0.188 Disfigurement with itch or pain: level 2. Person has a 

visible physical deformity that is sore and itchy. 
Other people stare and comment, which causes the 
person to worry. The person has trouble sleeping and 
concentrating. 

Reactive skin disease 
(RSD) 

0.048 Disfigurement: levels 1 and 2. See footnote.* 

Palpable nodules 0.011 Disfigurement: level 1. Person has a slight, visible 
physical deformity that others notice, which causes 
some worry and discomfort. 

Depigmentation 
 Mild (partial) 0.011 Disfigurement: level 1. Person has a slight, visible 

physical deformity that others notice, which causes 
some worry and discomfort. 

 Severe 
(complete) 

0.067 Disfigurement: level 2. Person has a visible physical 
deformity that causes others to stare and comment. 
As a result, the person is worried and has trouble 
sleeping and concentrating. 

Atrophy 0.011 Disfigurement: level 1. See above 
Hanging groin 0.405 Disfigurement: level 3. Person has an obvious physical 

deformity that makes others uncomfortable, which 
causes the person to avoid social contact, feel 
worried, sleep poorly, and think about suicide. 

Onchocercal eye disease (OED) 
Visual impairment 0.031 Distance vision: moderate impairment. Person has 

vision problems that make it difficult to recognize 
faces or objects across a room. 

Blindness 0.187 Distance vision: blindness. Person is completely blind, 
which causes great difficulty in some daily activities, 
worry and anxiety, and great difficulty going outside 
the home without assistance. 

* RSD was defined as the presence of acute papular onchodermatitis (APOD), chronic papular 
onchodermatitis (CPOD), and/or lichenified onchodermatitis (LOD). To account for the resulting 
mix of severities of reactive skin conditions, we calculated an average disability weight, weighted 
by the prevalence of the three conditions in the multi-country dataset (APOD: 7.44%, CPOD: 
12.89%, LOD: 1.23%) [14]. The three disability weights used for APOC, CPOD, and LOD were based 
on previous discussion with experts (dr. Michele Murdoch, professor Roderick Hay) for estimates 
by the Global Burden of Disease. APOD was assigned the disability weight for disfigurement: level 
1 and CPOD and LOD were assigned the disability weight for disfigurement: level 2. 
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4.2 Years of Life Lost  

The YLL measure captures the years of life lost due to premature mortality compared to 
the remaining life expectancy based on a counterfactual life table for a person of the same 
age but without the condition [22]. Of all the clinical conditions considered in this 
analysis, blindness is the only condition that has been associated with excess mortality 
[23,24]. We therefore calculated the YLLs for blindness only, stratifying by bioclimate 
(savanna vs forest areas) and the six endemicity levels. Because ONCHOSIM itself does 
not provide output on life years lost or moment of death due to excess mortality, we 
estimated YLLs from ONCHOSIM output on prevalence of conditions using Sullivan life 
table methodology. 
 
The counterfactual life table for individuals unaffected by onchocercal blindness was 
derived from the age distribution in sub-Saharan Africa as estimated by the UN 
Population Division for the year 2000 [25]. This life table was also used to simulate 
human demography in ONCHOSIM (Figure D). For a life table of individuals who are 
affected by onchocercal blindness, we calibrated age-specific excess mortality rates such 
that the life table reproduced the reduction in life-expectancy for blind individuals as 
simulated in ONCHOSIM (i.e. a reduction of 50%). As the average age of onset of 
onchocercal blindness depends on the endemicity (more highly endemic means younger 
average age of onset) and pathogenicity of the parasite strain (forest vs. savanna 
bioclimate), the number of YLLs per prevalent case of blindness was calculated by age, 
endemicity category, and bioclimate. Table D provides a summary of the total number of 
YLLs per endemicity category and bioclimate. 
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Figure D. Human cumulative survival probability (y-axis) in ONCHOSIM by age (x-axis). 

 
 
Table D. Estimated absolute number of pre-control Years of Life Lost (YLL) due to 
blindness, stratified by onchocerciasis endemicity levels and bioclimate. 
 

Onchocerciasis 

endemicity 

levels 

Cut-offs for prevalence of 

skin microfilariae in the 

general population (all 

ages) 

Population 

size (millions) 

YLL per prevalent case of 

blindness* 

   Forest Savanna 

Hypoendemic ≥ 1% - <35% 49.3 4.327 6.631 
Mesoendemic ≥ 35% - <47%  13.3 5.632 6.870 

 ≥ 47% - <60%  8.7 6.173 7.298 
Hyperendemic ≥ 60% - <66%  2.9 6.265 7.766 

 ≥ 66% - <75%  3.1 6.721 8.243 
Very 

hyperendemic 
≥ 75% - 100% 

1.6 7.287 
8.774 

* As ONCHOSIM does not produce output on the number of new cases but only prevalent cases of 
blindness, years of life lost was calculated and expressed per prevalent case. These estimates are 
should be considered approximate as they are based on Sullivan life table analysis comparing two 
cohorts of blind and non-blind people in an equilibrium situation. 
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Abstract 

Background: Lymphatic filariasis (LF) infection is generally diagnosed through 
parasitological identification of microfilariae (mf) in the blood. Although historically the 
most commonly used technique for counting mf is the thick blood smear based on 20 µl 
blood (TBS20), various other techniques and blood volumes have been applied. It is 
therefore a challenge to compare mf prevalence estimates from different LF-survey data. 
Our objective was to standardise microfilaraemia (mf) prevalence estimates to TBS20 as 
the reference diagnostic technique. 
 
Methods: We first performed a systematic review to identify studies reporting on 
comparative mf prevalence data as measured by more than one diagnostic test, including 
TBS20, on the same study population. Associations between mf prevalences based on 
different diagnostic techniques were quantified in terms of odds ratios (OR, with TBS20 
blood as reference), using a meta-regression model. 
 
Results: We identified 606 articles matching our search strategy and included 14 in our 
analyses. The OR of the mf prevalences as measured by the more sensitive counting 
chamber technique (≥ 50 µl blood) was 2.90 (95% confidence interval (CI): 1.60–5.28). For 
membrane filtration (1 ml blood) the OR was 2.39 (95% CI: 1.62–3.53), Knott’s technique 
it was 1.54 (95% CI: 0.72–3.29), and for TBS in ≥ 40 µl blood it was 1.37 (95% CI: 0.81–
2.30).  
 
Conclusions: We provided transformation factors to standardise mf prevalence estimates 
as detected by different diagnostic techniques to mf prevalence estimates as measured by 
TBS20. This will facilitate the use and comparison of more datasets in meta-analyses and 
geographic mapping initiatives across countries and over time. 
 
Keywords: Lymphatic filariasis, Diagnostic comparison, Meta-regression, Counting 
chamber, Blood smear, Blood film, Knott’s technique, Membrane filtration. 
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Background 

Lymphatic filariasis (LF) is a severely disabling, mosquito-borne infectious disease, 
causing elephantiasis and hydrocele. Active infection can be parasitologically diagnosed by 
demonstrating the presence of microfilaraemia (mf) in the blood, for which several 
methods are available. The diagnostic accuracy varies between methods, depending on 
timing of specimen collection (there is variation in the periodicity of LF parasite species in 
the blood), the type of blood sample (venous or capillary blood), blood volume examined, 
and blood sample processing methods (e.g. concentration, filtration, 
dehaemoglobinisation, etc.). The decision of the diagnostic techniques to be used in LF-
surveys depends not only on the purpose of the survey and required diagnostic accuracy, 
but also on technical requirements, feasibility and acceptability to the surveyed 
population. Especially in remote rural areas, without sophisticated laboratory facilities, it 
is necessary to balance between a more sensitive versus practicable test when choosing 
techniques for detection of LF [1].  
 
The accuracy of detecting mf is primarily influenced by the quantity of blood sampled [2], 
with larger blood volumes associated with higher sensitivity and higher mf prevalences. 
High diagnostic sensitivity is particularly important in settings with low mf densities, such 
as those close to elimination. Concentration methods with larger blood volumes may be 
more sensitive for the detection of especially low mf density infections, but collection of 
e.g. 1 ml venous blood volumes is not easily carried out in field conditions. Also, taking 
small capillary puncture samples may be more acceptable to the study population [3]. The 
assessment of geographical differences and trends over time in LF-survey results may be 
hindered by the use of different diagnostic techniques that each have different diagnostic 
sensitivities and specificities. 
 
In an attempt to adjust detected mf prevalence estimates based on different diagnostic 
methods and blood volumes, Moraga et al. [4] identified studies reporting on paired 
estimates of LF prevalence based on 20 µl thick blood smear (TBS20) and membrane 
filtration technique (MFT) and concluded that the latter technique results in significantly 
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higher mf prevalence estimates (P < 0.001). Moraga et al. [4] conclude insufficient quality 
data to derive adjustment terms for the standardisation of mf prevalence estimates for a 
range of transmission settings. Michael et al. [5] derived proportional transformation 
factors to translate observed mf prevalence as measured by examination of 20 or 100 µl 
blood into expected mf prevalences when using MFT of 1 ml blood, but such proportional 
transformation factors are less applicable in settings of relatively high initial mf 
prevalences. Sasa et al. [6] derived correction factors that were dependent on local 
endemicity levels for the standardisation of mf prevalence rates as detected by TBS with 
30 µl from observed 10 and 20 µl blood volumes (0.616–0.961). None of these attempts 
systematically compared the most commonly used blood parasite detection techniques 
over a wide range of endemicity levels with the purpose to standardise mf prevalences to a 
reference technique.  
 
Here, we performed a systematic review to identify studies reporting on paired mf 
prevalences as detected by various diagnostic techniques that can be used for the 
detection of LF blood parasites. From this empirical evidence, we developed a 
transformation model to standardise mf prevalences as measured by more sensitive 
diagnostic techniques to the historically most commonly used TBS20, and vice versa.  
 
 

Methods 

Data appraisal and extraction 

We identified potentially relevant papers using a systematic search of the online databases 
Embase, Medline and PubMed, until 11th March 2019. The full search terms are described 
in Additional file 1: Text S1 (section 1). The title, abstract, full-text screening for eligibility 
of inclusion was based on whether the article would describe comparable mf prevalence 
estimates as measured by at least two different diagnostic methods, including TBS 
(regardless of the LF parasite species). The screening of titles and abstracts was performed 
independently by two authors (NVSVM, LEC). Inclusion of studies and study quality was 
then assessed by two authors (NVSVM, WAS). Studies were selected for data extraction if 
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they were based on a representative population sample and if studies reported the 
number of individuals tested and the number of positive cases for both diagnostic 
techniques. We did not apply any language or publication date restrictions. Additional file 
1: Text S1 (section 2) provides more detailed information on the data collection process. 
We have included a PRISMA checklist as Additional file 2: Table S2.  
 
Data were extracted by one author (NVSVM) and entered into a standard Microsoft Excel 
template with full data entry validation by a second author (WAS). We extracted 
information on history of treatment prior to each survey, as well as the survey year, 
country, and specific location (e.g. district, village). We also extracted the number of 
positive cases or prevalence, as well as the total sampled population, blood volume, time of 
sampling, and species periodicity.  
 
Statistical analysis 

Per study, associations between mf prevalence estimates based on different diagnostic 
techniques were quantified in terms of odds ratios (OR), with prevalence as measured by 
TBS20 as a reference, as this is historically the most commonly applied diagnostic tool [4]. 
TBS20 was defined as one blood slide containing one 20 µl blood spot (in some occasions 
we used 25 or 30 µl blood). ORs were then pooled between studies by means of meta-
analysis and meta-regression models. To account for differences in sample size between 
studies, studies were weighted by the inverse of the variance of the log-OR, which was 
quantified using a normal approximation procedure (see Additional file 1: Text S1 (section 
3)). We considered four model variants to describe the relation between the mf prevalence 
measured by TBS20 and the prevalence measured by another diagnostic technique: (i) a 
random-effects-only meta-analysis without any co-variates (i.e. “random-effects-only” 
model: the OR is not dependent on a diagnostic technique or observed mf prevalence); (ii) 
a mixed-effects meta-regression model with a coefficient for each diagnostic technique 
other than TBS20 (i.e. “intercept-only” model: the OR is allowed to vary between 
diagnostic techniques, but is not dependent on the observed mf prevalence); (iii) a mixed-
effects meta-regression with a coefficient for the infection prevalence measured by TBS20 
(i.e. “slope-only” model: the OR is allowed to vary with the observed mf prevalences, but is 
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not dependent on the employed diagnostic technique); and (iv) a mixed-effects meta-
regression with coefficients for each diagnostic technique and a coefficient for the 
infection prevalence measured by TBS20 (i.e. “slope-intercept” model: the OR is allowed to 
vary with the observed mf prevalences as well as between different diagnostic techniques 
to capture the potential association between diagnostic test sensitivity and the infection 
level in the population). Model variants were compared based on the corrected Akaike 
information criterion (AICc), a metric that converges to the AIC in case of large (infinite 
datasets) but in case of small datasets avoids favouring models with too many parameters 
[7]. All analyses were performed using the package metaphor [8] in R (version 3.5.1). A 
more detailed description of the methods, including mathematical formulae, is presented 
in Additional file 1: Text S1 (section 3). To be able to compare our results with earlier 
approaches for standardising mf prevalences based on scaling factors, we translated the 
model-predicted ORs to relative risk (RR) functions; because for a given OR, the RR 
depends on the prevalence of the reference group, we report derived RRs for different 
levels of prevalences based on TBS20. Uncertainty of standardisation of mf prevalence to 
TBS20 based on the intercept-only model was quantified analytically by directly 
propagating parameter uncertainty as estimated by the meta-regression model, whereas a 
Monte Carlo approach was used for the slope-only model (Additional file 1: Text S1 
(section 3)).  
 

Results 

We identified in total 602 unique articles, and included 14 full-text articles based on the 
inclusion- and exclusion criteria. The flow chart of the search strategy is presented in 
Figure 1. The included studies were published between 1939 and 2000. Seven studies did 
not explicitly report whether the sampled population had received mass treatment or not 
[3, 9–14], although we could often tentatively conclude from study year and location that 
no large-scale control activities had taken place. In one study, blood sampling was done 
during day-time after provocation with a single 100 mg dose of diethylcarbamazine citrate 
(DEC) [15]. Surveys from included studies were performed across 13 LF-endemic 
countries (see Additional file 1: Table S1). Most commonly, mf prevalences were compared 
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using MFT and TBS20 (nine studies) [9–13, 16–19]. Four studies diagnostically compared 
mf prevalences as measured by various blood volumes using the counting chamber 
technique (CCT) with various blood volumes of TBS [3, 13, 15, 16]. We identified five 
records from four studies reporting comparative mf prevalences between TBS20 versus 
TBS with higher blood volumes (≥ 40 µl blood) [9, 13, 16, 20]. Only two included studies 
reported on the comparative mf prevalence between Knott’s technique and TBS20 [14, 
21]. In several occasions (Fiji [13, 16], Brazil [20], Tanzania [15]), blood sampling was 
based on day-time sampling, even though in Brazil and Tanzania the LF parasite species 
are known to have a nocturnal periodicity. The study-level ORs as well as the pooled ORs 
of each diagnostic comparison are presented in Figure 2. 
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Figure 1. Flow chart of search strategy. 
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Figure 2. Forest plot of all included studies with LF mf cases and non-cases as measured 
by the more sensitive diagnostic technique versus TBS20 blood, presented per diagnostic 
technique. The observed study-level ORs (black squares, and OR-column) with 95% 
confidence intervals, the weight of each record, and ORs as predicted by the intercept-only 
model (grey diamonds) are shown. 
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The AICc of the random-effects-only model was 40.3, but this reference model did not 
provide insight into differences between diagnostic tests and was therefore not used in our 
further analysis of conversion factors. Comparing the three meta-regression model 
variants, we found that the slope-only model was the most parsimonious model with the 
lowest AICc (AICc: 39.6). The AICc of the intercept-only model and the slope-intercept 
model were 44.5 and 48.7, respectively. However, the slope-only model resulted in an 
epidemiologically implausible pattern where the OR for detection of mf by the more 
sensitive diagnostic test (compared to TBS20) would eventually become smaller than 1.0 
for very high mf prevalences. The shape of the association deviated too much from the data 
points above an observed mf prevalence of 50% as measured by a more sensitive 
technique (see Additional file 1: Figures S1, S2). Results and model outputs presented 
below are therefore based on the intercept-only model.  
 
According to the intercept-only model, TBS20 has a lower sensitivity for detecting the 
presence of mf than the other tests in the comparisons, as indicated by the ORs above 1.0 
(Figure 2). For both CCT and MFT, the ORs were significantly different from 1.0 (P = 
0.0005 and P < 0.0001, respectively). CCT was the most sensitive (highest OR), followed by 
MFT, Knott’s technique, and lastly TBS in ≥ 40 µl/blood (lowest OR). Figure 3 illustrates 
the model-predicted association between mf prevalences as detected by TBS20 and each of 
the more sensitive techniques. The model-predicted mf prevalences by TBS20 increased 
non-linearly, and followed the observed data adequately. Treatment history does not seem 
to influence any of the associations. Figure 4 shows the performance of the different 
diagnostic techniques for the detection of mf and their mutual relationship.  
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Figure 3. Model-predicted mf prevalences as measured by TBS20, given an mf prevalence 
based on a more sensitive diagnostic technique (horizontal axis, panels for different 
techniques). Dark grey bands represent 95%-confidence intervals for uncertainty of the 
population mean; light grey bands represent prediction uncertainty. Bullets represent data 
used to train the model, with horizontal and vertical error bars representing 95% 
confidence intervals for binomial sampling error. Different shapes of the dots characterise 
data from pre-control settings, data from settings where only some villages were treated 
(partially), or data from settings where it is unclear whether treatment has been provided. 
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Figure 4. The combined results of the predicted association of mf prevalences as 
measured by a more sensitive diagnostic technique and TBS20 against the observed data 
with horizontal and vertical 95% CI around the data. Different diagnostic techniques are 
represented by the different coloured lines. Different shapes of the dots characterise data 
from pre-control settings, data from settings where only some villages were treated 
(partially), or data from settings where it is unclear whether treatment has been provided. 
Predictions lines on the right denote a higher diagnostic sensitivity. 
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To facilitate future translation of mf prevalences as detected by CCT, MFT, Knott’s 
technique and TBS with higher blood volumes to TBS20, Additional file 3: Data S1 holds 
the data underlying the curves and confidence bands from Figure 3. Clearly, the 
transformation factors for each diagnostic technique depend on endemicity level. For 
example, the RR for detection of mf with TBS20 as compared to the more sensitive CCT 
was estimated at 0.41 (95% CI: 0.24–0.69) at 10% mf prevalence and 0.61 (95% CI: 0.41–
0.83) at 40% mf prevalence (as measured by TBS20). 
 

Discussion 

Blood parasitology for detection of active LF infection has traditionally been the preferred 
method, yet there is no gold standard for the diagnostic technique that should be applied. 
The choice of the diagnostic technique for detection of blood mf depends on several 
factors, e.g. geographical region, implementation setting, and availability of laboratory 
equipment. We have performed a systematic review and meta-analyses in order to 
standardise mf prevalences as measured by a range of diagnostic techniques for blood 
parasite detection to mf prevalences as measured by the historically most commonly used 
TBS20. Standardisation of LF blood parasite prevalences using various diagnostic 
techniques assists a wide group of end-users (e.g. researchers, policy-makers, drug 
developers) to compare LF-survey data that were collected using different blood volumes 
or detection techniques. Especially cross-regional comparison of LF data is now facilitated, 
as certain diagnostic tools are more frequently used in certain LF-endemic regions across 
the globe, i.e. the use of CCT in predominantly Africa and MFT in the Western Pacific.  
 
Multiple meta-regression models were compared with each other, and the intercept-only 
model was selected, even though the slope-only model was statistically the most 
parsimonious model. The predicted regression line as obtained by the slope-only model, 
however, led to an epidemiologically implausible pattern, even though it fitted the data 
best. This was likely due to the unequal weighting of some data points with wide 95% 
confidence intervals above 50% mf prevalence as measured by the more sensitive 
techniques. We found that the sensitivity of CCT was higher than MFT and Knott’s 
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technique, which can be explained by the fact that mf intensity is higher in finger prick 
blood than in venous blood. For this reason, 60–100 µl blood by finger prick (CCT) would 
be more sensitive than 1 ml blood (MFT or Knott’s technique). 
 
One included study mentioned co-endemicity of Mansonella species in the blood samples 
that were tested [17]. As this paper reported their results for Wuchereria bancrofti and M. 

ozzardi separately, this does not introduce a bias in our analysis. Considering the 
occurrence of Mansonella species in regions of Central Africa [22], and Central and South 
America [23], co-endemicity might play a role in four other studies [9, 11, 15, 20], although 
this was not examined. Unrecognised co-endemicity could lead to overestimation of the LF 
mf prevalence. Literature reviews on the distribution of Mansonella species report a wide 
variation in community prevalence and an estimated average prevalence of about 11–23% 
in the population across Mansonella-endemic areas [22–24]. We expect that Mansonella 
infection affects all diagnostic techniques to a similar extent and therefore has limited 
impact on the derived associations.  
 
There is variation between studies in setting characteristics, study population 
composition, and diagnostic procedures, as described in Additional file 1: Table S1. For 
example, there were two studies with three data points [15, 20] that performed day-time 
sampling although the parasite species had nocturnal periodicity. If we would omit these 
three data points (two data points for TBS with more microliters [20] and one data point 
for CCT [15]), this would barely influence the predicted association (the association for 
TBS with more microliters would not change at all; the associating for CCT would become 
slightly more sensitive than the current derived association in Figure 4). Similarly, if we 
would exclude studies that used ear prick or venepuncture for the TBS20 blood spot 
rather than finger prick, the overall pattern of the association between the four different 
diagnostic techniques somewhat changed (MFT would become slightly more sensitive, 
comparable with CCT). Finally, there were several studies [3, 9–14, 20] for which it was 
unclear whether mass treatment had occurred among the study population or not. 
Considering the old publication dates, the likelihood that mass treatment among the 
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population would have occurred seems small. Figures 3 and 4 do not show any other 
association between the diagnostic techniques for studies with different treatment history.  
 
Some previous attempts were made by others to standardise mf prevalences as measured 
by one diagnostic technique for blood parasite detection to another [4, 5]. Our model 
predictions are an improvement over previous methods by using ORs through a logit link, 
limiting the predicted mf prevalence by TBS µl blood between 0 and 1, for each given 
observed mf prevalence as measured by a more sensitive diagnostic technique. Due to a 
different methodological approach to standardise mf prevalences to TBS20 than 
previously used by others [4–6], it is challenging to directly compare our study results. 
Michael et al. [5] reported a fixed factor of 1.95 for transformation of mf prevalence 
estimates based on examination of TBS20 to that based on 1 ml MFT. The inverse of this 
factor (thus from MFT to TBS20) is 0.51, which is within the range of 0.48 to 0.65 as found 
in our analysis for a 10% to 40% mf prevalence as measured by TBS20, respectively. A 
correction factor should clearly not be a constant measure over different epidemiological 
settings but should be allowed to vary over different community-based prevalences. This 
is in line with the work by Sasa et al. [6] who also reported varying transformation factors 
that were dependent on local transmission settings.  
 
Conclusions 

Our results facilitate the comparison of mf prevalence data that are collected historically 
or at present, with blood mf detected through various diagnostic techniques in areas of 
different transmission intensities. These results are useful for e.g. meta-analyses and 
geographical mapping initiatives. They can thus assist LF programme managers, policy-
makers, and researchers by evaluating the progress made during mass drug 
administration programmes towards the LF elimination targets set by the World Health 
Organization. These results thus enable the end-users to evaluate potential changes in mf 
prevalence over time and by geographical area, while using different diagnostic techniques 
and inherent blood volumes for LF blood parasite detection.  
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study.
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Figure S1.  Odds ratio (OR, y-axis) of microfilaraemia (bullets) as measured by the more 
sensitive diagnostic technique (colours) versus TBS with 20 µL blood, plotted against the 
prevalence of TBS20 (x-axis). Vertical lines represent 95% confidence intervals of the 
ORs. Solid coloured lines represents the OR as estimated by the intercept-only meta-
regression model (intercept for each diagnostic technique and no dependence on TBS20 
prevalence). The dashed black line represents the OR as predicted by the slope-only 
meta-regression model, which assumes that 1) the log-OR is linearly associated with mf 
prevalence as measured by TBS20, and 2) there is no systematic difference between the 
four more sensitive diagnostic techniques (one shared intercept). Different shapes of the 
dots characterise data from pre-control settings, data from settings where only some 
villages were treated (partially), or data from settings where it is unclear whether 
treatment has been provided. 
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Figure S2. Model-predicted mf prevalences as measured by TBS 20 µL blood (vertical 
axis), given a mf prevalence based on a more sensitive diagnostic technique (horizontal 
axis). Bullets represent data used to train the models, with horizontal and vertical error 
bars representing 95%-confidence intervals for binomial sampling error. Different 
colours represent the different (more sensitive) diagnostic techniques. Solid coloured 
lines represent the association as predicted by the intercept-only meta-regression model 
(intercept for each diagnostic technique and no dependence on TBS20 prevalence). The 
dashed black line represents the association as predicted by the slope-only meta-
regression model, which assumes that 1) the log-OR is linearly associated with mf 
prevalence as measured by TBS20, and 2) there is no systematic difference between the 
four more sensitive diagnostic techniques (one-shared intercept). Different shapes of the 
dots characterise data from pre-control settings, data from settings where only some 
villages were treated (partially), or data from settings where it is unclear whether 
treatment has been provided. 
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Abstract  

Background: Since the 1990s, evidence has accumulated of an increased prevalence of 
epilepsy in onchocerciasis-endemic areas in Africa as compared to onchocerciasis-free 
areas. Although the causal relationship between onchocerciasis and epilepsy has yet to 
be proven, there is likely an association. Here we discuss the need for disease burden 
estimates of onchocerciasis-associated epilepsy (OAE), provide them, detail how such 
estimates should be refined, and discuss the socioeconomic impact of OAE, including a 
cost-estimate for anti-epileptic drugs.  
 
Main body: Providing OAE burden estimates may aid prevention of epilepsy in 
onchocerciasis- endemic areas by inciting and informing collaboration between 
onchocerciasis control programmes and mental health services. Epilepsy not only 
massively impacts the health of those affected, but it also carries a high socioeconomic 
burden for the households and communities involved. We used previously published 
geospatial estimates of onchocerciasis in Africa and a separately published logistic 
regression model quantifying the association between onchocerciasis and epilepsy to 
estimate the number of OAE cases. We then applied disability weights for epilepsy to 
quantify the burden in terms of years of life lived with disability (YLD) and estimate the 
cost of treatment. We estimate that in 2015 roughly 117,000 people were affected by 
OAE across onchocerciasis-endemic areas previously under the African Programme for 
Onchocerciases control (APOC) mandate where OAE has ever been reported or 
suspected, and another 264,000 persons in onchocerciasis-endemic areas where OAE 
has never been investigated before. The total number of YLDs due to OAE was 39,300 
and 88,700 in these areas respectively, based on a weighted mean disability weight of 
0.336. The burden of OAE is approximately 13% of the total YLDs attributable to 
onchocerciasis and 10% of total YLDs attributable to epilepsy. We estimated that by 2015 
the total costs of treatment with anti-epileptic drug for OAE cases would have been a 
minimum of 12.4 million US$.  
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Conclusions: These estimates suggest a considerable health, social and economic 
burden of OAE in Africa. The treatment and care for people with epilepsy, especially in 
hyperendemic onchocerciasis areas with high epilepsy prevalence thus requires more 
financial and human resources.  
 
Keywords: River blindness, Onchocerciasis, Epilepsy, Burden estimates, Years of life 
lived with disability, Review, Research priorities, Prevalence, Disability weight, Case 
definition  
 

Background  

Onchocerciasis, or “river blindness”, is targeted for elimination, using preventive 
chemotherapy through mass drug administration (MDA) with ivermectin as the primary 
intervention strategy [1]. Onchocerciasis is transmitted by the bite of infected blackflies 
that breed in fast-flowing rivers. It causes stigmatising skin disease and vision loss, the 
latter eventually leading to blindness, nearly all cases occurring in sub-Saharan Africa 
(SSA). Since the 1990s, high prevalence of epilepsy in onchocerciasis highly-endemic 
areas has increasingly been reported, especially in localised foci across Africa [2–8]. 
 
In general, the prevalence of epilepsy in sub-Saharan Africa is higher as compared to Asia, 
Europe and North America [9]; the mean prevalence in Africa is 26% higher than the 
global mean [10]. Epilepsy is more common in Africa due to several factors, including 
socioeconomic deprivations, limited access to high quality and affordable healthcare 
facilities, particularly in rural areas [10]. The Global Burden of Disease (GBD) study 
estimated for the year 2015 a total of 2.66 million disability-adjusted life years (DALYs) 
(95% CI: 2.15‒3.28) attributed to epilepsy, and 0.99 million DALYs (95% CI: 0.45‒1.72) 
attributable to onchocerciasis in SSA [11]. Various studies have estimated the number of 
people with active epilepsy in SSA with numbers ranging from 2.5 million to 4.5 million 
[10–12]. Only a fraction of these epilepsy cases may potentially be attributed to 
onchocerciasis-associated epilepsy (OAE) [13]. An early, crude assessment of the burden 
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of OAE in SSA estimated approximately 100,000 cases (2011 data) [14]. Given the 
negative consequences of OAE, this number should be refined with more granular data 
and more advanced methods since these numbers were estimated as a proportion of a 
predicted number of Onchocerca volvulus-infected people in the absence of MDA. OAE-
affected individuals are subject to high economic costs, stigmatisation, discrimination 
[15] and premature mortality [16] if left untreated. 
 
In this review, we discuss the current evidence of an association between onchocerciasis 
and epilepsy, and provide the first estimates of OAE burden in terms of expected number 
of cases, years of life lived with disability (YLDs), and socioeconomic consequences for 
onchocerciasis-endemic areas previously under the African Programme for 
Onchocerciasis Control (APOC) mandate. Furthermore, we suggest research priorities to 
assist in building consensus on the prioritisation of the OAE research agenda and the 
diligence of human and financial resources required to prevent new OAE cases. 
 
Are onchocerciasis and epilepsy associated? 

Many well-known, non-infectious causes of epilepsy may contribute to the burden of 
epilepsy in onchocerciasis-endemic areas, including perinatal trauma, genetic factors, 
environmental/toxic factors or nutritional deficiencies that occur early in life [9]. Some 
parasitic infections are known to be associated with epilepsy, including 
neurocysticercosis (NCC) (due to Taenia solium), toxoplasmosis (due to Toxoplasma 

gondii), and malaria, among others [9]. For example, T. solium in particular is endemic in 
many African countries where widespread free-roaming of pigs occurs and where pork 
is consumed [17], and it is estimated that around 30% of the acquired epilepsy in T. 

solium-endemic areas of developing countries is caused by NCC [18]. It is likely that NCC 
plays an important role in SSA, although there is little knowledge on how widespread the 
distribution of NCC in SSA is [17]. The role of other parasitic infections in causing 
epilepsy, including O. volvulus infection, has been much less established. Although several 
cross-sectional and case-control studies show an association between onchocerciasis 
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and epilepsy [3,4,19,20], it is challenging to interpret such studies and demonstrate 
causality in this association due to co-infection with multiple other parasites (e.g. 
Plasmodium falciparum, T. gondii, T. solium [21]) and other confounding factors.   
 
On the population-level, there is evidence of an association between epilepsy and 
onchocerciasis. A meta-analysis by Pion et al. [4] found an association between 
onchocerciasis and epilepsy using population-based surveys; on average there was a 
0.4% increase in epilepsy for each 10% increase in onchocerciasis prevalence. This 
association is based on studies from eight communities in seven African countries. In 
only two areas (in Cameroon) NCC was reported to be endemic [2,4,22], but additional 
information from one of these areas show that a maximum of four possible or borderline 
T. solium-infected individuals were found out of 53 people with epilepsy [5]. It should be 
noted, however, that detection of NCC could be missed as diagnosis on the basis of 
serologic tests alone would be incomplete due to low sensitivity or specificity [23,24]. 
Another review performed a restricted analysis on case-control studies that controlled 
for gender, age and place of residence [3]. This review by Kaiser et al. found a weak 
positive association between skin snip positivity and epilepsy (pooled OR = 1.29; 95% CI: 
0.93‒1.79, P = 0.139). Additionally, it found that quantitative measures of infection 
intensity in individuals (i.e. mean microfilariae (mf), number of palpated nodules) was 
significantly higher in people with epilepsy (PWE) than in people without epilepsy 
(PWOE). In addition, preliminary results of a recent prospective study performed in the 
Mbam valley of Cameroon, looking at the incidence of epilepsy in O. volvulus-infected 
children at baseline in 1991‒1993 with a follow-up in 2017, suggest that the incidence 
rate ratio of epilepsy was significantly higher in children with very high initial mf 
intensities/skin snips [25]. These results suggest a dose-response relationship wherein 
the risk of developing epilepsy in onchocerciasis patients is higher with increasing O. 

volvulus mf density, supporting the hypothesis that a proportion of epilepsy cases in an 
onchocerciasis-endemic area are to be caused by onchocerciasis. The effect of ivermectin 
on preventing new OAE cases or on reducing the seizure frequency of prevalent epilepsy 
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cases is to be further investigated, although recent studies suggest that ivermectin has a 
positive effect on epilepsy incidence [26,27]. It is also reported that ivermectin can 
reduce severity and frequency of epileptic seizures [28], but it is yet unclear if this is due 
to the anticonvulsant properties of ivermectin or due to flaws in the methodology of the 
respective study. More studies are currently underway to assess the impact of MDA on 
OAE [29]. 
 
There is still no definitive pathophysiologic explanation for the link between 
onchocerciasis and epilepsy. Studies in children with nodding syndrome (a childhood 
epilepsy disorder described in O. volvulus-endemic areas) suggest that antibodies to a 
protein (leiomodin-1) present in neurons may cross-react with a similar protein that is 
present in the parasite O. volvulus [30].  Further research herein would be strongly 
recommended.  
 
The challenges of defining an onchocerciasis-associated epilepsy case 

In spite of the population-level association between onchocerciasis and epilepsy, it is 
difficult to attribute individual epilepsy cases to onchocerciasis. Epilepsy is a condition 
characterised by recurrent (two or more) afebrile epileptic seizures at least 24 hours 
apart, unprovoked by any immediate identified cause, thus not due to an acute 
intracranial or extracranial condition [31]. Individuals with one unprovoked seizure but 
with a > 60% recurrence risk of epileptic seizures due to an enduring epileptogenic 
abnormality are also considered to be epileptic [31]. Whether an epileptic seizure 
associated with O. volvulus infection also has a > 60% chance of recurrence is unknown 
and may depend on the mf load and whether the person has been treated with 
ivermectin. Nonetheless, the chances of epilepsy being caused by onchocerciasis are 
more likely in areas with high onchocerciasis transmission rates, evidence of O. volvulus 
infection, and onset of epilepsy at young age (~5‒18 years old) [32]. Exclusion of other 
causes leading to epilepsy, such as NCC, is often not optimal in rural settings due to the 
unavailability of neuroimaging and requires the establishment of an epilepsy-triaging 

234



Burden of onchocerciasis-associated epilepsy

 

 

system [33]. Without the ability to exclude all other causes of epilepsy, it is impossible to 
confirm a case as OAE. Proper differentiation between causes of epilepsy in remote areas 
across SSA, keeping the limited access to advanced technological instruments in mind, is 
still an area that should receive further attention. Studies investigating the prevalence of 
OAE should therefore always attempt to include a thorough medical/neurological history 
and examination as well as diagnosis of various parasitic infections, including NCC, 
malaria, and toxoplasmosis, among others.  
 
Quantifying the number of OAE cases in sub-Saharan Africa  

In order to estimate the potential burden of OAE in Africa, we first identified areas where 
OAE has been reported or suspected (independent on whether the study found a 
significant association between onchocerciasis and epilepsy). We identified 19 areas in 
nine countries across SSA; Uganda [5,26,34,35], Tanzania [36,37], Cameroon [2], Nigeria 
[19], Central African Republic [20], Burundi [22], Benin [38], the Democratic Republic of 
Congo [39], and South Sudan [40]. Little knowledge is available from countries 
previously under the Onchocerciasis Control Programme (OCP)-mandate, but we expect 
negligible levels of probable OAE cases due to the long duration of vector control and 
MDA (OCP: 1974‒2002), including in Benin [38]. We therefore focussed on areas 
previously under the APOC-mandate (“APOC-areas/countries”). For each APOC-area, 
population density data for 1995 was obtained using the APOC census (for more 
information, please be referred to the note of Additional file 2, Table S1).  
 
We first estimated the number of prevalent OAE cases prior to initiation of MDA with 
ivermectin (gradually introduced in the region since 1995, with exception of Kaduna, 
Nigeria (1991)).  This was done by linking a previously published functional relationship 
between the pre-control community-level prevalence of infection and epilepsy [4] 
(corrected for background prevalence of epilepsy in settings with zero infection 
prevalence) to published estimates of the pre-control epidemiologically mapped 
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distribution of infection prevalence in 20 APOC countries [41]. Details of the approach 
and the underlying assumptions are described in Box 1.  
 
In the 18 remaining APOC-areas where OAE was reported or suspected, the total 
population size in 1995 was 9.2 million people (Table 2). All these 18 areas received 
treatment with MDA, starting between 1999 and 2012. We predict that the number of 
OAE cases in those areas was approximately 113,000 (95% CI: 53,000‒371,000), with an 
overall prevalence of 1.23% of OAE. If we would assume that OAE has a wider 
geographical distribution among other APOC-areas than those 18 areas, we would expect 
another 362,000 (95% CI: 185,000‒1,085,000) OAE cases in 1995 (total population size 
of 81.1 million among all other APOC-areas). We further estimated that approximately 
61.5% of all OAE cases were located in onchocerciasis hyperendemic areas (nodule 
prevalence in adult males ≥ 40%), 28.7% in mesoendemic areas (20‒40% nodule 
prevalence), and 9.8% in hypoendemic areas (< 20% nodule prevalence). 
 
To estimate the number of OAE cases by 2015, we assumed that the number of prevalent 
cases increased over time due to population growth and that OAE prevalence declined 
during control of onchocerciasis only due to lower incidence for areas with MDA and 
excess mortality (i.e. assuming no direct effect of ivermectin on curing epilepsy, hence 
prevalent OAE cases). We predict that in 2015, there were approximately 117,000 (95% 

CI: 50,000‒441,000) prevalent OAE cases, with an overall OAE prevalence of 0.74% 
(Table 2). If we assume that OAE is also present in onchocerciasis-endemic areas 
previously under the APOC mandate and where OAE has not (yet) been investigated, we 
predict an additional 264,000 (95% CI: 109,000‒1,195,000) cases in 2015.  
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Table 2. Estimated number of onchocerciasis-associated epilepsy cases with 95% 
confidence intervals in the African Programme for Onchocerciasis Control-areas for two 
time periods. Numbers are presented in thousands. OAE: Onchocerciasis-associated 
epilepsy. 

  1995 2015 

Areas where presence of OAE is 

reported / suspected 

Number of cases 93 
(95% CI: 40‒352) 

117 
(95% CI: 50‒441) 

Total population 9,214 15,821 
Areas where presence of OAE has 

not yet been investigated  

Number of cases 205 
(95% CI: 85‒922) 

264 
(95% CI: 109‒1195) 

Total population 81,116 139,282 
Total Number of cases 298  

(95% CI: 124‒1274) 
381  

(95% CI: 158‒1636) 
Total population 90,330 155,103 

 

 

Box 1. Methods for calculating onchocerciasis-associated epilepsy (OAE) cases in the 

African Programme for Onchocerciasis Control (APOC) countries in 1995 (pre-

control) and in 2015 

Figure 1A shows the functional relationship describing the community-level association 
between the prevalence of Onchocerca volvulus skin microfilariae and all-cause epilepsy 
(case definition as in the International League Against Epilepsy guidelines [31]), as published 
by Pion et al. [4]. The predicted prevalence of epilepsy in areas with zero O. volvulus 
microfilariae prevalence was removed from the analysis. The prevalence of OAE in 
onchocerciasis-endemic areas was calculated by subtracting the predicted prevalence of all-
cause epilepsy for APOC-areas using the functional relationship from an averaged all-cause 
background epilepsy prevalence for Sub-Saharan Africa (0.36%, 95% CI: 0.26‒0.47% [11]). 
We linked the functional relationship to a published map of nodule prevalence in adult males 
in Africa (Figure 1B) after converting this map to skin microfilariae prevalence in the general 
population (age 5 and above) at the pixel level (1×1 km raster) using a published statistical 
model (Figure 1C) [42]. We assumed that the association between all-cause epilepsy and 
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microfilariae prevalence was entirely driven by geographical variation in onchocerciasis 
prevalence, which we assume to be uncorrelated with other important causes of epilepsy in 
developing countries, like neurocysticercosis. 
 
Next, the pre-control number of OAE cases was estimated by multiplying the average OAE 
prevalence in an area (averaged over pixels) with the size of the population at risk (based on 
APOC census data), assuming that the population density is homogeneous throughout the 
area. We stratified the pixels by pre-control nodule prevalence in adult males (> 0%‒< 20%, 
≥ 20%‒< 40%, ≥ 40%) and  the population at risk proportional to the number of pixels in 
each endemicity category. 
 
To extrapolate the number of OAE cases to 2015, we assumed that the population at risk and 
hence the potential number of OAE cases (counterfactual assuming no control) increased 
annually due to population growth. Population growth between 1995 and 2015 was 
assumed to be 2.74% based on UN population prospects for SSA [43]. For years that areas 
remained untreated, we assumed that prevalence of epilepsy remained proportionally stable 
(i.e. as estimated for 1995). Next, we corrected the number of cases for the presence of MDA, 
assuming that treatment has no effect on prevalent cases of OAE but prevents incidence of 
new cases after a scaling-up period of 3 years (i.e. accounting for low treatment coverage in 
the first few years of MDA programmes). Ivermectin was assumed to reduce OAE incidence 
to zero (after on three years of non-optimal MDA) on the basis of studies that suggest a 
reduction in the incidence of epilepsy after ivermectin treatment [26,27,44]. We further 
assumed that once incidence of OAE is zero, the number of prevalent OAE cases declines by 
3.5% annually due to mortality, based on a reported 70% cumulative 10-year survival 
probability among epilepsy cases [16] ( 1 − √0.710 = 0.035 ). All baseline tables and 
calculations are shown in Additional file 2. Furthermore, multivariate sensitivity analyses 
were performed around our assumption of survival probability and number of years of 
suboptimal ivermectin before OAE incidence drops to zero (Additional file 2, Table S3).  
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Of course, there are some limitations in the data and mathematical functions on which 
this analysis is based. Firstly, the model uses an infection prevalence map [41] based on 
the Rapid Epidemiological Mapping of Onchocerciasis (REMO) surveys. The REMO 
surveys have their own inherent challenges, including the use of the less sensitive 
palpation of nodules as compared to skin snipping. Secondly, the logistic functional 
relationship for prediction of OAE prevalence by onchocerciasis infection, as reported by 
Pion et al., includes the at that time available literature for which various corrections 
needed to be made in order to account for history of treatment and the various diagnostic 
methods used [4]. These are the best available data to estimate – for now - most 
accurately the number of OAE cases in APOC-countries. In addition, we applied a more 
realistic background all-cause epilepsy such as reported by the GBD for SSA (0.36%) 
rather than the reported background all-cause prevalence epilepsy by Pion et al (0.17%).  
 
Quantifying the disease burden: Years of Life Lived with Disability 

DALYs are a metric used to quantify the health loss attributable to a disease. They are 
calculated as the sum of years of life lost (YLLs) due to premature death from a disease 
and YLDs  due to that disease, making DALYs a useful measure for policy purposes 
because they enable comparison of the importance of diseases. YLDs are calculated by 
multiplying the number of years lived with a certain disease manifestation with 
corresponding disability weights. The methods for the calculation of disability weights 
have been described in detail elsewhere [45,46].  
 
The GBD study assigned disability weights to more than 300 disorders and diseases, 
including epilepsy. The disability weight for severe epilepsy is one of the highest with a 
value of 0.552 (95% CI: 0.375‒0.710). Other disability weights assigned to epilepsy 
health states vary in their application by seizure frequency and treatment status. The 
lowest disability weight is assigned to treatment-controlled, seizure-free epileptics with 
a value of 0.049 (95% CI: 0.031‒0.072) (Table 3).  
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Table 3: Different sequela of epilepsy that could be applied to onchocerciasis-associated 
epilepsy (adapted from [47]). 
 

Sequelae Health State Lay Description Disability 

Weight 
Severe 
epilepsy 

Severe 
(seizures ≥ 

once per 
month) 

An individual has sudden seizures one or more 
times each month, with violent muscle 
contractions and stiffness, loss of consciousness, 
and loss of urine or bowel control. Between 
seizures the person has memory loss and 
difficulty concentrating. 

0.552 
(0.375–0.71) 

Less severe 
epilepsy 

Less severe 
(seizures < 

once per 
month) 

An individual has sudden seizures two to five 
times a year, with violent muscle contractions 
and stiffness, loss of consciousness, and loss of 
urine or bowel control. 

0.263 
(0.173–0.367) 

Seizure-free, 
treated 
epilepsy 

Treated 
without fits 

An individual has a chronic disease that requires 
medication every day and causes some worry but 
minimal interference with daily activities. 

0.049 
(0.031–0.072) 
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In order to assign disability weights and calculate DALYs attributable to OAE, certain 
pieces of information are needed: 

1. The number of deaths attributable to OAE and the age at death; 
2. The frequency of occurrence and severity of seizures (for choosing an applicable 

health state), and the proportion of patients in each of these health states; 
3. The proportion of patients with controlled epilepsy, receiving treatment with any 

anti-epileptic drug (AED). 
 
Unfortunately, this information is not widely reported in literature. A study in an area of 
Cameroon highly-endemic for onchocerciasis found that 47% of epilepsy cases in the 
area experienced at least one seizure in the six months prior to the study date while 16% 
were seizure-free with consistent therapy. At epilepsy onset, 37% had experienced daily 
seizures [48] (Table 4). DALY calculation for OAE is currently difficult due to the lack of 
information on the age-distribution of OAE deaths required for calculating YLLs 
(estimated as the sum difference between age at death and life expectancy at death). 
However, YLDs can be estimated as the product of the number of prevalent OAE cases 
and the disability weight for OAE. If the assertions around the epidemiological 
relationship as published by Pion et al. [4] are representative for the distribution of OAE 
in all countries previously under the APOC mandate, we estimate that in 2015 there were 
approximately 39,300 YLDs attributable to OAE in the areas where OAE has been 
reported or suspected and potentially 88,700 YLDs attributable to OAE in other areas 
where OAE has not been reported up to now. Calculations can be seen in Box 2.  
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Box 2. Methods for calculating YLDs attributable to onchocerciasis-associated epilepsy 
(OAE) 

The disability weight associated with epilepsy depends on the disease severity (see table 
3). We calculated a weighted mean disability weight for epilepsy across the different 
severity levels, weighting the health state-specific disability weights by the proportion of 
cases in that health state (Table 4). The proportion of cases in each health state is derived 
from clinical data of epilepsy severity and frequency in an onchocerciasis hyperendemic 
area [48]. We assume that the weighted mean disability weights are also applicable to OAE. 
We multiplied the weighted mean disability weights with the number of prevalent OAE 
cases to calculate total YLDs attributable to OAE, independently for the various areas. Two 
types of sensitivity analyses were performed to demonstrate the range in estimates 
yielded by varying one disability weight value at a time (Additional file 2; figures S1 and 
S2). 
 

Table 4.  Frequency of different health states (indicating different severity levels) of 
epilepsy in an onchocerciasis hyperendemic area, associated disability weights for each 
health state (GBD), and calculation of the weighted mean disability weight across health 
states (weighted for the proportion of cases in each health state, based on Prischich et al. 
2008 [48]). 

Health state Proportion of epilepsy 

patients with health state 

Disability weight  

Severe epilepsy 37% 0.552 
Less severe epilepsy 47% 0.263 
Seizure-free, treated epilepsy 16% 0.049 
Weighted mean disability weight, weighted by the 

proportion of cases in each health state 
0.336 

 
Total YLDs attributable to OAE for 2015 in areas with suspected/reported OAE:  

0.336 × 117,000 = 39,300 (95% CI: 16,800‒148,200) 
This total estimation of YLDs is based on areas where OAE has been reported or suspected 
(same 18 areas as stated before). 
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Total YLDs attributable to OAE  for 2015 in areas where the presence of OAE has not yet 
been investigated:  0.336 × 264,000 = 88,700 (95% CI: 36,600‒401,500) 

This total estimation of YLDs is based on onchocerciasis-endemic areas previously under 
the APOC mandate where OAE has not been reported or suspected. 

 
There are some important limitations to these YLD estimates. First of all, one study is 
likely not representative of all epilepsy cases in Africa. We have therefore performed an 
additional sensitivity analysis to assess the robustness of our YLD estimates by 
comparing our estimated weighted mean disability weight with those of the GBD 
(Additional file 2, chapter 2). It is likely that the proportion of OAE cases experiencing 
different levels of epilepsy severity vary by mf intensity level and by treatment history. 
It is also possible that severity of OAE may vary by geographical location due to different 
O. volvulus species with differing pathogenic potential, such is the case for blindness due 
to onchocerciasis [49]. Variation is also expected by level of healthcare access, given that 
a lower disability weight is applied to medically-controlled epilepsy cases. The disability 
weights from the GBD as shown in Table 3 are not collected for different age groups, and 
it would be interesting to validate the different assigned severity weights among 
especially children and young adults with epilepsy in onchocerciasis-endemic areas, as 
they are the ones with highest OAE prevalence. Ultimately, with so little available 
published information on the clinical details of the disease, it is hard to know how close 
this estimate is to the truth. However, the burden of OAE can be substantial as compared 
to other clinical manifestations of onchocerciasis. If we assume that OAE occurs 
throughout all onchocerciasis-endemic countries previously under the APOC mandate, 
the total YLD attributable to OAE would be 128,000 YLDs (39,300 + 88,700 = 128,000 
YLDs) in 2015. The GBD estimated 989,653 YLDs due to onchocerciasis (i.e. skin disease, 
visual impairment, blindness) in the year 2015 for SSA [11]. The actual onchocerciasis 
burden (in terms of YLDs) would be approximately 12% higher if we would also take 
account of OAE. Out of the 3.5 million prevalent epilepsy cases in SSA (GBD estimate for 
2015 [11]), 11% would be associated with onchocerciasis. Using the weighted mean 
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disability weight for epilepsy, the YLDs due to OAE in APOC-areas forms about 10% of 
the estimated YLDs in SSA due to epilepsy overall (GBD estimate 2015: 1.31 million YLDs 
[11]).  
 
Estimating the socioeconomic burden of OAE 

Similar to the distribution of onchocerciasis, OAE occurs almost exclusively in remote 
areas where people are already disenfranchised by their socioeconomic status. 
Subsistence farming is generally the primary source of income, and adequate healthcare 
is often inaccessible [50]. OAE compounds this burden through the accrual of additional 
direct, indirect and intangible health-related costs [51]. 
 
Direct health-related costs include all payable fees related to care-seeking and medical 
treatment including: payment for transportation to and from a medical facility; costs of 
diagnostic testing, medication and physician consultation; cost of follow-up consultation 
and/or hospitalisation; and costs related to home-based care such as the cost accrued 
from an increased need for personal hygiene products like soap. Beyond the cost of 
diagnosing and treating OAE, PWE are more likely to acquire other direct health-related 
costs related to their higher propensity for cooking accidents that may cause severe 
burns requiring treatment and other incidental injuries. These expenditures reduce the 
amount of basic financial resources available to the household [52,53]. Unlike 
onchocerciasis which has one drug of choice for its control, epilepsy treatments are 
multiple and their indications are different [54]. Data on the cost of epilepsy management 
in Africa is currently scarce. Findings from Burundi, Zambia, and South Africa suggest an 
annual cost of medication alone ranging from US$ 10 to US$ 48 [55–57]. Table 5 shows 
the average costs of one unit medicine for a PWE (other costs related to the medical 
management of PWE are currently not available).  
 
To estimate the cost of treatment for all OAE cases in APOC countries, we multiplied the 
predicted number of cases in 2015 by the weighted mean of annual treatment costs of 
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AEDs. No added cost is attributed to account for ivermectin as it is freely distributed by 
the Mectizan® Donation Programme [58]. We estimate that the total cost for treating all 
OAE cases in onchocerciasis-endemic areas where OAE has previously been reported or 
suspected would have been approximately US$12.4 million (117,000 OAE cases × US$ 
106.31) in 2015. If OAE would occur in the whole of APOC-areas, we estimate there 
would be an additional US$28.1 million required (264,000 OAE cases × US$106.31) to 
treat all additional cases. These figures make up only part of the total direct cost since 
they do not account for cost of transportation and consultation/hospitalisation. The 
dosages are currently set to levels that are used in clinical practice of African settings 
[59]. However, non-adherence of patients to AED may be quite high in some settings (59‒
63%), overestimating the costs of AEDs as compared to actual usage [9,60]. 
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Table 5. Costs related to medication for treating one person with epilepsy in US$. 
Adapted from [59]. 

  

 

 

Name 

medication  

Usage Median 

buyer 

price/day 

per treated 

person 

(US$)* 

Defined 

daily 

dose 

(DDD)** 

Median 

buyer 

price/year 

per treated 

person (US$) 

Used by 

percentage of 

all epilepsy 

patients [60] 

Phenobarbital 
~100 mg (1×) 

Used for all forms of epilepsy. 
Most used AED in  Sub-
Saharan Africa which serves 
as first-line, because it is 
relatively cheap and 
available[10].  

$0.0141 100 mg 
 

$5.15 74.6% 

Carbamazepine 
~400 mg (2‒3×) 

Used for focal seizures [54].  $0.14 1000 mg $255.50 27.4% 

Phenytoin 
~100 mg (3×) 

Used in some generalised 
seizures and status 
epilepticus [54].  

$0.0449 300 mg $49.17 22.2% 

Valproate  
~500 mg (3×) 

Used for all forms of epilepsy 
including absences, atonic 
and myoclonic seizures [54].  

$0.1339 1500 mg $146.62 14.7% 

Weighted-average cost of AED US$ 106.31 

Note: AED:  Anti-epileptic drugs. * These figures on dosages per drug are based on the daily average dosage that 
are generally applied in rural African settings, and obtained by comparing several buyer prices for the same product 
in 2015 [59].   
** The defined daily dose (DDD) methodology was designed by the WHO to help in following and comparing cost 
trends at the international level, but not to be used for detailed reimbursement, therapeutic group reference pricing 
or other specific pricing decisions [59]. 
*** The weighted average was calculated by ((100 mg × 1 × cost Phenobarbital unit price × 365 days × 0.746) + 
(200 mg × 5 × cost Carbamazepine unit price × 365 days × 0.247) + (100 mg × 3 × cost Phenytoin unit price × 365 
days × 0.222) + (500 mg × 3 × cost Valproate unit price × 365 days × 0.147))/1.0 total population = US$ 112.16. 
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Furthermore, these estimates do not reflect the indirect and intangible costs of OAE. 
Indirect costs are related to lost productivity that is often a consequence of delayed 
diagnosis and treatment of epilepsy cases due to the limited availability and access to 
specialists trained in epilepsy care in Africa [61]. Several African countries reported a 
treatment gap of between 68% and 82% [62–64]. Untreated epilepsy is often associated 
with lower employment and education levels, and lower socioeconomic status [65]. 
Children with epilepsy may be banned from school, and adults with epilepsy may be 
barred from marriage or employment even if seizures do not render their work unsafe 
[66,67]. Intangible costs are derived from the emotional and social impact of illness. OAE 
affects both PWE and caregivers. Caregivers may experience inordinate levels of stress, 
sleepless nights or burnout related to their responsibility of caring for the patient or their 
worry about the affected child wandering away [53]. Limited access to AEDs for PWE 
results in uncontrolled seizures with a high frequency of intellectual disability and 
psychiatric problems, rendering them extremely vulnerable to abuse and neglect. There 
have been anecdotal reports that suggest that women with epilepsy in SSA are sexually 
exploited, abused and have to exchange sex for basic necessities more frequently than 
unaffected women. This sexual assault also increases their risk for HIV/AIDS and other 
sexually transmitted infections [66] and if they become pregnant, they may be left with 
the additional burden of caring for a child [53]. 
 
A major challenge in holistically estimating the socioeconomic burden due to OAE is the 
difficulty in measuring costs because there are many unknown factors (e.g. loss of 
economy due to time away from work, denial from work of PWE). Therefore, these 
estimates do not reflect the indirect and intangible costs of OAE. Although we recognise 
the limitations of providing only costs of medicines, it appears that investing in direct 
costs (principally treatment with AED) would likely produce benefits in indirect costs 
(increased productivity) and intangible costs (improved quality of life), all outweighing 
the initial investment [10,68]. Such cost estimations assist in making sure necessary 
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resources become available and that the infrastructure can be set in place to target 
interventions in high-risk onchocerciasis-endemic communities.  
 
Towards more accurate burden estimates  

We have described the major challenges and limitations in our quantification of the 
number of cases, disease burden estimates (YLDs), and socioeconomic burden. These 
challenges and limitations can be solved through the acquisition of new and different 
types of data as well the use of more sophisticated statistical procedures or mathematical 
models. More data is needed on the prevalence of O. volvulus and epilepsy at the 
community-level of various levels of onchocerciasis endemicity. While some data has 
already been collected and published [4], there are a number of challenges in utilising it 
for estimation. Due to the different diagnostic methods and case definitions that are 
employed in different studies, the measured prevalence cannot be assumed to be 
comparable due to the divergent sensitivities and specificities. For epilepsy, an adapted 
case definition applicable in remote areas, including onchocerciasis-endemic areas, to 
establish aetiology of epilepsy in absence of neuroimaging would help in making study 
results comparable in future research and comparisons should be made with older 
diagnostics and case definitions to help equate and interpret results from past research.  
 
Secondly, age- and sex-stratified information is vital in order to capture age- and sex-
specific trends in prevalence and disease burden estimates. Epilepsy in onchocerciasis-
endemic areas may have a different age pattern in the onset of epilepsy as compared to 
onchocerciasis non-endemic areas, with a peak onset of epilepsy between ages 10 and 
15 years [7,8,69]. Age- and sex-stratified data are essential to be able to reproduce 
disease trends in the prevalence of OAE that can subsequently inform treatment policy, 
research and drug development efforts targeted at these higher-risk groups. In addition, 
data on the sex- and age-distribution of OAE deaths is required in order to calculate 
DALYs. Note that the collection of such data, however, may be quite challenging without 
the ability to confirm that the epilepsy is caused by onchocerciasis.  
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Thirdly, there is limited data available about the premature mortality due to epilepsy. In 
a study in an onchocerciasis-endemic region in Cameroon the relative risk of death 
among PWE was 6.2 times (95% CI: 2.7‒14.1) than among those without epilepsy [16]. 
Additional assessments of excess mortality due to OAE are necessary to refine our 
assumption of an excess mortality of 3.5% that we applied in the statistical model 
presented here, based on the study by Kamgno et al. [16]. This would have the effect of a 
different survival rate of OAE cases (age-stratified), and henceforth a better estimate of 
the incidence and prevalence of OAE cases across Africa.  
 
Fourthly, very little data is available concerning the current incidence and prevalence of 
OAE in the majority of sub-Saharan African countries where onchocerciasis is endemic. 
The available data is concentrated in limited and very focal study sites. This both limits 
our ability to develop accurate disease burden estimates for vast areas as well as limits 
our understanding of the epidemiology of the OAE. We have now provided stratified 
estimates of OAE cases for areas where OAE has been reported or suspected and areas 
where we do not have any information from. Greater geographical coverage of OAE 
surveys is essential for making estimates more precise and ensuring that the full burden 
of OAE is captured.  
 
Lastly, in addition to more refined and robust data, estimates of disease quantification 
can be refined through the use of modelling frameworks, both statistical and 
mathematical. Statistical models for the association between infection and morbidity 
may not well capture non-linearities in population dynamics, but they can make 
sophisticated estimates of current and future burden. In the past, a Bayesian, hierarchical 
meta-regression model was used to successfully estimate the burden attributable to 
epilepsy globally from 1980 to present [32]. Mathematical models may better capture 
transmission dynamics of onchocerciasis [70–72], such that OAE development is 
dependent on mf-production with a damage trigger after which epilepsy is allowed to 
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develop. It is possible that damage susceptibility is age-dependent, which could be taken 
into account in a mathematical model. Likewise, the degree of excess mortality can be 
accounted for. 
 
Policy implications 

Since epileptic seizures can, under certain circumstances, be well controlled and an 
individual’s quality of life can be restored with treatment, there are significant gains that 
can be made for epilepsy patients. The majority of epilepsy patients in Africa do not 
receive appropriate care, due to limited financial means of households, high costs of AED, 
lack of proper diagnostics, and/or insufficient number of trained health workers or drug 
supplies [73]. Scaling-up of care (e.g. additional support and treatment with AED through 
decentralised services) is urgently needed [10]. The link between onchocerciasis and 
epilepsy may be exploited in two ways.  
 
Firstly, the possible effect of onchocerciasis control efforts on the incidence of epilepsy 
may be reason to put in extra resources for the intensification of onchocerciasis 
elimination activities in highly endemic onchocerciasis areas where high prevalence 
rates of epilepsy are found [32].  Secondly, health systems can be strengthened in (often 
remote) highly endemic onchocerciasis areas with high epilepsy prevalence, to enhance 
timely referral of epilepsy patients (irrespective of the cause of the epilepsy). 
Community-directed distributors of ivermectin could be trained to identify potential 
epilepsy cases and refer them to the general health system, to ensure that they receive 
proper anti-epilepsy treatment. Such efforts may perhaps have little impact on the total 
epilepsy prevalence in SSA, but it would even so have adjuvant advantages for both 
onchocerciasis and epilepsy control and may even prevent the potentially significant 
impact of OAE. In some areas, this may require improvements in accessibility and 
affordability of healthcare services in order to increase utilisation. Most PWE will 
respond to AED in stock, at least with a reduction in seizure frequency, and therefore, if 
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they are picked up in the community and referred, will benefit from the health services 
available. 
 
Research priorities 

We have demonstrated that there is a need to improve estimates of the burden of OAE 
by country, age and sex, including the calculation of YLLs, YLDs and DALYs attributable 
to OAE. We have identified six research priorities that need to be addressed in order to 
improve our understanding of OAE and make our estimates more precise (Table 6). 
These priorities should be included in the research and policy agendas of both 
onchocerciasis and epilepsy programmes in Africa. Sustained and intensified funding is 
required to prompt onchocerciasis elimination efforts in general, with special focus on 
high transmission zones (often associated with high potential of increased epilepsy 
prevalence). In addition, these research priorities may motivate health policy-makers to 
increase funding to health systems across SSA in general, with the aim of tackling 
epilepsy in these areas.   
 

Table 6. Research priorities in the estimation of the current burden of OAE. 
1 More fundamental research is required to investigate the biological mechanisms 

of a potential relationship between onchocerciasis and epilepsy. Fundamental 
evidence of causality could assist in the establishment of burden estimates as well 
as the potential development of diagnostic algorithm to identify an OAE cases.  

 

2 Repeat the previous performed meta–analysis by Pion et al. [4] including recently 
performed epilepsy surveys in onchocerciasis-endemic regions to incorporate 
new information. Sources of bias of included studies should be tracked and a meta-
analysis should preferably adjust for potential confounders (age, sex, residence, 
certain parasitic infections (e.g. NCC)). A correction should be made to exclude 
epilepsy potentially initiated by other causes. 
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3 Perform epilepsy incidence or prevalence surveys in onchocerciasis-endemic 
areas where no data is yet available, using standardised tools for O. volvulus and 
epilepsy diagnosis. Information should be collected on the age and sex distribution 
of OAE cases (including age of onset of the epilepsy) and the co-prevalence of other 
sequelae including onchocerciasis associated skin disease (including itching) and 
ocular disease. Such studies should tempt to include diagnosis of various other 
parasitic infections, including NCC, malaria, and toxoplasmosis. Muslim or 
Orthodox Ethiopian-Christian areas where pigs are not raised but endemic for 
onchocerciasis could be included in such surveys.  

 

4 Design, implement and evaluate a simple tool for ubiquitous use in limited 
resource settings to identify suspected epilepsy cases, which can be used by 
community distributors of ivermectin and local primary healthcare workers so 
that these cases are timely referred to local health facilities.  

 

5 Conduct prospective, longitudinal community intervention trials on the impact of 
MDA on the incidence of OAE in ivermectin-naïve areas with high onchocerciasis 
transmission with individual-level follow-up recording O. volvulus infection status, 
epilepsy onset, and ivermectin usage. Compare alternative onchocerciasis control 
strategies on reducing OAE incidence, e.g. different frequencies of distribution of 
ivermectin, use of new macrofilaricidal drugs in development, and vector control 
where feasible. 

 

6 Determine the direct and indirect health-related costs, and intangible costs due to 
OAE by disease stage, country, sex, and age through a cost-of-illness analysis for a 
more precise economic burden estimate for OAE.  
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Conclusions  

Based on our estimates the number of persons with OAE in 2015 is estimated to be 
117,000 (95% CI: 50,000‒441,000) in onchocerciasis-endemic areas where OAE has 
been reported or suspected and 264,000 (95% CI: 109,000‒1,195,000) in 
onchocerciasis-endemic areas where OAE has not yet been investigated. An educated 
analysis of the burden of OAE is imperative in order to delineate the type and scope of 
public health responses it requires, both in terms of efficient control interventions and 
availability of resources. Although the estimates presented here need further refinement, 
they provide a first step towards quantifying the burden of OAE that we can expect today. 
These numbers are useful for policy-makers and onchocerciasis and epilepsy 
programme managers who need to be aware of the public health impact caused by 
epilepsy in onchocerciasis-endemic areas. Intensification of onchocerciasis control 
efforts and/or increases in resources for epilepsy healthcare services would then be 
imperative for most affected areas. People living in onchocerciasis-endemic regions need 
to understand the full implication and potential gains of supporting and adhering to MDA 
programmes.  
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Table S2. Detailed summary table of OAE cases per MDA start year and by areas where 
presence of OAE has been reported or suspected. 
 
MDA 
start 
year  

Areas where presence of OAE is reported / 
suspected 

Areas where presence of OAE has not yet 
been investigated 

No. of OAE 
cases 

(1995)  

No. of OAE 
cases three 
years after 

start of MDA1 

No. of OAE 
cases 

(2015)2 

No. of OAE 
cases (1995) 

No. of OAE 
cases three 
years after 

start of 
MDA1 

No. of OAE 
cases 

(2015)2 

1997 -   -    -    -    -    -    
1999 1,891  2,285  1,437  17,340  20,952  13,178  
2000 -   -    -    3,618  4,492  2,928  

2001 
                 

33  42  28  
             

4,236  5,402  3,649  
2002 -   -    -    3,423  4,486  3,140  
2003 31,642  42,599  30,902  17,399  23,424  16,992  
2004 1,125  1,557  1,170  10,203  14,113  10,609  
2005 -   -    -    10,411  14,795  11,526  
2006 16,578  24,203  19,540  7,924  11,569  9,340  
2007 2,069  3,103  2,596  18,335  27,503  23,010  
2008 118  182  158  5,101  7,861  6,815  
2009 17,798  28,180  25,321  56,025  88,706  79,704  
2010 10,028  16,313  15,190  15,387  25,030  23,307  
2011 -   -    -    17,402  29,083  28,064  
≥2012 11,919 20,465 20,465 18,449 31,678 31,678 
TOTAL 93,201  116,808  205,253  263,943  

 
1 From 1995 onwards, the pre-control number of OAE cases is assumed to 
increase due to population growth (annual increase of 2.74%) until three 
years after start of MDA, at which point we assume incidence is zero due to 
successful implementation of MDA. For projects that started MDA in 2012 or 
later, this column reports the estimated number of OAE cases in 2015. 
 

2 The number of OAE cases in 2015 was calculated based on the estimated 
number of cases three years after start of MDA, assuming that no new cases 
occur from then onwards and that the number of prevalent cases decreases 
by 3.5% each year due to mortality, based on a reported 70% cumulative 10-
year survival probability among epilepsy cases in sub-Sahara Africa [1].  

References 
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Abstract  

Background: Onchocerciasis elimination through mass drug administration (MDA) is 
hampered by co-endemicity of Loa loa in Africa, as people with high L. loa microfilariae 
(mf) density can develop serious adverse events (SAEs) after ivermectin treatment. 
We assessed the geographical overlap of onchocerciasis and loiasis prevalence and 
estimated the number of co-infected individuals at risk of post-ivermectin SAEs in 
West and Central Africa from 1995 to 2025. 
 
Methods: Focussing on regions with suspected loiasis transmission in 14 African 
countries, we overlaid pre-control maps of loiasis and onchocerciasis prevalence to 
calculate pre-control prevalence of co-infection by 5x5 km² pixel, distinguishing 
different categories of L. loa mf intensity. Using statistical and mathematical models, 
we predicted the prevalence of both infections and co-infection for 2015 and 2025, 
accounting for the impact of MDA with ivermectin. 
 
Results: The number of people infected with onchocerciasis was predicted to decline 
from almost 19 million in 1995 to 4 million in 2025. Of these, 137,000 people were 
estimated to also have L. loa hypermicrofilaraemia (≥20,000 L. loa mf/mL) in 1995, 
declining to 31,000 in 2025. In 2025, 92.8% of co-infected cases with loiasis 
hypermicrofilaraemia are predicted to live in hypoendemic areas currently not 
targeted for MDA.  
 
Conclusions: Loiasis co-infection is a major concern for onchocerciasis elimination in 
Africa. We predict that under current strategies, at least 31,000 co-infected people will 
still require treatment for onchocerciasis in 2025 while being at risk of SAEs, justifying 
continued efforts in research and development for safer drugs and control strategies.  
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Summary  

Ivermectin through mass drug administration has been distributed for the control of 
onchocerciasis in Africa, but its use is limited in areas of co-endemicity with Loa loa. 
Particularly individuals with high L. loa infection loads are at high risk of developing 
serious adverse events (SAEs) due to ivermectin. Here, we present the geographical 
overlap of onchocerciasis and loiasis infections in Africa and estimate the expected 
decline in number of people at risk of SAEs between 1995 and 2025.  
 

Introduction  

In 2012 the World Health Organization (WHO) targeted onchocerciasis, also known as 
river blindness, for elimination through preventive chemotherapy interventions. 
Onchocerciasis is caused by the filarial nematode Onchocerca volvulus and is 
transmitted by blackflies (genus Simulium). Onchocerciasis has a long history of 
control. The Onchocerciasis Control Programme (OCP, 1974-2002) in West Africa 
started with regional vector control, later supplemented by mass drug administration 
(MDA) with ivermectin. The African Programme for Onchocerciasis Control (APOC, 
1995-2015) subsequently initiated MDA in 19 additional African countries. In 2016, 
about 132 million people at risk for O. volvulus infection in Africa were treated with 
ivermectin [1]. 
 
The elimination of onchocerciasis is hampered by co-endemicity of loiasis (African eye 
worm), another filarial infection present in West and Central Africa. People with high 
Loa loa microfilarial (mf) densities can develop potentially fatal serious adverse 
events (SAEs) after ivermectin treatment. The pathogenesis of post-ivermectin L. loa-
related neurological complications is not fully understood, but is most likely a 
combination of mechanical blockage of capillaries by large numbers of L. loa mf 
paralysed by the drug and vascular endothelial changes associated with the 
destruction of mf [2,3]. Ivermectin can induce marked adverse effects with a 
functional impairment lasting several days in those harbouring >8,000 mf per mL 
blood, and unconsciousness, coma and death in individuals with >30,000 mf/mL levels 
prior to treatment [2,4,5]. The probability of SAEs after ivermectin intake increases 

271



Chapter 7
 

 

from ~0.7% in individuals with 30,000 mf/mL  to ~7% in individuals with L. loa 
counts of 50,000 mf/mL [3]. As the benefits of treatment were considered to outweigh 
the risk of SAEs, co-endemic areas with high onchocerciasis prevalence were 
nevertheless targeted for MDA with ivermectin, although fear for SAEs sometimes 
resulted in low treatment coverage [6]. However, co-endemic areas with low 
onchocerciasis prevalence have remained untreated hitherto and might be in need of 
alternative strategies.  
 
To understand the need for, and feasibility of, alternative strategies for onchocerciasis 
elimination in loiasis-endemic areas, we assessed the extent of co-endemicity and 
estimated the number of co-infected individuals, including people with such high L. 

Loa mf intensity levels that ivermectin treatment is considered unsafe. We combined 
empirical data using multiple sources with statistical and mathematical models to 
estimate how the number of onchocerciasis, loiasis and co-infection cases change over 
time since pre-control levels up to 2025.  
 

Methods 

General approach 

To estimate the number of people with onchocerciasis-loiasis co-infection in Africa, 
we first overlaid 5x5 km2 resolution raster pre-control maps of loiasis and 
onchocerciasis prevalence with rural population density data from 1995. For each 
raster cell, we then used predictive modelling approaches to assess likely changes in 
the prevalence of both infections thanks to locally implemented MDA with ivermectin. 
Predictions for 2015 and 2025 were combined with raster maps of estimated 
population density for the same years, and results were subsequently aggregated over 
all raster cells within defined target areas. Below we describe the processes used to 
estimate the impact of MDA with ivermectin on the two infections. A detailed 
methodology description, including the definitions applied, is provided in Supplement 
S1, Table S1. 
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Geographical scope of the analysis 

The geographical scope of this analysis includes areas that were surveyed for L. loa 
endemicity across APOC-countries using the RAPLOA procedure [7,8]. RAPLOA 
surveyed areas across countries and APOC projects that were suspected to be endemic 
of loiasis. See Supplement S1, Figure S1 for RAPLOA-surveyed areas that are co-
endemic for onchocerciasis. 
 

Data 

Loiasis maps 

We used loiasis prevalence maps based on “Rapid Assessment Procedure for Loiasis” 
(RAPLOA) surveys that were performed by APOC to identify areas where SAEs might 
occur [4,9,10]. A loiasis prevalence raster map was previously generated by 
geostatistical kriging analysis of the RAPLOA data for all potentially endemic areas in 
14 countries [11]. We updated this map to capture new RAPLOA data from Nigeria and 
Angola (Supplement S1, Table S2). The updated map is shown with onchocerciasis 
overlap in Figure 1, and a loiasis-only version is included in Supplement S1 (Figure 
S3, and section 3.2). We next used the prevalence of history of eye worm from the 
RAPLOA map to estimate the proportion of people in each L. loa mf count intensity 
category (≥8,000 - <20,000 mf/mL; ≥20,000 - <30,000 mf/mL; ≥30,000 mf/mL), using 
a statistical model as described in Supplement S1, section 3.4 and Figure S4.  
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Figure 1. Map of the estimated pre-control overlap between the prevalence of 
palpable onchocercal nodules and prevalence of history of eye worm in African 
Programme for Onchocerciasis Control countries. Abbreviations: CAR, Central African 
Republic; DRC, Democratic Republic of Congo. 
 

 
 
 
Onchocerciasis maps 

We used previously published maps based on Rapid Epidemiological Mapping of 
Onchocerciasis (REMO) [12,13]. A previous model-based geostatistical analysis of 
REMO data [12] resulted in a raster map of the pre-control prevalence of nodules in 
APOC countries (Figure 1) and some newly added extensions (Figure S2 and section 
3.3 in Supplement S1). We converted the pre-control nodule prevalence map into a 
5x5 km2 map of pre-control O. volvulus mf prevalence in the general population using 
methods described elsewhere [14,15]. 
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We linked each raster cell to its APOC project (implementation unit for MDA, see 
definitions in Supplement S1, section 1) and related information on project treatment 
history and expected future treatment scenario. Briefly, nearly all onchocerciasis 
hyper- and mesoendemic areas had started annual or sometimes bi-annual MDA by 
2013 (up to which year we have reported treatment history). For the few projects that 
had not yet started MDA by 2013, we followed the assumptions by Kim et al. [16] with 
some adaptations described in Supplement S1, section 3.5, and Supplement S3. 
 
Impact of MDA on loiasis 

Based on published studies [17–19], we assume that MDA causes a change in the L. loa 
mf count frequency distribution. In our main analysis we assumed that MDA causes a 
change in the L. loa mf count frequency distribution among the population that 
received a first ivermectin treatment according to a Markov transition matrix derived 
from Gardon et al. [17] (Table 1). We assumed that the L. loa mf count frequency 
distribution was sustained after subsequent treatment without any further changes. 
After applying the transition matrix per pixel, linear interpolation was carried out to 
categorise the data into the required L. loa mf intensity classes: mf-negative; >0 - 
<8,000; ≥8,000 - <20,000; ≥20,000 - <30,000; ≥30,000 mf/mL (see Supplement S1, 
section 4.1). We generated raster maps of the predicted prevalence of L. loa 
hypermicrofilaraemia (≥20,000 mf/mL) for 1995, 2015, and 2025. The cut-off of L. loa 
mf loads ≥20,000 mf/mL has been used as part of a pilot study on the efficacy of a TNT 
strategy in order to prevent not only the SAEs, but also to reduce the incidence of 
marked effects (with functional impairment for several days) which could have had 
an impact of the adherence of the population to the strategy [20]. We focused our 
analyses on L. loa mf prevalence rates of 20,000 mf/mL and above. 
 
  

275



Chapter 7
 

 

Table 1. Transmission matrix, relating the L. loa mf count frequency distribution after 
a single treatment with ivermectin to the pre-treatment mf count based on combined 
6 and 12 months follow-up data from Gardon et al. 1997 [17]. For clarity, we rounded 
up the numbers to three decimal places. Abbreviation: L. loa, Loa loa; mf, microfilariae. 
 

 
Fraction of population by L. loa mf intensity category, post-treatment 

L. loa mf 
intensity 
category, Pre-
treatment 

Total 
no. 

0 1-100 >100-
500 

>500-
2,000 

>2,000-
10,000 

>10,000
-30,000 

>30,000 

0 90 0.978 0.022 0 0 0 0 0 

1-100 84 0.857 0.131 0.012 0 0 0 0 

>100-500 72 0.500 0.306 0.139 0.056 0 0 0 

>500-2,000 52 0.365 0.192 0.365 0.077 0 0 0 

>2,000-
10,000 

83 0.120 0.084 0.169 0.434 0.193 0 0 

>10,000-
30,000 

84 0.060 0.024 0.071 0.167 0.595 0.083 0 

>30,000 68 0 0 0.029 0.059 0.485 0.382 0.044 

 

 

Impact of MDA on onchocerciasis 

We used the mathematical model ONCHOSIM [21–23] to predict how O. volvulus mf 
prevalence would change over time due to ivermectin mass treatment, for a 
predefined set of different pre-control endemicity levels, up to 30 years of MDA and 
various treatment coverage levels (Supplement S1, section 4.2). These simulations 
were used for each raster cell to define the likely trend in prevalence over time, 
considering the local treatment history (start date of MDA, achieved coverage, 
treatment frequency) as explained by Tekle et al. [14]. We generated maps of the 
predicted prevalence of O. volvulus infection for 1995, 2015 and 2025.  
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Prevalence of co-infection 

Combining estimates of the proportion of people in different L. loa mf intensity 
frequency classes and the O. volvulus infection prevalence, we estimated the 
prevalence of co-infections and in particular those with high L. loa mf intensity. By 
doing this per 5x5 km² raster cell, we accounted for any spatial correlation between 
the prevalence of O. volvulus and L. loa. Within each raster cell, we assumed that the 
probability of an individual being mf-positive for O. volvulus was independent of the 
probability that they were mf-positive for L. loa. The probability distribution per L. loa 
mf intensity class for pixels in O. volvulus endemic and non-endemic areas was 
multiplied by the total population size for 1995, 2015 and 2025. See Supplement S1, 
section 3.6 for more information on the source of population data. 
 
Uncertainty analysis 

We calculated 90%-Bayesian credible intervals (BCI) around the total estimated 
number of cases with onchocerciasis, loiasis or co-infection with ≥20,000 L. loa mf/mL 
in the geographical area of interest (aggregated over 600,200 pixels), accounting for 
uncertainty in key inputs for our analysis through a Monte Carlo approach. For a 
detailed description of this analysis, please see Supplement S1, section 4.3 and Figure 
S5.  
 
Sensitivity analysis 

We performed a univariate sensitivity analysis to assess how results are influenced by 
two key assumptions, namely i) the impact of annual MDA on L. loa; and ii) the chosen 
critical threshold used for identifying cases with loiasis hypermicrofilaraemia. 
Alternative assumptions for the impact of MDA on loiasis, besides the assumption 
described above, include: a) ivermectin reduces the prevalence and intensity of L. loa 
mf after each repeated treatment with ivermectin (according to the Gardon matrix), 
resulting in an exponential effect of repeated treatments on L. loa mf; and b) 
ivermectin has no effect at all on the intensity and prevalence of L. loa microfilaraemia. 
The critical threshold for identifying hypermicrofilaraemic L. loa infections was 
≥20,000 mf/mL in our baseline analysis. Alternative values considered were ≥8,000 
mf/mL and ≥30,000 mf/mL. 
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Results 

Total number of L. loa-microfilaraemic and hypermicrofilaraemic cases 

The total number of people living in L. loa-mapped areas was 81 million in 1995 and 
is predicted to increase to 169 million in 2025 (Table 2 and Table S1 in Supplement 
S2). In 1995, there were approximately 3.7 million people (4.5%) with L. loa mf (any 
intensity) of whom 558,000 with L. loa hypermicrofilaraemia (0.7% of the population; 
15.1% of all L. loa mf cases). The total absolute number of L. loa microfilaraemic and 
hypermicrofilaraemic cases is expected to increase to more than 6 million and 
684,000 respectively by 2025, with a respective prevalence of 3.8% and 0.4%. By 
2025, the proportion of L. loa hypermicrofilaraemics among all L. loa infected cases 
would be 10.7%.  
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Table 2. Overview of projections of the number of O. volvulus, L. loa and co-infected 
cases for 1995, 2015 and 2025. The percentages between parentheses in each row are 
based on the total number of people living in the respective areas. Absolute number 
of cases are provided in thousands. In square brackets are 90% Bayesian credible 
intervals. Abbreviations: MDA, mass drug administration; MEC/TCC, Mectizan Expert 
Committee/Technical Consultative Committee; mf, microfilariae. 
 

 1995 2015 2025 
Total number of cases in L. loa mapped areas 

  Total population 81,331 134,823 169,257 

  
No. (%) of people with any L. loa mf 
intensity 

3,698 (4.5%) 
[3,690-3,714] 

5,017 (3.7%) 
[4,994-5,039] 

6,382 (3.8%) 
[6,351-6,412] 

  
No. (%) of people with L. loa 
hypermicrofilaraemia  

558.3 (0.7%) 
[554.2-562.4] 

566.3 (0.4%) 
[560.9-571.7] 

683.8 (0.4%) 
[676.9-691.1] 

Total number of cases in L. loa mapped areas that are endemic for onchocerciasis 

 

 Areas where MDA is applied 

  Total population 50,011 82,472 103,541 

  
No. (%) of people with O. volvulus 
mf  

17,156 (34.3%) 
[17,105-17,208] 

10,940 (13.3%) 
[10,893-10,986] 

982.0 (0.9%) 
[973.4-991.2] 

  
No. (%) of people with any L. loa mf 
intensity 

2,093 (4.2%) 
[2,080-2,105] 

 2,356 (2.9%) 
[2,343-2,370] 

 2,799 (2.7%) 
[2,782-2,818] 

  
No. (%) of people with L. loa 
hypermicrofilaraemia 

287.5 (0.6%) 
[284.6-290.3] 

118.5 (0.1%) 
[116.3-120.8] 

83.9 (0.08%) 
[83.0-84.9] 

  
No. (%) of co-infected cases with 
any L. loa mf intensity  

865.7 (1.7%) 
[859.1-872.1] 

484.6 (0.6%) 
[479.7-489.9] 

 64.1 (0.06%) 
[62.6-65.7] 

  
No. (%) of co-infected cases with L. 

loa hypermicrofilaraemia  
122.3 (0.2%) 

[120.8-123.8] 

34.2 (0.04%) 

[33.2-35.2] 

2.2 (0.002%) 

[2.2-2.3] 

 
Areas where MDA is not applied (hypoendemic for onchocerciasis; MDA contraindicated 

according to MEC/TCC guidelines because of suspected loiasis co-endemicity) 

  Total population 8,473 13,945 17,404 

  
No. (%) of people with O. volvulus 
mf  

1,612 (19.0%) 
[1,593-1,629] 

2,651 (19.0%) 
[2,623-2,682] 

3,302 (19.0%) 
[3,264-3,338] 

  
No. (%) of people with any L. loa mf 
intensity 

508.2 (6.0%) 
[503.1-513.3] 

815.7 (5.8%) 
[807.3-824.3] 

1,004 (5.8%) 
[993.3-1,014] 

  
No. (%) of people with L. loa 
hypermicrofilaraemia 

81.1 (1.0%) 
[79.6-82.7] 

128.9 (0.9%) 
[126.3-131.6] 

157.8 (0.9%) 
[154.5-160.9] 
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No. (%) of co-infected cases with 
any L. loa mf intensity 

93.2 (1.1%) 
[91.0-95.5] 

149.7 (1.1%) 
[146.4-153.1] 

183.9 (1.1%) 
[180.1-188.0] 

  
No. (%) of co-infected cases with L. 

loa hypermicrofilaraemia  
14.9 (0.2%) 
[14.3-15.5] 

23.7 (0.2%) 
[22.8-24.6] 

28.9 (0.2%) 
[27.9-30.0] 

 

 
Total number of cases in L. loa-mapped areas that are endemic for 

onchocerciasis  

A large part of the L. loa-mapped areas is onchocerciasis endemic: about 70% of the 
mapped population are in onchocerciasis-endemic areas (~58.5 million people in 
1995, growing to 121 million in 2025) and a large part of that population (85.5%) will 
have benefited from MDA by 2025 (Table 2 and Supplement S2, Tables S2-S4). We 
predict that the overall O. volvulus mf prevalence in treated areas co-endemic for 
loiasis will substantially decrease from 34.3% in 1995 to 0.9% in 2025. We further 
predict a reduction in the proportion of L. loa mf cases over time in treated areas (from 
4.2% in 1995 to 2.7% in 2025), but an increase in the absolute number (from 2.1 
million in 1995 to 2.8 million in 2025) due to population growth. For L. loa 

hypermicrofilaraemia, we expect a decline in both the prevalence (from 0.6% in 1995 
to 0.08% in 2025) and absolute number of cases (287,000 in 1995 to 84,000 in 2025) 
(Table 2). By 2025, we predict that about 2,000 co-infected cases with L. loa 
hypermicrofilaraemia will remain in treated areas. This represents only 0.002% of the 
total population and 0.2% of all onchocerciasis patients in these areas. A further 
breakdown of the number of cases by country, pre-control endemicity and year of 
treatment initiation can be found in Supplement S2. 
 
Between 1995 and 2025 the total population living in onchocerciasis-hypoendemic 
areas co-endemic for loiasis where MDA with ivermectin is contraindicated according 
to MEC/TCC guidelines, is expected to grow from over 8 million to 17 million people 
(Table 2). Contrary to the situation in treated areas, we predict that the number of 
cases (onchocerciasis, loiasis, co-infections) will increase over time proportionally to 
population growth. By 2025, we expect a total of 29,000 co-infected cases with L. loa 
hypermicrofilaraemia in these hypoendemic areas if they remain untreated. This 
implies that 0.2% of the total population in hypoendemic areas and 0.9% of all 
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onchocerciasis patients in these areas will be at risk of SAEs. As a result of the massive 
decline in the number of cases in treated areas, and the increase of cases in untreated 
areas, we estimate that by 2025 77.1% and 92.8% of all O. volvulus mf-positive cases 
and co-infected cases with L. loa hypermicrofilaraemia, respectively, will live in areas 
where ivermectin treatment is currently contraindicated. The risk of co-infection with 
L. loa hypermicrofilaraemia is predicted to remain stable in untreated areas over time.  
  
Onchocerciasis-loiasis maps 

Figure 2 maps the expected prevalence of hypermicrofilaraemic L. loa cases and 
shows a substantial decline over time, particularly in the Democratic Republic of 
Congo (DRC) and Cameroon. However, we still expect sites with a 
hypermicrofilaraemic L. loa prevalence of between 3% and 9% in 2025, e.g. in Gabon, 
the Central African Republic (CAR), Cameroon and the Republic of Congo.  
 
Figure 3 shows how the estimated prevalence of loiasis-onchocerciasis co-infection 
with L. loa hypermicrofilaraemia in L. loa-mapped areas declines over time. Pre-
control there were some hotspots of co-infected L. loa hypermicrofilaraemic cases 
with prevalence rates between 6%-12%, mainly in the Orientale province of DRC, 
Cameroon and the CAR. For 2025, we predict that only some high prevalence foci will 
remain in the CAR, Cameroon, Gabon and the Republic of Congo; almost all in 
untreated onchocerciasis-hypoendemic areas. See for additional information 
Supplement S2. 
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Figure 2. Maps showing the estimated prevalence of L. loa hypermicrofilaraemia 
(≥20,000 mf/mL) in L. loa-mapped areas for three time points: 1995, pre-control (A); 
2015 (B); 2025 (C). Abbreviations: CAR, Central African Republic; DRC, Democratic 
Republic of Congo; L. loa, Loa loa; mf, microfilariae. 
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Figure 3. Maps showing the estimated prevalence of loiasis–onchocerciasis 
coinfections with L. loa hypermicrofilaremia (≥20 000 mf/mL) in L. loa-mapped areas 
coendemic for onchocerciasis for 3 time points: 1995, precontrol (A); 2015 (B); 2025 
(C). Abbreviations: CAR, Central African Republic; DRC, Democratic Republic of Congo; 
IVM, ivermectin; L. loa, Loa loa; mf, microfilariae; O.v., Onchocerca volvulus. 
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Sensitivity analysis 

Figure 4 summarises the results of the sensitivity analysis, showing the sensitivity of 
the predicted number of co-infected cases with hypermicrofilaraemia over time with 
varying assumptions of the effect of MDA on loiasis. If we assume no impact of 
ivermectin on loiasis, the decline in the number of co-infected cases with 
hypermicrofilaraemia is much slower than in our main analysis, and the opposite is 
true if we assume an exponential effect of repeated treatment. The large difference in 
the number of cases between the three assumptions in 2015 is mainly due to the fact 
that the highest impact of ivermectin on infection is achieved after a first MDA round 
with ivermectin (both on L. loa intensity and prevalence), which obviously did not 
occur in the scenario of no effect of ivermectin on L. loa. However, the number of cases 
under the latter assumption did reduce more dramatically between 2015-2025, 
mainly thanks to the decline in onchocerciasis in the co-infected cases. Consequently, 
little difference remains between the assumptions in the predicted number of L. loa 
hypermicrofilaraemic co-infected cases by 2025.  
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Figure 4. Sensitivity of the estimated number of onchocerciasis-loiasis co-infected 
cases by year for different assumptions regarding the impact of MDA on loiasis; no 

effect of IVM: IVM has no effect at all on the intensity and prevalence of L. loa 

hypermicrofilaraemia; effect of first round of IVM: IVM causes a change in the L. loa mf 
count frequency distribution among the population that received a first ivermectin 
treatment; the resulting L. loa mf count frequency distribution is sustained after 
subsequent treatment without any further changes; and exponential effect of IVM: IVM 
reduces the prevalence and intensity of L. loa mf after each repeated treatment with 
ivermectin, resulting in an exponential effect of repeated treatments on L. loa mf. 
Abbreviations: IVM, ivermectin; mf, microfilariae. 
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Discussion 

We anticipate major reductions in the prevalence of O. volvulus (89.1%) and co-
infection cases with L. loa hypermicrofilaraemia (85.0%) between 1995 (pre-control) 
and 2025 in areas that are co-endemic for loiasis and currently subject to ivermectin 
MDA (Table 2 and Table S2, Supplement S2). We predict that by 2025 untreated 
onchocerciasis-hypoendemic areas will contain 77.1% of all remaining 
onchocerciasis-infected individuals, 65.3% of all L. loa hypermicrofilaraemic cases, 
and 92.9% of all co-infected L. loa hypermicrofilaraemic cases. Adapted policy 
recommendations are required for these areas.  
 
Policy recommendations  

An important policy question is what needs to be done in currently untreated areas. 
Some areas in our study are thought to be free of onchocerciasis (e.g. untreated areas 
in Burundi, Chad and Equatorial Guinea [24], but also scattered patches in some other 
countries). If this is confirmed by further elimination mapping, no onchocerciasis 
control measures are required. We also identified several onchocerciasis-
hypoendemic areas in Ethiopia that are likely to be free from loiasis. If this is 
confirmed by further mapping, one can proceed with standard MDA. However, most 
problematic are onchocerciasis-hypoendemic areas co-endemic with loiasis where a 
proportion of the population is still L. loa hypermicrofilaraemic. For these areas, a safe 
option would be to implement a “Test-and-not-Treat” (TNT) strategy aimed at 
excluding severely-infected individuals from treatment through testing of peripheral 
blood with a videomicroscope (LoaScope) [20]. According to our calculations, in 2015 
about 14 million people live in areas where TNT might be a suitable strategy for 
moving forward with onchocerciasis elimination, of which 129,000 (0.9%) would be 
at high risk of SAEs following ivermectin treatment. The prevalence of L. loa 
hypermicrofilaraemia varies between onchocerciasis-hypoendemic areas, with 
predicted prevalences of <0.2% in Sudan and Nigeria, and >5.0% in Gabon and the 
CAR. These results are in line with other published estimates [25–27]. In a recent TNT 
trial in Cameroon (2015 data), 2.1% of the screened individuals were excluded from 
ivermectin distribution due to L. loa mf density ≥20,000 mf/mL [20]. In our analysis, 
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we predict that for L. loa-endemic onchocerciasis-hypoendemic areas in Cameroon, 
3.9% of the population would need to be excluded from ivermectin during a TNT on 
the basis of L. loa mf density ≥20,000 mf/mL blood. A TNT strategy is costlier than 
standard MDA [28], which raises questions about the affordability of implementing 
TNT at a wide scale.  
 
New or adapted safe drugs with macrofilaricidal activity that can potentially be used 
for mass distribution in L. loa co-endemic areas should be considered. Current second-
line treatments for usage in hypermicrofilaraemic co-infected individuals have 
limitations, i.e. doxycycline needs to be taken daily for four to six weeks, is age-
restricted and cannot be used in pregnant and breast-feeding women [29,30], whereas 
moxidectin [31] is also likely contraindicated in patients with heavy L. loa infections 
due to the risk of SAEs. 
 
Potential burden of loiasis and its implications 

We estimate that by 2025 there will be more than 6 million L. loa microfilaraemic 
cases remaining that may require treatment for loiasis infection. L. loa may cause more 
harm than commonly suggested; infection can lead to various severe complications, 
including cardiac fibrosis, encephalopathy (in the absence of treatment), pulmonary 
infiltrates, neurological and psychiatric disorders, and excess mortality [32,33]. We 
predict that by 2025 684 thousand people living in non-endemic areas for 
onchocerciasis will be L. loa hypermicrofilaraemic, justifying additional investments 
in research and drug development for treating L. loa infection.  
 
Study limitations  

The results presented here are estimates based on the most comprehensive available 
data, yet there are some uncertainties and assumptions. Our analysis uses baseline 
data (REMO and RAPLOA) that are relatively old. The distribution of infection and 
population may have changed in the meantime. Each of the two rapid assessment 
surveys have their own specific challenges (e.g. mode of assessment, selection of 
survey sites and participants, sample size requirements) [4,34], which may have led 
to some imprecision in our estimates for certain geographical areas, e.g. some 
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previously identified hypoendemic areas might be free of onchocerciasis [35], but we 
expect that the main conclusion will remain the same.  
 
ONCHOSIM simulated the impact of ivermectin in treated areas according to reported 
treatment history and future MDA scenarios. Although current mathematical models 
capture community infection dynamics throughout MDA well, any incorrect 
assumptions on MDA initiation year, over-reporting of MDA coverage, or MDA 
implementation challenges would result in higher O. volvulus mf and co-infected case 
estimates for 2015 and 2025. Similarly, based on a published transition matrix we 
assume that MDA impacts L. loa mf intensity and prevalence [17]. The robustness of 
these assumptions were assessed through a sensitivity analysis, and found to be in line 
with evidence from a recent study on the impact of repeated annual MDA with 
ivermectin on loiasis prevalence and intensity in Cameroon [19]. These data from 
Cameroon suggests that repetitive use of ivermectin may exponentially impact L. loa 
intensity (and to a lesser extent prevalence) with highest effect after the first round of 
treatment.  
 
Conclusion  

According to our estimates, MDA has a remarkable impact on onchocerciasis and 
loiasis co-infected cases across Africa since the start of mass distribution of 
ivermectin. The highest number of remaining co-infected cases with L. loa 
hypermicrofilaraemia will be in onchocerciasis-hypoendemic areas which would 
benefit most from alternative treatment strategies, such as TNT or alternative 
treatments.    
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3. Data and analysis 

3.1 Geographic scope of the analysis 

The geographical scope of this analysis includes areas that were surveyed for L. loa 
endemicity across countries previously under the African Programme for Onchocercisis 
Control-mandate (APOC-countries) using the RAPLOA procedure. These areas were 
selected on the basis of environmental risk models using remote sensing data for 
Central and West Africa, which predicted the prevalence of L. loa infection using 
environmental covariates that are associated with a suitable environment for the 
presence of Chrysops spp [1,2]. Countries and APOC-projects were not surveyed in their 
entirety (see Figure S1). 
 

Figure S1. Map of area for L. loa and onchocerciasis overlap used in the analysis. 

 

296



Projected number of people with onchocerciasis-loiasis co-infection

 

 

3.4 Conversion from prevalence of history of eye worm to L. loa mf intensity 

Statistical model 

The statistical model comprises a bivariate normal distribution describing the joint 
distribution of village-level logit-prevalence of history of eye worm and the log-mean L. 

loa mf intensities (Figure S4). Further, we assumed that within each village, individual 
L. loa mf counts follow a negative binomial distribution with a shape parameter k, 
where the logarithm of k increases linearly with the log-mean L. loa mf intensity in the 
village (i.e. such that over-dispersion of individual L. loa mf counts increases with lower 
mean L. loa infection levels in a village). Model parameters and parameter uncertainty 
were quantified in a Bayesian framework using dynamic Hamiltonian Monte Carlo. 
Then, given a pixel-level estimate of the prevalence of history of eye worm from the 
RAPLOA map, we used the statistical model to predict the conditional distribution of 
the mean intensity of infection and the associated value of k for that pixel, which in turn 
was used to predict the pre-control prevalence of different categories of L. loa mf 
counts. 
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Figure S4. Statistical association between RAPLOA prevalence (x-axis) and prevalence 
of different categories for intensity of L. loa infection (y-axis). Symbols represent 
village-level data from Nigeria, Cameroon, and DRC [3–5]. Solid represent model 
expectation (posterior mean); the darker shaded area represents the 90%-Bayesian 
credible interval (BCI) for the posterior mean; the lighter shaded area represents the 
90%-BCI for individual village-level predictions given a (point-)estimate of the RAPLOA 
prevalence. The association was used to translate individual pixel-level draws of the 
RAPLOA prevalence to village-level predictions for prevalence of the different intensity 
categories.
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4.3  Uncertainty analysis 

Monte Carlo simulation with 500 iterations was used to propagate uncertainty in key 
inputs into our estimates of the prevalence of onchocerciasis, loiasis and 
onchocerciasisloiasis co-infection with L. loa mf counts ≥20,000 mf/mL. Figure S5 
summarizes the steps that were taken to generate samples of our key outputs for all 
600,200 pixels on our map (corresponding to the number of pixels at 5x5 km2 raster 
resolution). More details are provided in the online version of the supplementary 
material.  
 
Figure S5. Schematic presentation of the quantification of the uncertainty in the 
estimation of onchocerciasis-loiasis co-infection with L. loa mf counts of ≥20,000 per 
mL blood.  
 

 
 

Note: We extracted the nodule prevalence (Pnod) at the pixel-level and the prediction 
standard errors (SE) given the Pnod at location i. We then translated the pre-control 
Pnod0 at each location i into a pre-control prevalence of O. volvulus mf in the general 
population aged 5+ (Pmf0) using a previously published functional relationship. MDA 
history was then added as input for each location i, and ONCHOSIM was used to predict 
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trends in prevalence of O. volvulus mf post-control (Pmf
 Y

) at time point Y (2015, 2025). 

Similarly, the prevalence of history of eye worm (Peyew) was extracted from the 
RAPLOA maps using kriging-based methods, with a standard error (SE) around the 
point estimation for each location i. The Peyew was then converted into the pre-control 
prevalence of L. loa mf for L. loa intensity of ≥k mf/mL (Pkmf0; k=0, 1, 100, 500, 2000, 

10000, 30000) using a negative binomial distribution (see above). In order to predict 
the post-control L. loa mf infection with ≥k mf/mL (Pkmf

Y
) at time point Y (2015, 2025) 

based on the Pkmf0 at a given location i, we used a Dirichlet distribution (see above). 

The Pmf
 Y

 and each Pkmf
Y
 were then multiplied with the population density at location i 

to estimate the local number of people with onchocerciasis infection and the number 
with L. loa infection intensities ≥k mf/mL The total number of people infected with 
onchocerciasis, the number with L. loa, the number with L. loa hypermicrofilaraemia 
(≥20,000 mf/mL) and the number of co-infected with onchocerciasis, was calculated by 
summation over all 600,200 pixels. This process was repeated 500 times to generate 
predictive distributions for each of these indicators with their 90% BCI. 
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Chapter 8 

 

In this thesis, we studied and quantified the disease burden of the two major filarial 
infections in Africa – onchocerciasis and lymphatic filariasis – in the past, present and 
future. This thesis trajectory required data collation, model development, validation, 
and qualification of both statistical and mathematical models, with the final aim to 
translate research into policy recommendations for national onchocerciasis and LF 
programmes in Africa. This section contains a discussion of the research questions 
mentioned in the introduction section, potential follow-up research topics, 
conclusions, and recommendations for policy and future research.  
 

8.1 Main findings 

Research Question 1 

How does infection associate with clinical morbidity for onchocerciasis and lymphatic 
filariasis at the population level?  
 

Answer 

Associations between community-level infection and clinical morbidity for 

onchocerciasis and lymphatic filariasis are typically characterised by non-linear 

patterns that result from a process of accumulation and regression of tissue damage.  

 

In Chapter 2, we mimicked the processes of accumulation and regression of tissue 
damage in a new, generic disease module within ONCHOSIM for onchocerciasis, and 
showed that this model can capture the typical observed non-linear associations 
between the prevalence of infection and morbidity by age for onchocerciasis. We also 
developed a statistical model to capture the community-level association between 
clinical morbidity and lymphatic filariasis (LF) infection (Chapter 5). In line with the 
current understanding of pathological mechanisms for onchocerciasis and LF, the 
models allow for damage to be accrued when microfilariae (mf) or adult worms die, 
respectively. Acute, reversible clinical manifestations may to some extent disappear 
through a constant healing process, captured in our model by a damage regression 
rate (only for onchocerciasis), whereas we assumed no damage regression for the 
irreversible clinical conditions of both infectious diseases. In the models, morbidity 
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prevalence increases more than proportional with infection prevalence, because the 
higher infection prevalence is associated by higher infection intensity and thereby 
faster accumulation of tissue damage.  
 

Reversible clinical conditions due to O. volvulus, i.e., reactive skin disease and severe 
itch show non-linear patterns that are similar to one another; i.e., the prevalence of 
morbidity increases rapidly with the prevalence of infection, with morbidity being 
already present among young age groups (Chapter 2). Tissue damage leading to 
onchocercal skin and eye manifestations is caused by the host immune response to the 
release of both microfilarial antigens and endosymbiotic Wolbachia bacteria when mf 
die and induce inflammatory reactions. Reversible morbidity can rapidly develop with 
infection prevalence at the population level, which can be reproduced in our model by 
setting a relatively low disease threshold. This means that, it only requires a small 
amount of tissue damage during infection for reversible symptoms to appear. 
Reversible clinical morbidity can therefore already present itself in low and moderate 
transmission settings as well as among young age groups, as long as there is active 
infection. Reversible clinical morbidity declines rapidly with declining infection levels 
during control, although the speed of the decline depends on the pre-control 
endemicity, MDA coverage, and frequency of MDA rounds. 
 
For LF, the accumulation of tissue damage is caused by the natural death of adult 
worms (as opposed to treatment-induced worm death or mf). The pre-control 
association between LF infection and hydrocele versus lymphoedema/elephantiasis 
is quite different. There is a higher hydrocele prevalence at zero LF infection than 
quantified for lymphoedema/elephantiasis. The hydrocele prevalence increases more 
rapidly with increasing community-level infection prevalence as compared to 
lymphoedema/elephantiasis prevalence, suggesting that among males infected with 
W. bancroftian filariasis, hydrocele is a much more common clinical condition than 
lymphoedema/elephantiasis (e.g., W. bancroftian worms prefer to reside around the 
scrotum rather than lymphatic vessels of the limbs).  
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Irreversible onchocerciasis and LF-related morbidities, i.e., atrophy, depigmentation, 
hanging groin, hydrocele, lymphoedema/elephantiasis, vision loss, only slowly 
increase with increasing community-level infection prevalence in a non-linear fashion. 
For both onchocerciasis and LF, chronic morbidity may appear years after initial 
infection if infection persists, and chronic symptoms generally first appear among 
older age groups (Chapter 2 and Chapter 5). The amount of subclinical tissue damage 
increases slowly with age due to prolonged infection surpassing a disease threshold 
after which symptoms appear. Due to this process, the disease prevalence starts to 
rise above ≥20 years of age, particularly in very hyperendemic areas. These patterns 
are reproduced in our onchocerciasis disease model by high disease thresholds and 
zero regression, reflecting that an individual requires a considerable amount of 
accumulated tissue damage before symptoms develop. Onchocercal clinical signs can 
develop during a considerable amount of time after initial infection, as tissue damage 
can continue to develop during the whole lifespan of the adult worm (10-15 years) as 
long as male and female worms are paired [1]. If adult worms are paired, mf (which 
causes the damage accumulation, except in the development of palpable nodules) will 
be produced. The main treatment for onchocerciasis (ivermectin) will not affect the 
presence of adult worms in a host, as ivermectin does not kill the adult worm but only 
temporarily sterilises the reproductive female adults [2,3]. For LF, tissue damage can 
occur upon the presence of adult worms in the human host due to inflammatory 
reactions around the adult worms (e.g. lymphangiectasis, superficial lymphatic 
dilatation caused by a wide range of scarring processes), particularly in vicinity of 
adult worm nests. This can cause a stage of irreversible lymphatic dysfunction [4]. 
Histologically, however, the natural death of the adult worms, generally after five to 
ten years of life of Brugia spp. and W. bancroftian worms [5,6], ensues a stronger 
granulomatous reaction releasing macrophages, plasma cells, eosinophils, neutrophils 
and lymphocytes. This typically leads to lymphatic dilatation and subsequently 
lymphatic dysfunction, resulting in lymphoedema [7]. During the full lifetime of the 
adult worm, tissue damage can thus be developed. In addition, already affected  
individuals (with pre-clinical tissue damage) may be predisposed to further develop 
lymphatic dysfunction and eventually the development of lymphoedema and 
elephantiasis through an autonomous progression caused by secondary bacterial and 
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fungal infections (i.e. acute filarial adenolymphangitis [ADL]) [8]. For both 
onchocerciasis and LF, chronic morbidity may thus appear years after initial infection 
if infection persists. For this reason, chronic symptoms generally only appear among 
older age groups. Levels of irreversible clinical morbidity in a population diminish 
slowly during control over a long timeframe through a natural process of gradual 
mortality in the affected population and an influx of healthy people through birth in 
the absence of new cases.  
 
We took account, where required, of various parasite strains or environmental 
differences between regions potentially leading to different disease patterns of 
onchocerciasis and LF. We quantified the occurrence of onchocercal eye disease 
separately for savanna and forest bioclimates, as prevalence of vision loss is thought 
to be higher in savanna areas as compared to forest areas, even with comparable 
parasite burdens, due to differences in parasite strains and Simulium cytospecies [9–
14].  The reasons why these differences in onchocercal eye disease occur across 
different bioclimates is yet unclear, and whether such associations between disease 
and parasite strain exists was questioned by Cheke et al. [15]. A recent literature 
review by Cheke et al. [15] found no significant differences in the association between 
Annual Transmission Potential (ATP) and the prevalence of blindness between both 
bioclimates, but the association between microfilariae and blindness prevalence did 
look different [15]. The results found by Cheke et al. [15] are therefore not 
unambiguously, and reproduction of their analysis is challenging due to various 
corrections applied to standardise the data and statistical choices that are not well 
documented.  For LF, we did not find any obvious differences between LF parasite 
species in the pre-control association between infection and clinical morbidity 
prevalence (lymphoedema and hydrocele). There were more data available for the 
assessment of the association between LF infection and hydrocele from the African 
region, and the little remaining data from other regions did not differ much from the 
association found in Africa. We therefore combined all hydrocele data from the 
different geographical regions to assess the association between community-based LF 
infection and hydrocele.  
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In order to quantify the aforementioned association between community-based LF 
infection and morbidity prevalence per geographic area, sex, and age, we performed a 
systematic literature search (Chapter 5). We encountered some challenges during the 
data analysis as many data were relatively old and/or of poor quality. Some examples 
include the absence of a numerator/denominator (i.e. only prevalence rates reported), 
no distinction between LF parasites, no differentiation between causative agent of 
human filarial mf (W. bancrofti/Brugia spp., O. volvulus, L. loa, Mansonella perstans), 
absence of clinical case definitions of LF clinical signs, low sample population, or 
unclear sampled blood volumes. We therefore did not include all available literature 
on this subject or omitted data during the analysis phase. In addition, we standardised 
age- and sex-stratified data to the standard UN Population Division of each region and 
standardised the various diagnostic techniques applied to one reference diagnostic 
tool (thick blood smear with 20 µL blood) (Chapter 4) to reduce bias. The 
standardisation of various parasitic diagnostic methods to one reference diagnostic 
technique could be complemented by the association between historical parasitic 
diagnostic methods and point-of-care tests for detecting circulating filarial antigens. 
This also facilitates global monitoring and spatio-temporal comparison of surveillance 
data of LF.  
 
Besides the clinical manifestations for which we quantified the association between 
infection and morbidity prevalence, there are also some other possible clinical signs 
associated with onchocerciasis and LF infection that we have not considered. For 
onchocerciasis, there is increasing evidence of an epidemiological association with 
onchocerciasis-associated epilepsy (OAE) (Chapter 6). Even though OAE is 
considered to be an irreversible clinical sign, the association between infection and 
morbidity presumably looks different than of the onchocercal irreversible clinical 
manifestations presented in Chapter 2. One can expect a steeper increase in 
morbidity prevalence at young ages as OAE develops more frequently among young 
people between five to 18 years, and coupled with high excess mortality, little clinical 
cases are expected among older age groups [16]. If we would extend our disease 
module within ONCHOSIM to include modelling OAE prevalence, we should introduce 
an additional parameter to define a maximum age for mf accumulation beyond which 
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onset of OAE is less likely. For LF, there is a wider spectrum of signs and symptoms 
than those considered in this thesis, such as acute inflammatory episodes, i.e. ADL, 
which presents itself as headache, fever, swollen lymph nodes, or pain in the limbs and 
groin. In a rural community in India and Ghana, the annual incidence of ADL was 
estimated at 85/1,000 [17] and 96/1,000 [18] respectively, which would mean a 
substantial contribution to the overall disease presence in a population due to LF. 
Other LF-related morbidity includes the less common chyluria (milky urine due to 
lymphatic fluid leaking into the kidneys), chylous diarrhoea (diarrhoea due to 
malabsorption of fat, protein, and other nutrients), haematuria (presence of blood in 
urine), and hyper-eosinophilia (blood disorder due to high numbers of eosinophils, a 
type of white blood cell) [19]. In the absence of good quality population-based data on 
the association between LF infection and these other clinical signs, we could not 
extract any useful data of these manifestations in our systematic literature search 
(Chapter 5). The associations for other clinical signs due to LF will look different than 
hydrocele and lymphoedema/elephantiasis, as these diseases are very acute (ADL) or 
rare, and appearance is likely irregular and intermittent.  
 
 
Research Question 2 

How has the disease burden of onchocerciasis and lymphatic filariasis, in terms of total 
number of cases and DALYs lost, changed since the introduction of large-scale mass 
treatment programmes and what burden will remain by 2030? 
 
Answer 

By 2030, mass drug administration will have prevented 53% of the absolute disease 

burden of onchocerciasis in Africa since the start in 1990; this will be 23% for lymphatic 

filariasis since the start in 2000. 

 

Onchocerciasis 
According to our model estimates, the number of DALYs lost annually due to 
onchocerciasis decreases from 2.5 million in 1990 to 0.69 million in 2030 in East and 
Central African areas formerly under the mandate of the WHO-African Programme for 
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Onchocerciasis Control [APOC, 1995-2015] (Chapter 3), primarily thanks to the 
introduction of ivermectin mass drug administration (MDA). In the same period, the 
estimated number of cases with any clinical manifestation decreases over time from 
17.3 million cases to 4.2 million. The case numbers of reversible morbidity and 
palpable nodules decrease most rapidly. By 2030, the main contributors to the total 
number of DALYs due to onchocerciasis are severe itch and blindness. Particularly, 
blindness will contribute most (i.e., 71%) to the residual DALYs lost due to 
onchocerciasis in 2030, due to the high excess mortality related to onchocercal 
blindness measured in terms of Years of Life Lost (YLLs). We estimate that MDA will 
cumulatively avert 96.7 million DALYs for the years 1990-2030 in Africa. Considering 
a total of 183.5 million of DALYs lost in the absence of any mass treatment for the 
period 1990-2030, MDA will have prevented 52.7% of the absolute disease burden of 
onchocerciasis in Africa. This shows the massive impact of MDA in the aim to eliminate 
onchocerciasis in Africa. 
 
The Global Burden of Disease (GBD) 2019 study estimated that 1.3 million DALYs were 
lost due to onchocerciasis in the entire African region in 1990 and 1.2 million DALYs 
in 2019 [20]; our estimates were considerably higher with 2.5 million DALYs lost in 
1990 and 1.4 million DALYs lost in 2020, even though they only cover East and Central 
Africa (i.e. about 60% of the total at risk population in Africa). An important 
explanation for our higher estimates is that we included years of life lost due to 
premature mortality of people suffering from onchocercal blindness, while this was 
not considered in the GBD 2019 study. Methodological differences may also explain 
the varying results. We used a carefully quantified dynamic transmission model to 
adequately capture trends in infection and morbidity over time, while the GBD 2019 
study relied on less detailed statistical associations. 
 
Our absolute burden estimates for onchocerciasis in DALYs depend on the chosen  
disability weights, which reflect the loss in quality of life experienced by people with 
morbidity. For onchocercal skin disease, we used  the disability weights of the GBD 
2013 study [21] and mapped the clinical manifestations of onchocerciasis in our study 
to the lay descriptions with corresponding disability weights to estimate DALYs due 
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to onchocerciasis. The GBD 2019 study used mostly the same weights, except for some 
types of skin diseases. There is quite some disagreement among experts about the 
severity scoring for blindness as used by the GBD 2013 and 2019 studies (disability 
weight 0.187). Previously published disability weights for blindness varied widely, 
ranging from 0.17 to 0.6) [22]. One study from rural Burkina Faso measured a 
disability weight for blindness of 0.36 [23], a geographic setting which is more similar 
to onchocerciasis-endemic areas in Africa than the currently measured global 
disability weight for blindness by the GBD study. Variations in disability weights for 
blindness between studies may be due to different methodological approaches to 
estimate the severity scores as well as geographic variations in the perception of the 
socio-economic consequences of blindness (e.g., related to livelihood, employment, 
accessibility of public resources and infrastructure) [24–26]. Variation in the Quality 
of Life assessments between studies may also lead to differences in disability weights 
[27], as well as the inclusion (or not) of socio-economic consequence of the disease 
sequelae (now not considered in the GBD studies). Our estimates of total DALYs due 
to onchocercal blindness would be much higher if these socio-economic consequences 
or regional variations in severity scoring were taken into account. 
 
Several aspects were not considered in our burden estimates for onchocerciasis. 
Firstly, we initially did not include the burden from onchocerciasis-associated 
epilepsy (OAE). People living with OAE experience a considerable loss in quality of life, 
and the total disease burden from onchocerciasis would increase by 13% if YLD from 
OAE were added to the burden caused by onchocercal skin and eye disease. The 
increase would be even larger if premature mortality due to OAE would be 
incorporated. Secondly, we have not taken account of the effect of MDA against LF in 
areas where both filarial disease are endemic. This may be of particular relevance in 
hypoendemic areas that currently do not receive any MDA against onchocerciasis, but 
are being treated for LF. By not accounting for this, we may have overestimated the 
burden in some co-endemic areas. 
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Lymphatic filariasis 
The GBD reports an estimated 1.0 million DALYs lost due to LF in the African region 
in 1990 and 816.5 thousand DALYs in 2019 [20], whereas we predict a total of 1.5 
million DALYs in 2000 and 2.0 million DALYs in 2020 in Africa (Chapter 5). Likewise, 
the number of cases with clinical morbidity will increase from 15.0 million in 2000 to 
17.2 million cases in 2030. Hydrocele will contribute most to the burden due to LF in 
2030 (i.e., 74%). We estimate that MDA will cumulatively avert 17.2 million DALYs for 
the years 2000-2030 in Africa. Considering a total of 74.9 million of DALYs lost due to 
LF in the absence of any mass treatment for the period 2000-2030, MDA will have 
prevented 22.9% of the absolute disease burden of LF in Africa. This shows that a large 
burden of LF disease will have been prevented thanks to MDA. For LF, the prevention 
of the absolute disease burden is lower than for onchocerciasis due to the chronic 
nature of the LF symptoms taken into consideration, and the time period (2000-2030) 
of interventions is a decade shorter than for countries under the mandate of the 
African Programme for Onchocerciasis Control (APOC).  
 
The increase in the number of people suffering from LF morbidity and in the number 
of DALYs lost between 2000 and 2020, as estimated here, is explained by growth of 
the population. Lymphoedema/elephantiasis and hydrocele are both assumed to be 
irreversible non-fatal conditions. Due to population growth, the absolute number of 
new cases increases (assuming constant incidence). In addition, prevalent cases live 
longer and contribute to the disease burden over a longer period.  Treatment does not 
cure these clinical manifestations. Therefore, we do not predict a rapid drop in 
prevalence after the initiation of MDA, but rather predict a gradual decline resulting 
from reduced incidence and natural attrition of existing cases. The effect of the 
reduced incidence can be seen in younger age groups, in which the prevalence declines 
rapidly after the initiation of MDA.  
 
In contrast to our burden estimates for LF, the GBD study estimates a rapid decline of 
DALYs due to LF from 2000 onward. We applied the disability weight for 
lymphoedema/elephantiasis using the lay description of symptomatic lymphatic 
filariasis (has swollen legs with hard and thick skin, which causes difficulty in moving 
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around; disability weight of 0.110), and for hydrocele we used the lay description of 
epididymo-orchitis (has swelling and tenderness in the testicles and pain during 
urination; disability weight of 0.097) [28]. The disability weight for epididymo-
orchitis to which we mapped hydrocele was somewhat lower than the disability 
weight for symptomatic LF as measured by the GBD. As three-quarter of the DALYs 
due to LF by 2030 is likely to be caused by hydrocele, applying the disability weights 
for symptomatic LF to hydrocele would increase our overall burden estimates for LF 
for 2030. The usage of disability weights corresponding to epididymo-orchitis seems 
more reasonable to us for mapping hydrocele than the more general symptomatic LF.  
 
There are several elements of which this model does not take account. We did not take 
account of additional interventions that may be beneficial to LF elimination, such as 
the use of bed nets or MDA implemented against onchocerciasis in co-infected areas 
that do not (yet) receive MDA for LF. Although application of large-scale MDA to entire 
at-risk populations is the primary strategy to break LF transmission cycles [29], 
supplementary vector control efforts are recognised as a useful tool during MDA or 
post-MDA surveillance [30]. In many LF-endemic countries in Africa, vector control 
becomes increasingly integrated and delivered as a multi-intervention strategy to 
control transmission of LF and other mosquito-borne diseases (e.g., malaria, dengue) 
[30–32]. If we would take account of vector control efforts, we would expect only a 
minor reduction in LF burden estimates. Vector control can prevent some new 
infections (reduce incidence), although it has no effect on already affected individuals 
(existing adult worms remain unaffected and can continue to cause morbidity). As a 
result, the LF prevalence is decreasing only slowly and it will impact the total figures 
only marginally, which is supported by the sensitivity analysis that shows that it 
makes little difference to the final burden estimates whether the incidence decreases 
quickly or slowly to 0. MDA against onchocerciasis would have a limited role in areas 
where simultaneous MDA is provided against LF and onchocerciasis. However, in 
settings where MDA against LF has not (yet) been implemented, MDA against 
onchocerciasis may have slowed down LF transmission, meaning that we somewhat 
overestimate the LF burden for those areas. This is particularly true as the drug 
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ivermectin is a microfilaricide, but does not kill the adult LF worm which is primarily 
responsible for the pathology of lymphoedema and hydrocele [33].  
 
For the burden of LF, we have not taken account of any of the acute, reversible 
morbidity e.g., acute adenolymphangitis (ADL), filarial fever, or chyluria. As presented 
in Chapter 2 of this thesis, MDA typically impacts the burden of acute, reversible 
clinical conditions rapidly after initiation of treatment. Also, we have not taken 
account of any potential excess mortality due to symptoms of LF (as opposed to excess 
mortality due to onchocercal blindness). It has been suggested that patients with LF 
are more susceptible to injuries and other diseases due to a weakened immune 
system, which may indirectly increase all-cause mortality [34]. If we would indeed 
take excess mortality into account in our DALY estimates, the burden of LF would 
increase substantially.  
 
We have not included any management for LF-related morbidity in our cohort model. 
Filarial hydrocele can be treated by surgery (hydrocelectomy) and can permit men to 
resume regular activities of daily living and employment [35,36]. The implementation 
of surgical management for hydrocele would certainly have an impact on our current 
hydrocele case estimates (and thus DALYs). If, for example, nationwide surgical camps 
(offering e.g. hydrocelectomy) in LF-endemic countries are held (such as implemented 
in Uganda [37,38]), our predicted disease burden - both in terms of number of cases 
and DALYs - will decline rapidly over time as most of our clinical morbidity is caused 
by hydrocele. For lymphoedema/elephantiasis there is no cure, but morbidity 
management and disability prevention (MMDP) for the treatment of cases with 
lymphoedema/elephantiasis is effective in reducing the incidence of ADL episodes 
and preventing further progression [39]. Nonetheless, as MMDP does not result in 
regression of symptoms, we only expect marginal impact of MMDP on our current 
burden estimates. At the same time, if severe chronic cases may be prevented, the 
disability weights for lymphoedema/elephantiasis may become somewhat lower.  
 
A recently published paper by Turner et al. [40] also reported on the health impact of 
the Global Programme to Eliminate Lymphatic Filariasis (GPELF) for the years 2000-
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2020. It was estimated that by 2020 a total of 44.3 million chronic cases (hydrocele or 
lymphoedema) globally and 73 million DALYs in Africa were averted thanks to MDA. 
We estimate that MDA as part of the GPELF will cumulatively avert 17.2 million DALYs 
for the years 2000-2030 in Africa only. There are some substantial differences 
between both our analysis, which have been described in Chapter 5.  
 
As explained, we used a relatively simple cohort model to estimate the burden of LF 
over time. We could potentially improve the disease burden estimates by developing 
a new disease module within LYMFASIM to model morbidity due to LF (including early 
and late-stage morbidity). Such a new dynamic, mechanistic disease module within 
LYMFASIM would be similar to the disease module within ONCHOSIM for modelling 
onchocercal morbidity (see Chapter 2), but with different disease processes and some 
newly added model parameters. We explain how such a disease module for LF would 
look like conceptually, and how the current LF burden estimates might change when 
using a disease module in LYMFASIM to model LF morbidity in section 8.2.  
 
 
Research Question 3 

To which extent is onchocerciasis elimination hindered by Loa loa co-endemicity in 
Africa? 
 

Answer 

Loa loa (loiasis) co-endemicity does not pose a threat to onchocerciasis elimination in 

meso- and hyperendemic areas, but it does so in onchocerciasis hypoendemic areas co-

endemic for loiasis. In the latter areas, a “Test-and-not-Treat” strategy would have to 

test about 14 million people to identify only 1% who are at high risk of serious adverse 

events following ivermectin treatment. 

 
Onchocerciasis elimination has not been hindered by L. loa co-endemicity across 
meso- and hyperendemic areas in Africa, because ivermectin mass drug 
administration (MDA) can be applied. The benefits of treatment outweigh the risk of 
serious adverse events (SAEs) upon ivermectin intake when an individual is L. loa-

317



Chapter 8 

 

infected [41]. For these areas, the Mectizan® Expert Committee and the Technical 
Consultative Committee for the African Programme for Onchocerciasis Control 
recommended supplementary community awareness and education enhancement as 
well as awareness and training of community distributors with regard to recognising, 
responding to, and referring cases of SAEs following treatment. We predict a 94% 
reduction of people with O. volvulus mf in meso- and hyperendemic areas between 
1995 and 2025 thanks to ivermectin MDA, regardless of co-endemicity with Loa loa 

(Table 2, Chapter 7).  
 
In low onchocerciasis transmission areas (hypoendemic) that are known or suspected 
to be co-endemic for L. loa, loiasis does pose a challenge to onchocerciasis elimination 
efforts. In such areas, ivermectin MDA cannot be provided as the number of people 
with O. volvulus mf is relatively low, while the general population carries a too high a 
risk of developing SAEs upon ivermectin intake if L. loa-infected. The total population 
at risk of onchocerciasis in these areas is estimated to be about 17.5 million people in 
2025. In our study, we expect that across hypoendemic areas the prevalence of O. 

volvulus mf (19.0%) remains stable between 1995 and 2025, meaning that actual case 
numbers increase due to population growth (Chapter 7). Here, onchocerciasis 
elimination is thus hindered by L. loa co-endemicity. In order to decide the focality of 
transmission and to decide where interventions for the control of onchocerciasis are 
required, ground truthing data collection is needed in vast remote areas with potential 
low-level onchocerciasis transmission (called “onchocerciasis elimination mapping”). 
Depending on whether loiasis is endemic in low transmission areas or not, decisions 
can be made on whether ivermectin MDA can be implemented or if alternative 
strategies are required. This way, interventions can be implemented most effectively 
without targeting areas that do not need intervention (in view of the limited human 
and financial resources).  
 
In onchocerciasis hypoendemic and loiasis co-endemic areas, alternative treatment 
strategies are warranted. A Test-and-Not-Treat (TNT) strategy using a 
videomicroscope (LoaScope) has been proposed [42]. The LoaScope can be used to 
identify people to be excluded from ivermectin MDA because of L. loa 
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hypermicrofilaraemia. For O. volvulus-infected people, an individual treatment 
strategy is recommended with alternative treatment (e.g., doxycycline). Using this 
strategy, onchocerciasis could in theory be eliminated in onchocerciasis hypoendemic 
and loiasis co-endemic areas. A recent modelling study confirmed that elimination can 
be achieved using the TNT strategy, although it would take between 15 and 17 years 
of MDA using TNT to bring O. volvulus mf prevalence down to the threshold of 1.4% in 
areas with pre-control 30-40% mf prevalence [43]. In practice, however, 
approximately 14 million people (2015 estimates, Chapter 7) will need to be screened 
using TNT prior to MDA to exclude about 129 thousand individuals (0.9%) at high risk 
of post-ivermectin SAEs in a (first) single round. There are concerns about the 
feasibility and affordability of the strategy at this scale, as the TNT strategy is costlier 
than standard MDA and requires more human resources. A cost-analysis of the TNT 
estimated that the average costs of TNT per person tested would be around US$9 
dollars - depending on the setting, implementation choices, and community 
participation rate [44] Moreover, LoaScopes are not widely available yet and 
producing them requires further investments. Lastly, donor fatigue is a real risk. 
Particularly with the rise of other (emerging) infectious diseases in Africa (e.g. food-
borne diseases, COVID-19, Ebola virus), finances for disease programmes need to 
prioritised. Continued investments aiming at onchocerciasis elimination in 
hypoendemic areas may suffer under such prioritisations.  
 
Besides the TNT strategy as an approach to eliminate onchocerciasis in hypoendemic 
areas, community-directed vector-control approaches may also be used, e.g. “slash-
and-clear” vegetation [29] or ground-based larviciding. A mathematical model 
showed that annual vegetation slash-and-clear could reduce the monthly biting rate 
of the blackfly [45]. In addition, vegetation slash-and-clear is less cost-intensive than 
traditional insecticide treatments of river basins. The combination of TNT and 
vegetation slash-and-clear may be a solution to speed up elimination of onchocerciasis 
in hypoendemic areas co-endemic for loiasis. However, the downside of vegetation 
slash-and-clear would be the ecological impact of removing river vegetation on 
aquatic ecosystems [46]. In addition, slash-and-clear cannot be achieved everywhere, 
e.g. due to challenges of accessibility of the vegetation, or the presence of crocodiles 
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[47]. Possible future directions to increase the rate of onchocerciasis elimination in 
hypoendemic areas include the development of safe and effective microfilaricide 
treatments against the adult stages of the O. volvulus parasite (e.g., using direct acting 
agents against nematodes or antibacterial approaches against Wolbachia [48]), which 
could be used in onchocerciasis-loiasis co-endemic areas and which could provide a 
rapid method to resolve resurgence of infection. 
 
 

8.2 The need for onchocerciasis burden estimates from 

West-Africa 

In Chapter 4, we discussed the burden of onchocerciasis in central and east-African 
countries previously under the mandate of the African Programme for Onchocerciasis 
Control (APOC). However, focussing on central and east-African countries only does 
not cover the whole of onchocerciasis-endemic Africa. Onchocerciasis has been also 
widely prevalent in fluvial areas of western Africa. Whereas APOC started control 
interventions in 1995, the Onchocerciasis Control Programme (OCP) covering West-
Africa was launched in 1974. The OCP aimed to control onchocerciasis as a public 
health concern across 11 West-African countries (i.e. Benin, Burkina Faso, Côte 
d'Ivoire, Ghana, Guinea Bissau, Guinea, Mali, Niger, Senegal, Sierra Leone, and Togo), 
initially using vector control only. OCP applied aerial larviciding of breeding sites in 
rivers, and from 1987 onwards also distributed mass drug administration (MDA) with 
ivermectin, donated by Merck®. 
 
After the closure of OCP in 2002, onchocerciasis was no longer considered a threat to 
public health in most areas. There were, however, still some sites with continued 
transmission and these were designated as Special Intervention Zones (SIZ) where 
interventions continued (2002 to 2007) [49]. Many countries continued MDA 
distribution under national onchocerciasis programmes after closure of OCP and SIZ. 
In the last decade, a paradigm shift from onchocerciasis control to elimination has 
taken place. While transmission may have been interrupted in many former OCP-areas 
thanks to long-term vector control and MDA, there have also been reports of 
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persistent onchocerciasis transmission in several former OCP-countries despite long-
term interventions [50–53]. At present, historical data from West-Africa are very 
scattered, making it difficult for the World Health Organization (WHO) and individual 
countries to understand where elimination might have potentially been achieved and 
the required efforts to be made to reach the last mile.  
 
It would be interesting to assess how the infection prevalence and associated burden 
of disease due to onchocerciasis has been reduced since the start of large-scale 
interventions in West-Africa, and how much infection and disease remain now and in 
the future. Such burden estimates could increase our understanding of the 
achievements of control programmes. The burden predictions for West-Africa (former 
OCP-countries) could supplement the burden estimates from APOC-areas, which are 
described in Chapter 4. A total burden prediction from areas previously under the 
OCP- and APOC-mandate will provide a synopsis of the health loss due to 
onchocerciasis in Africa as a whole. This is important as 99.6% of all O. volvulus 
infections worldwide occur on the African continent [54]. In order to assess the 
disease burden across the west-African region, it is necessary to collate 
epidemiological, entomological and programmatic data from different data sources 
(e.g. OCP historical database, WHO, OCP reports, country databases, scientific 
literature). This would allow an assessment of overall trends in onchocerciasis 
infection (i.e. skin snip, OV16, nodule prevalence and CMFL) and entomological 
indicators (i.e. Annual Biting Rate, Annual Transmission Potential) over time using the 
best available data. Summarising data of each of the 11 former OCP-countries would 
provide an overview of what has been achieved, where there is a need for continued 
and intensified interventions, and where transmission may have been reduced to 
almost zero-levels. These outcomes will provide useful information for national 
onchocerciasis elimination expert advisory committees and the eventual preparation 
of elimination dossiers.  
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8.3 Refinement of LF morbidity modelling  

In Chapter 5 we predict trends in LF infection and disease prevalence by age, sex, 
MDA implementation unit, and per annual time steps. For predictions of the 
prevalence of morbidity due to LF, we used a relatively simple cohort model. For 
future studies, we aim to improve the disease burden estimates by developing a new 
disease module within LYMFASIM to model morbidity due to LF. Such a mechanistic 
disease module would be similar to the disease module within ONCHOSIM for 
modelling onchocercal morbidity (see Chapter 2), but with different disease 
processes and some newly added model parameters. Below we describe which disease 
parameters influence the pathology of LF, how these disease parameters could be built 
into LYMFASIM, and how the current LF burden estimates might change when using a 
disease module in LYMFASIM to model LF morbidity.  
 
Disease processes for a LF-specific disease module 

Clinical manifestations arise upon continued tissue damage, which would be assumed 
to be caused by the death of adult worms. Histologically, the worm elicits little reaction 
as long as it is alive; however, upon death of the adult worm, an immunological 
(granulomatous) reaction can lead to lymphatic dilatation and damage to the lymph 
valves with subsequent lymphatic dysfunction [4] leading to early clinical 
manifestations [5]. In a proposed disease model, the amount of tissue damage could 
change over time as new tissue damage accumulates in every time step (in months) 
due to dying adult worms. Although the accumulation of tissue damage leading to 
clinical manifestations would be similar to the disease module in ONCHOSIM (Chapter 

2), the trigger of tissue damage differs between the diseases. Tissue damage upon O. 

volvulus infection is caused by dying microfilariae, whereas tissue damage due to LF 
infection is caused by the death of adult worms, as aforementioned. The lifespan of 
adult filarial worms is on average 10 years, and it may therefore take years after initial 
infection with LF before symptoms appear [1]. This should be captured in the model.  
 
It is questionable how worm death following treatment should be captured in the 
model. Worms killed through diethylcarbamazine citrate (DEC) or albendazole 
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treatment will likely have an effect on tissue damage as the death of worms further 
aggravates the inflammatory state in an already poorly functioning, dilated lymphatic 
vessel [10]. The use of DEC and albendazole are recommended in annual MDA 
programmes for most countries (except for onchocerciasis- or loiasis-endemic 
countries) [11,12], and treatment is assumed to contribute to the progression of tissue 
damage. However, there is scarce data on the degree of tissue damage caused by 
treatment-induced worm death, relative to natural worm death. Studies report that 
anti-inflammatory effects post-treatment typically leads to short-term painful 
swellings only and barely to chronic pathology [13,14].  
 
There is clear evidence of excess mortality due to onchocercal blindness [6–8], but its 
role in LF is less clear [9,10]. It is suggested that patients with LF are more susceptible 
to injuries and other diseases due to a weakened immune system, which may 
indirectly increase all-cause mortality [11]. We therefore propose to take excess 
mortality due to LF into account in the model. Without taking account of excess 
mortality due to LF, the disease burden estimates in terms of DALYs will be 
underestimated.  
 
Modelling LF-related morbidity 

With a new disease module within LYMFASIM, we can simulate early- and late-stage 
hydrocele in men as well as early- and late-stage lymphoedema in men and women, 
which is important as the estimation of how each sequalae contributes to the overall 
burden of LF leads to more precise and realistic overall burden estimates over time, 
i.e. late-stage morbidity will lead to a higher burden than early-stage morbidity  
(Figure 8.1).  
 
Proposal for modelling hydrocele 

The disease processes for hydrocele in men are conceptually similar to the disease 
process for onchocercal eye disease, described in Chapter 2. Briefly, hydrocele would 
consist of a disease continuum, where an individual passes a critical threshold due to 
accumulated tissue damage (Figure 8.1). By passing the critical threshold, early 
symptoms would appear (disease stage 1). With continued tissue damage, an 
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individual passes a second disease threshold leading to more severe clinical 
manifestations (disease stage 2). Damage leading to early- and late-stage hydrocele is 
thus captured by one disease process (with a shared disease counter) with two 
separate disease thresholds. We propose that early-stage morbidity is reversible (as 
was the case for being visually impaired), but once you pass the threshold of disease 
stage 2 (late-stage morbidity), the conditions would become permanent (irreversible, 
as for onchocercal blindness). Some degree of variation between hosts in 
susceptibility to hydrocele should be incorporated by varying the amount of damage 
accrued per dying adult worm, using a random life-long susceptibility index for each 
person. Some individuals would then develop a particular clinical condition very 
rapidly, and others slowly or never, for a given worm load.  
 
LF can be caused by various parasite species (Brugia spp. and W. bancrofti spp.). Adult 
worms of the W. bancrofti species have a high preference to reside and reproduce in 
the lymphatic vessels of the spermatic cord in the scrotal area of men [17,18]. As a 
result, in men infected with W. bancrofti, tissue damage upon death of the adult worms 
would occur in the scrotal area, which would eventually lead to the development of 
hydrocele. Men infected with Brugia spp. parasites have an equal chance for 
developing hydrocele or lymphoedema as the adult worm does not have a predilection 
to reside in different (preferential) sites in the male host body. To account for these 
preferential differences in bancroftian filariasis, separate calibration of the model is 
required between both parasite species. Predilection for migration of adult worms is 
represented by the x-parameter in Figure 8.1, and is defined by the fraction of adult 
worms that migrate to the scrotum (leading to hydrocele upon tissue damage) versus 
other parts of the lymphatic system (leading to lymphoedema/elephantiasis upon 
tissue damage). In women, and upon infection with Brugia spp., the x-parameter will 
be set to zero.  
 
Surgery of the hydrocele (i.e. hydrocelectomy) can repair the scrotum [12–15], both 
in early- and late-stage hydrocele. We could capture this in the model by adding an 
additional regression parameter for hydrocele. In the model, the regression could be 
implemented by subtracting a proportion of the total estimated hydrocele prevalence 
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in each stage of the disease continuum, assuming a proportion of men that may have 
undergone successful hydrocelectomy.  
 
Figure 8.1. Proposal of the disease mechanisms that would lead to lymphatic filariasis 
morbidity.  

 
 
We propose to add four additional parameters in the disease module for LF, i.e. i) predilection for 

migration of adult worms (x-parameter); ii) surgery-induced regression; iii) autonomous 

progression; and iv) halted progression. Predilection for migration of adult worms is represented by 

the x-parameter in the figure, and is defined by the fraction of adult worms that migrate to the 

scrotum (leading to hydrocele upon tissue damage) versus other parts of the lymphatic system 

(leading to lymphoedema/elephantiasis upon tissue damage). In women, and upon infection with 

Brugia spp., the x-parameter will be set to zero, as hydrocele can only occur upon infection with W. 

bancrofti in men. The surgery-induced regression parameter could be implemented in the model by 

subtracting a proportion of the total estimated morbidity prevalence in each stage of the disease 
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continuum, assuming a proportion of people that may have undergone successful surgery. For 

lymphoedema, this regression parameter will be set to zero. A separate disease process with an 

autonomous acceleration in the development of morbidity due to secondary infections will be added 

in the model. For hydrocele, this parameter will be set to zero as secondary infections mainly occur 

in (leg) lymphoedema/elephantiasis. Finally, further progression of tissue damage can be halted 

through a parameter that represents lifelong morbidity management and disability prevention 

(MMDP). We only consider this parameter for patients with lymphoedema/elephantiasis, for which 

MMDP is recommended.  

 

Proposal for modelling lymphoedema  

We propose to capture the disease processes for lymphoedema using two different 
disease processes (Figure 8.1). The first disease process would be described as a 
disease continuum caused by the accumulation of tissue damage due to worm death 
(similar to hydrocele). A second disease process would be implemented as an 
autonomous disease progression caused by the presence of episodes of acute 
adenolymphangitis (ADL). Lymphatic dysfunction, causing early clinical signs of LF, 
has been shown to predispose individuals to ADL through redundant skin folds, cracks 
and fissures in the skin. These cracks in the skin provide pathways for entry of micro-
organisms into the lymphatics causing local or systemic infections [5]. ADL is 
considered to autonomously accelerate the progression of lymphoedema severity and 
to advance the development of elephantiasis (late-stage lymphoedema). Although 
ADL can already play a role from the moment that the lymphatic system is affected, 
e.g. in the development of tissue damage from asymptomatic to early stages of 
lymphoedema [16], ADL plays a much greater role in progression from early- to late-
stage lymphoedema, even when individuals have become free from infection with the 
filarial parasite [17,18]. ADL is often a first clinical sign of LF infection, which is 
accompanied with swelling of the affected limb, fever, inflammation and general 
malaise of the patient. These clinical signs due to ADL itself could be captured in the 
model as early-stage lymphoedema. More importantly, as ADL leads to the 
progression of more severe stages of lymphoedema, we propose to also capture ADL 
in the model by adding a separate disease process with an autonomous acceleration 
in the development of lymphoedema/elephantiasis due to ADL. The autonomous 
progression would be built in the model as a fixed chance of having an ADL triggered 
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by the damage accumulated thus far (as people with more tissue damage have a higher 
chance of repeated ADL attacks [8]), and an individual variation to susceptibility to 
ADL attacks.  
 
Progression in tissue damage leading to late-stage lymphoedema/elephantiasis can be 
halted by lifelong morbidity management and disability prevention (MMDP). The 
World Health Organization recommends to alleviate the suffering of affected 
populations through MMDP [19,20]. MMDP consists of several elements to control 
morbidity, i.e. individual treatment or MDA to destroy any remaining parasites, 
hydrocelectomy, treatment for episodes of ADL, and lymphoedema management 
(simple, self-care hygiene and exercise measures). As a result, MMDP assists in the 
reduction of the risks of secondary infections and ADL attacks, and further 
progression of disease. We propose to build an additional parameter for MMDP in the 
LYMFASIM model (model as described in Chapter 5) that can halt the progression of 
tissue damage leading to clinical manifestations.  
 
Expected changes in estimates with a refined disease model 

In the cohort model of Chapter 5, we assume that the incidence of morbidity declines 
linearly to zero in five years since the first MDA round per MDA implementation unit, 
although in reality a decline in incidence of hydrocele and lymphoedema is likely not 
linear. MDA would aid in preventing new infections to arise, but it would have less 
impact on individuals already infected but with asymptomatic/sub-clinical symptoms. 
Not only would these individuals still harbour adult worms after treatment (although 
less than before treatment), also ADL attacks would continue to play a role in the 
further progression of morbidity. New cases with early or late-stage morbidity could 
thus still arise for a long time after the start of mass drug interventions (particularly 
if populations are missed by MDA). It would be more realistic to first have a slow 
decline in incidence followed by a more dramatic drop after several years (crudely the 
average lifespan of the adult worms). A newly developed disease module within 
LYMFASIM could capture these non-linearities in disease incidence over time more 
appropriately.  
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In addition, the model as described in Chapter 5 only predicts all-stage lymphoedema 
and hydrocele without accounting for the various disease stages of LF morbidity, i.e. a 
disease continuum from early to late symptomatic cases. This is a limitation of the 
model used in Chapter 5 as there is strong evidence of diseases staging in LF 
morbidity [21], as shown in Chapter 1, Figure 1.11. The here proposed disease model 
for LF would be more refined as it would take account of a disease continuum, and 
could thus more realistically model the prevalence of morbidity over time for various 
disease sequelae. As early and late-stage disease would have different disability 
weights, the disease burden due to LF would be different than currently estimated. 
The disability weight for lymphoedema was now assumed to be 0.110, and for 
hydrocele 0.097 [22,23]. The GBD defines symptomatic lymphoedema as someone 
who has swollen legs with hard and thick skin, which causes difficulty in moving 
around (disability weight of 0.109) [24]. This disability weight corresponds to a 
clinical patient with severe morbidity. With the more refined disease module, we 
would estimate a proportion of the disease prevalence to be caused by mild symptoms 
(early-stage disease) and a proportion by severe (late-stage) morbidity, each with 
appropriate disability weights to estimate the number of DALYs lost. The current 
disease burden as presented in Chapter 5 is thus expected to be somewhat 
overestimated due to the absence of early-stage morbidity of LF. 
 
The model used in Chapter 5 also does not take account of any spontaneous 
regression of clinical manifestations during early stages of disease. We could include 
spontaneous regression in a mechanic disease module within LYMFASIM, similarly to 
the onchocercal morbidity module described in Chapter 2. This would likely result in 
slightly lower (early-stage) disease prevalences than currently estimated in Chapter 

5 as some symptoms would eventually disappear before turning irreversible, 
consequently with somewhat lower disease burden estimates for LF. Furthermore, the 
disease model used in Chapter 5 did not assume any autonomous progression from 
early- to late-stage lymphoedema provoked by ADL attacks. By taking ADL attacks into 
account in a refined disease module within LYMFASIM, we expect that this would 
result in somewhat higher lymphoedema prevalences than currently estimated. We 
assume that ADL would particularly affect the progression from early to late-stage 
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lymphoedema, which would lead to more patients with severe disability, and hence 
higher disability weights. The number of DALYs lost due to lymphoedema would 
increase. Finally, it would be good to also include the recovery procedures (i.e. 
hydrocelectomy, MMDP) that may heal clinical conditions or halt further progression 
in a refined disease module for LF. This would result in somewhat lower morbidity 
prevalences over time as opposed to the estimates described in Chapter 5.  
 
Concluding remarks 

We have described how disease burden estimates can be further refined by modelling 
morbidity due to LF using a disease module within the stochastic mathematical model 
LYMFASIM. With a refined disease module for LF, we expect to see deviations in our 
estimates of disease prevalence and number of DALYs lost as presented in Chapter 5. 
Nonetheless, we expect only minor deviations as some of the disease parameters in a 
refined disease model would likely lead to increased morbidity (i.e. slower decline in 
morbidity incidence, autonomous progression of tissue damage), whereas other 
parameters would lead to decreased morbidity (i.e. regression of early-stage 
morbidity, recovery procedures). Most importantly, a refined disease module for LF 
can capture disease mechanisms more realistically than the more static cohort model 
currently used in Chapter 5. The main disease mechanisms for a disease module for 
LF are already developed and implemented within WORMSIM, as the disease module 
for onchocerciasis is conceptually similar. Theoretically the disease module for LF has 
been developed as presented in Figure 8.1, but it requires additional programming to 
implement the four additional parameters in the disease module within LYMFASIM. 
The model should then be calibrated using empirical data of the community-level 
association between infection and morbidity prevalence (i.e. hydrocele and 
lymphoedema/elephantiasis), separately for different parasite species. 
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8.4 Conclusions and recommendations 

Conclusions 

1. Associations between community-level infection and clinical morbidity for 
onchocerciasis and lymphatic filariasis are typically characterised through non-
linear patterns that result from a process of accumulation and regression of 
tissue damage.  
 

2. By 2030, mass drug administration will have prevented 53% of the absolute 
disease burden of onchocerciasis in Africa since the start in 1990; this will be 
23% for lymphatic filariasis since the start in 2000. 
 

3. To eliminate onchocerciasis in low endemic areas where Loa loa (African eye 
worm) also prevails, a “Test-and-not-Treat” strategy would have to test about 
14 million people to identify only 1% who are at high risk of serious adverse 
events following ivermectin treatment.  
 

4. Field studies show a clear epidemiological association between the prevalence 
of onchocerciasis and epilepsy across onchocerciasis hyperendemic areas in 
Africa, and the burden of onchocerciasis-associated epilepsy adds at least 13% 
to the disease burden of onchocerciasis due to eye and skin disease. 
 

Recommendations  

1. To accelerate onchocerciasis control, it is necessary to intensify interventions, 
particularly in areas with historically high endemicity levels and where mass 
drug administration has been poorly implemented (e.g. post-conflict areas). 
 

2. To have a better understanding of the global onchocerciasis burden, it is 
important to address the lack of a complete overview of the onchocerciasis 
situation in West-Africa.  
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3. To achieve onchocerciasis elimination in onchocerciasis-loiasis co-endemic 
areas, it is essential to complete onchocerciasis elimination mapping and to 
implement alternative control strategies, such as Test-and-not-Treat, 
community-based vector control, or using a new macrofilaricidal treatment, 
once available. 
 

4. To facilitate global monitoring and spatio-temporal comparison of surveillance 
data of lymphatic filariasis, we need a better understanding of the association 
between historical parasitic diagnostic methods and point-of-care tests for 
detecting circulating filarial antigens. 
 

5. To better understand the impact of interventions on the current and future 
global disease burden of lymphatic filariasis, a disease module accounting for 
history of infection and morbidity management should be implemented in the 
mathematical model LYMFASIM. 
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9.1 Summary 

The overall aim of this thesis is to quantify the disease burden of the two major filarial 
infectious diseases in Africa – onchocerciasis and lymphatic filariasis – in the past, 
present and future.  
 
In Chapter 1 we provide a general introduction to onchocerciasis and lymphatic 
filariasis (LF), two important vector-borne parasitic infectious diseases of the tropics. 
Onchocerciasis is transmitted by blackflies and is mainly endemic in Africa. LF is 
transmitted by various mosquito species and can be found in all tropical continents. 
The transmission cycle is similar for the two infections. During a blood meal of the 
female insect, third-stage infective larvae are inoculated into the human host. Some of 
these will survive and develop into adult filariae in subcutaneous tissues 
(onchocerciasis) or in the lymphatic system (LF). Onchocerciasis can cause a wide 
spectrum of clinical morbidity, from acute signs (such as severe itch and reactive skin 
disease) to more severe and chronic signs (such as atrophy, visual impairment, 
eventually blindness). Most onchocercal symptoms are caused by the natural death of 
microfilariae (mf). The most common clinical manifestations of LF are swelling of the 
legs or other body parts due to tissue fluid accumulation resulting from impaired 
lymph flow (lymphoedema/elephantiasis) and swelling of the male scrotum due fluid 
accumulation (hydrocele), both of a chronic nature. LF symptoms are mainly caused 
by the death of adult worms. For both filariases, the clinical manifestations are 
associated with a social and economic burden, due to stigmatisation, shame, and loss 
of work productivity. The World Health Organization has targeted onchocerciasis and 
LF for elimination of transmission and elimination as a public health problem, 
respectively. For both diseases, this is to be achieved by mass drug administration 
(MDA) of anti-filarial drugs to at-risk populations, supplemented, where useful and 
required, with vector control efforts. The recommended treatment for onchocerciasis 
is ivermectin, while two- or three-drug combinations of albendazole with ivermectin 
and/or diethylcarbamazine (DEC) are recommended for LF. Alternative strategies are 
required in many central African areas where Loa loa (African eye worm) prevails, as 
ivermectin and DEC can cause serious adverse events in individuals with high loiasis 
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microfilarial densities (hypermicrofilaraemia). Assessing trends in burden of disease 
is useful to gauge the impact of interventions on population health. The disease burden 
is generally expressed as the number of cases with disease sequelae or in terms of 
disability-adjusted life years (DALYs) lost. The latter measure accounts for both loss 
in quality of life (measured as years lived with disability [YLD], using disability 
weights) and premature mortality (measured as years of life lost [YLL]). 
 
In this thesis, the following three research questions are addressed in order to 
quantify the disease burden of the two major filarial infections in Africa:  
1. How does infection associate with clinical morbidity for onchocerciasis and LF 

at the population level?  
2. How has the disease burden of onchocerciasis and LF, in terms of total number 

of cases and DALYs lost, changed since the introduction of large-scale mass 
treatment programmes and what burden will remain by 2030? 

3. To which extent is onchocerciasis elimination hindered by Loa loa co-
endemicity in Africa?  
 

In Chapter 2, we answer research question 1 for onchocerciasis. To do so, we 
developed a novel generic disease module within the established ONCHOSIM model 
that simulates the development of reversible (acute) and irreversible (chronic) 
symptoms in relation to cumulative exposure to dead mf. Model parameters were 
quantified such that the model captured pre-control age patterns and associations 
between prevalences of O. volvulus infection, eye disease, and various types of skin 
disease as observed in a large set of population-based studies. The observed non-
linear associations between community-level infection and clinical morbidity for 
onchocerciasis could well be modelled by a process of accumulation and regression of 
tissue damage due to dead mf. We then used the new disease module to predict the 
impact of MDA on morbidity prevalence over a 30-year time frame for various 
scenarios. For highly endemic settings with 30 years of annual MDA at 60% coverage, 
the model predicted a 70% to 89% reduction in prevalence of chronic morbidity. This 
relative decline was similar for settings with higher MDA coverage and only somewhat 
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higher for settings with lower pre-control endemicity. The decline in prevalence was 
lowest for mild depigmentation and visual impairment. The prevalence of acute 
clinical manifestations (severe itch, reactive skin disease) declined by 95% to 100% 
after 30 years of annual MDA, regardless of pre-control endemicity. Our predictions 
indicate that onchocercal morbidity, in particular chronic manifestations, will remain 
in many epidemiological settings in Africa, even after 30 years of MDA.  
 
In Chapter 3, we address the onchocerciasis part of research question 2 by calculating 
the number of people with O. volvulus infection and onchocercal skin and eye disease 
as well as DALYs lost from 1990 through to 2030 in the countries in East and Central 
Africa covered by the former African Programme for Onchocerciasis Control (APOC, 
1995-2015). To calculate the pre-control prevalence of onchocercal morbidity, we 
collated data on the pre-control distribution of mf prevalence and applied the 
quantified associations described in Chapter 2. We then predicted trends in infection 
and morbidity over time using the ONCHOSIM simulation model, accounting for MDA 
history and vector control per implementation area. DALY estimates were calculated 
using disability weights from the Global Burden of Disease (GBD) study. Before the 
implementation of large-scale MDA programmes (1990), 26.0 million (32.5% of the 
at-risk population) people were infected with O. volvulus mf, and 17.5 million (21.9%) 
people had some form of onchocercal skin or eye disease (2.5 million DALYs lost). By 
2030, the number of mf positive cases will have declined to 6.8 million (2.9%) and the 
number of people with skin or eye morbidity to 4.2 million (1.8%). Around 96.7 
million DALYs will have been cumulatively averted between 1990 and 2030 thanks to 
MDA. These results show the remarkable impact of ivermectin MDA on the 
onchocerciasis burden in countries previously under the APOC mandate.  
 
In Chapter 4, we present methods to standardise LF infection prevalence estimates to 
prevent bias due to the use of different diagnostic tests and blood volumes for 
measuring infection prevalence of LF, which is required to assess how LF infection 
associates with clinical morbidity at the population level (as part of research question 
1). We standardise mf prevalence estimates to the historically most commonly used 
technique for counting mf, namely thick blood smear based on 20 µl blood (TBS20), as 
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the reference diagnostic technique. To do so, we performed a systematic review to 
identify studies reporting on comparative mf prevalence data as measured by more 
than one diagnostic test, including TBS20, on the same study population. We identified 
606 articles matching our search strategy and included 14 in our analyses. 
Associations between mf prevalences based on different diagnostic techniques were 
quantified in terms of odds ratios (OR, with TBS20 blood as reference), using a meta-
regression model. The OR of the mf prevalences as measured by the more sensitive 
counting chamber technique (≥ 50 µl blood) was 2.90 (95% confidence interval (CI): 
1.60–5.28). For membrane filtration (1 ml blood) the OR was 2.39 (95% CI: 1.62–
3.53), Knott’s technique it was 1.54 (95% CI: 0.72–3.29), and for TBS in ≥ 40 µl blood 
it was 1.37 (95% CI: 0.81–2.30). These ORs can be used to standardise mf prevalences 
to the prevalence as expected when using TBS20, so that prevalences of various 
studies and geographical sites can be compared. This aids in better monitoring and 
spatio-temporal comparison of surveillance data of LF, but further comparisons are 
required between parasitic diagnostic tests and point-of-care tests for detecting 
circulating filarial antigens. 
 
In Chapter 5, we answer the LF parts of research questions 1 and 2 on the disease 
burden of filarial diseases in Africa.  First, we performed a systematic review regarding 
the pre-control community-level association between LF infection and clinical 
morbidity due to LF (lymphoedema/elephantiasis and hydrocele) for Africa. This pre-
control association was, similar to onchocerciasis, observed to be non-linear. Based 
on a geo-statistical map of pre-control mf prevalence in Africa and the literature-
derived pre-control associations between infection and morbidity, we then estimated 
the mean pre-control prevalence of hydrocele and lymphoedema by age and sex and 
by MDA implementation unit (IU). Next, we used a cohort model to predict the decline 
in prevalence, number of cases and associated disease burden in DALYs over time by 
age, sex, and IU accounting for the impact of local MDA on the incidence of morbidity. 
DALY estimates were calculated using disability weights from the GBD study. Before 
the start of large-scale MDA programmes for LF (2000), 15.0 million people suffered 
from either lymphoedema or hydrocele in Africa. By 2030, a total of 17.2 million cases 
are expected to remain. By the same year, 17.2 million DALYs will have been 
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cumulatively averted. These results show the important impact of MDA on the LF 
burden in Africa. However, to reduce the suffering of those already affected with 
morbidity, there is an urgent need to scale-up lymphoedema management 
programmes and surgery for hydrocele in endemic areas.  
 
Chapter 6 provides disease burden estimates of onchocerciasis-associated epilepsy 
(OAE) in East and Central Africa (countries formerly covered by APOC), providing 
additional input for research question 2. To estimate the number of cases and disease 
burden of OAE, we used previously published geospatial estimates of onchocerciasis 
in Africa and a separately published logistic regression model quantifying the 
association between onchocerciasis and epilepsy prevalence. We then applied a 
disability weight of 0.336 to calculate the disease burden in terms of YLD only. We 
estimated that in 2015, roughly 117 thousand people were affected by OAE across 
onchocerciasis-endemic areas previously under APOC mandate where OAE has ever 
been reported or suspected, and another 264 thousand persons in onchocerciasis-
endemic areas where OAE has never been investigated before. This corresponds to 
over 39 and 88 thousand YLDs due to OAE in the respective areas. The total burden 
due to onchocerciasis increases by 13% when adding YLD from OAE to the previously 
estimated burden due to skin and eye disease. We also included a cost estimate for 
anti-epileptic drugs to assess some of the socioeconomic impact of OAE, and expect 
that by 2015 the total costs of treatment with anti-epileptic drugs for OAE cases in 
East and Central Africa would have been at least 12.4 million US$ (based on the 
predicted number of OAE cases by 2015). 
 
In Chapter 7, we assess the geographical overlap of onchocerciasis and loiasis 
prevalence and provide estimates of the number of co-infected individuals at risk of 
serious post-ivermectin adverse events in Africa from 1995 to 2025 to address 
research question 3. Focussing on regions with suspected loiasis transmission in 14 
West and Central African countries, we overlaid pre-control maps of loiasis and 
onchocerciasis prevalence to calculate pre-control prevalence of co-infection by 5x5 
km² pixel by different categories of Loa loa mf intensity. Using a combination of 
statistical and mathematical models, we predicted the prevalence of both infections 
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and co-infection for 2015 and 2025, accounting for the impact of MDA with ivermectin. 
We predicted that the number of people infected with onchocerciasis would decline 
from almost 19 million in 1995 to four million in 2025. Of these, 137 thousand people 
were estimated to also have L. loa hypermicrofilaraemia (defined as ≥20,000 L. loa 
mf/mL) in 1995, declining to 31 thousand in 2025. In 2025, 92.8% of co-infected cases 
with loiasis hypermicrofilaraemia are predicted to live in low endemic areas currently 
not treated with ivermectin MDA. To achieve onchocerciasis elimination in 
onchocerciasis-loiasis co-endemic areas, it is essential to complete onchocerciasis 
elimination mapping and to implement alternative control strategies, such as a “Test-
and-not-Treat” strategy, community-based vector control, or using a new 
macrofilaricidal treatment, once available. We estimate that by 2015 roughly 14 
million people in areas of low onchocerciasis transmission should be tested with a 
“Test-and-not-Treat” strategy in order to identify 129 thousand individuals (0.9%) 
who are at high risk of serious adverse events following ivermectin treatment against 
onchocerciasis. This highlights the need to target these areas for intensified control 
strategies and/or continued efforts in research and development for safer drugs, if 
onchocerciasis elimination goals are to be achieved.  
 
Finally, in Chapter 8, we first discuss the answers to the research questions and 
present remaining challenges and possible next steps (section 8.1). In response to 
research question 1, we observed that associations between community-level 
infection and clinical morbidity for onchocerciasis (Chapter 2) and LF (Chapter 5) 
were characterised by non-linear patterns that result from a process of accumulation 
and regression of tissue damage. Regarding research question 2, we calculated that 
MDA will have prevented by 2030 53% of the absolute disease burden of 
onchocerciasis in Africa since the start of interventions in 1990, given the estimated 
96.7 million cumulatively averted DALYs in Africa over the period 1990-2030 
(Chapter 3) relative to an estimated total of 183.5 million DALYs lost in the absence 
of MDA. For LF, the absolute disease burden prevented will be 23% since the start of 
interventions in 2000. This was calculated by dividing the cumulatively averted DALYs 
in Africa over the period 2000-2030 (17.2 million DALYs, Chapter 5) by the total 
DALYs lost in the absence of MDA (74.9 million DALYs). Finally, in response to 

345



Chapter 9 

 

research question 3,  we conclude from Chapter 7 that loiasis co-endemicity does not 
pose a threat to onchocerciasis elimination in meso- and hyperendemic areas, but it 
does so in onchocerciasis hypoendemic areas co-endemic for loiasis. In the latter 
areas, a “Test-and-not-Treat” strategy would have to test about 14 million people 
(2015 estimates) to identify only about 1% of individuals who are at high risk of 
serious adverse events following ivermectin treatment against onchocerciasis.  
 
In the second part of Chapter 8, we present a proposal of activities to estimate the 
burden of onchocerciasis in the 11 endemic West-African countries that were not 
considered in this thesis, with the eventual aim to provide an overall synopsis for the 
whole of Africa. We expect only a minor additional burden of onchocerciasis from 
West-Africa by 2030, with Ghana and Ivory Coast likely contributing most due to their 
large populations at-risk (section 8.2). We then describe in section 8.3 how we could 
improve our LF burden estimates by extending the mathematical model LYMFASIM 
with a disease module similar to the one described for onchocerciasis in Chapter 2. A 
main difference with onchocerciasis is the assumption concerning the trigger to tissue 
damage. In onchocerciasis, this is tissue damage due to dying mf, whereas in LF tissue 
damage occurs upon the death of adult worms. Also, a potential LF disease module 
should include autonomous progression due to secondary bacterial skin infections 
that are associated with lymphoedema/elephantiasis. Although an improved disease 
module for LF morbidity could potentially lead to more realistic estimates, we do not 
expect large deviations from our current burden predictions. We end the discussion 
with the following conclusions and recommendations: 
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Conclusions:  
1. Associations between community-level infection and clinical morbidity for 

onchocerciasis and lymphatic filariasis are typically characterised through non-
linear patterns that result from a process of accumulation and regression of 
tissue damage.  
 

2. By 2030, mass drug administration will have prevented 53% of the absolute 
disease burden of onchocerciasis in Africa since the start in 1990; this will be 
23% for lymphatic filariasis since the start in 2000. 
 

3. To eliminate onchocerciasis in low endemic areas where Loa loa (African eye 
worm) also prevails, a “Test-and-not-Treat” strategy would have to test about 
14 million people to identify only 1% who are at high risk of serious adverse 
events following ivermectin treatment.  
 

4. Field studies show a clear epidemiological association between the prevalence 
of onchocerciasis and epilepsy across onchocerciasis hyperendemic areas in 
Africa, and the burden of onchocerciasis-associated epilepsy adds at least 13% 
to the disease burden of onchocerciasis due to eye and skin disease. 
 

Recommendations: 

1. To accelerate onchocerciasis control, it is necessary to intensify interventions, 
particularly in areas with historically high endemicity levels and where mass 
drug administration has been poorly implemented (e.g., post-conflict areas). 
 

2. To have a better understanding of the global onchocerciasis burden, it is 
important to address the lack of a complete overview of the onchocerciasis 
situation in West-Africa.  
 

3. To achieve onchocerciasis elimination in onchocerciasis-loiasis co-endemic 
areas, it is essential to complete onchocerciasis elimination mapping and to 
implement alternative control strategies, such as Test-and-not-Treat, 
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community-based vector control, or using a new macrofilaricidal treatment, 
once available. 
 

4. To facilitate global monitoring and spatio-temporal comparison of surveillance 
data of lymphatic filariasis, we need a better understanding of the association 
between historical parasitic diagnostic methods and point-of-care tests for 
detecting circulating filarial antigens. 
 

5. To better understand the impact of interventions on the current and future 
global disease burden of lymphatic filariasis, a disease module accounting for 
history of infection and morbidity management should be implemented in the 
mathematical model LYMFASIM. 
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9.2 Samenvatting 

De algemene doelstelling van dit proefschrift is het kwantificeren van de ziektelast van 
de twee belangrijkste filariale infectieziekten in Afrika – onchocerciasis en lymfatische 
filariasis – in het verleden, het heden en de toekomst. 
 
In Hoofdstuk 1 geven we een algemene inleiding op onchocerciasis (rivierblindheid) 
en lymfatische filariasis (LF, olifantsziekte), twee belangrijke door vectoren 
(tussengastheren) overgedragen parasitaire infectieziekten in de tropen. 
Onchocerciasis wordt overgedragen door zwarte vliegen en komt voornamelijk voor 
in Afrika. LF wordt overgedragen door verschillende muggensoorten en komt voor in 
tropische gebieden wereldwijd. De transmissiecyclus is voor de beide infectieziekten 
vergelijkbaar. Tijdens een bloedmaaltijd van het vrouwelijke insect dringen 
infectieuze larven van het derde stadium de gastheer binnen. Sommige hiervan zullen 
overleven en zich ontwikkelen tot volwassen filariae (wormen) in onderhuidse 
weefsels (onchocerciasis) of in het lymfestelsel (LF). Onchocerciasis veroorzaakt een 
breed scala aan klinische ziekteverschijnselen (morbiditeit), van acute symptomen 
(zoals heftige jeuk en reactieve huidziekte) tot meer ernstige en chronische 
symptomen (zoals atrofie, slechtziendheid en uiteindelijk blindheid). Deze 
symptomen worden veroorzaakt door de natuurlijke dood van microfilariae (mf). De 
meest voorkomende klinische gevolgen van LF zijn zwellingen van de benen of andere 
lichaamsdelen als gevolg van ophoping van weefselvocht door verminderde lymfe 
doorstroom (lymfoedeem/elefantiasis) en zwelling van het mannelijke scrotum als 
gevolg van vochtophoping (hydrocele), beide van chronische aard. LF-symptomen 
worden vooral veroorzaakt door de dood van volwassen wormen. Bij beide filariale 
ziekten hebben de klinische ziekteverschijnselen tevens een sociale en economische 
last als gevolg van stigmatisering, schaamte en verlies in arbeidsproductiviteit. De 
Wereldgezondheidsorganisatie heeft de eliminatie (uitroeiing) van onchocerciasis 
transmissie en de eliminatie van LF als volksgezondheidsprobleem als doel gesteld. 
Voor beide ziekten moet dit worden bereikt door middel van massale toediening van 
antifilaria geneesmiddelen aan risicopopulaties, waar nodig aangevuld met 
insectenbestrijding. Het aanbevolen geneesmiddel voor onchocerciasis is het anti-
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parasitaire middel ivermectine en voor LF  wordt een combinatie van twee of drie 
geneesmiddelen aanbevolen, namelijk albendazol met ivermectine en/of 
diethylcarbamazine (DEC). Aangezien ivermectine en DEC ernstige ongewenste 
bijwerkingen kunnen veroorzaken bij personen met hoge loiasis intensiteit in het 
bloed (hypermicrofilaraemia), zijn alternatieve strategieën vereist in veel Centraal-
Afrikaanse gebieden waar Loa loa (Afrikaanse oogworm) transmissie plaatsvindt. Het 
onderzoeken van trends in ziektelast is nuttig om de effecten van interventies op de 
volksgezondheid te evalueren. De ziektelast wordt over het algemeen uitgedrukt als 
het aantal gevallen met ziekte of als disability-adjusted life years (DALY’s, d.w.z. 
verloren levensjaren, gecorrigeerd voor beperkingen). Deze maat houdt rekening met 
zowel het verlies aan kwaliteit van leven (gemeten als jaren geleefd met een beperking 
[YLD, years lived with disability], gewogen voor de mate van beperking) als voortijdige 
sterfte (gemeten als verloren levensjaren [YLL, years of life lost]). 
 
In dit proefschrift bespreken we de volgende drie onderzoeksvragen om de ziektelast 
van de twee belangrijkste filariale infecties in Afrika te kwantificeren: 
1. Welk verband bestaat tussen infectie en klinische ziekteverschijnselen van 

onchocerciasis en LF op populatieniveau? 
2. Hoe is de ziektelast van onchocerciasis en LF, in termen van het totale aantal 

gevallen en verloren DALY's, veranderd sinds het begin van grootschalige 
massabehandelingsprogramma's, en welke last blijft er nog over in 2030?  

3. In welke mate wordt de eliminatie van onchocerciasis belemmerd door Loa loa 
co-endemiciteit in Afrika? 

 
In Hoofdstuk 2 beantwoorden we onderzoeksvraag 1 voor onchocerciasis. We 
hebben een nieuwe generieke ziektemodule ontwikkeld binnen het reeds bestaande 
ONCHOSIM-model dat de ontwikkeling van omkeerbare (acute) en onomkeerbare 
(chronische) symptomen nabootst in relatie tot cumulatieve blootstelling aan dode 
mf. ONCHOSIM is een wiskundig model voor het modelleren van transmissie en 
bestrijding van onchocerciasis. De parameters van het model zijn zo gekwantificeerd 
dat het model een goede weergave geeft van leeftijdspatronen en associaties tussen 
prevalenties van O. volvulus-infectie, oogziekte en verschillende soorten huidziekte 
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voor de start van massabehandeling, zoals waargenomen in een groot aantal 
populatiestudies. We konden de waargenomen niet-lineaire associaties tussen infectie 
en klinische morbiditeit op populatieniveau voor onchocerciasis goed modelleren 
door een proces van accumulatie en regressie van weefselbeschadiging ten gevolge 
van dode mf te reproduceren. Vervolgens hebben we de nieuwe ziektemodule 
gebruikt om de effecten van massabehandeling op de morbiditeitsprevalentie te 
voorspellen over een periode van 30 jaar voor verschillende scenario's. Voor hoog-
endemische gebieden met jaarlijkse massabehandeling met een dekkingsgraad van 
60% voorspelde het model een vermindering van 70% tot 89% in de prevalentie van 
chronische morbiditeit. Een vergelijkbare afname werd voorspeld wanneer de 
dekkingsgraad werd verhoogd, en er was een iets grotere relatieve afname in 
gebieden met een lagere overdracht voorafgaand aan massabehandeling. De daling in 
de prevalentie was het minst voor milde depigmentatie en visuele klachten. De 
prevalentie van acute klinische manifestaties (ernstige jeuk, reactieve huidziekte) 
daalde met 95% tot 100% na het toedienen van jaarlijkse massabehandeling 
gedurende 30 jaar, ongeacht de intensiteit van transmissie voorafgaand aan 
massabehandeling. Onze voorspellingen geven aan dat morbiditeit door 
onchocerciasis, met name de chronische aandoeningen, in veel gebieden in Afrika nog 
aanwezig zal zijn, zelfs na 30 jaar van massabehandeling. 
 
In Hoofdstuk 3 behandelen we het deel aangaande onchocerciasis van 
onderzoeksvraag 2, door te berekenen hoeveel mensen O. volvulus-infectie en 
gerelateerde huid- en oogziekte hebben, en hoeveel verloren DALY’s daarmee gepaard 
gaan, tussen de periode van 1990 tot en met 2030 in Oost- en Centraal-Afrikaanse 
landen die vallen onder het voormalige African Programme for Onchocerciasis Control 
(APOC, 1995-2015). De prevalentie van klinische manifestaties voor de start van 
massabehandeling hebben we berekend op basis van gedetailleerde gegevens over de 
spreiding van mf prevalentie en de gekwantificeerde associaties tussen infectie en 
ziekte zoals beschreven in Hoofdstuk 2. Vervolgens hebben we trends in infectie en 
morbiditeit in de tijd voorspeld met behulp van het ONCHOSIM model, rekening 
houdend met toegepaste massabehandeling en insectenbestrijding per 
implementatiegebied. Het verloren aantal DALY’s werd berekend door aantal 
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ziektegevallen te vermenigvuldigen met een gewicht (disability weight) dat per 
ziektebeeld het relatieve verlies van kwaliteit van leven weergeeft en is overgenomen 
uit de Global Burden of Disease (GBD)-studie. Vóór de uitvoering van grootschalige 
behandelingsprogramma's (1990) waren 26,0 miljoen mensen (32,5% van de 
risicopopulatie) besmet met O. volvulus mf en hadden 17,5 miljoen (21,9% van de 
risicopopulatie) mensen huid- of oogziekte door onchocerciasis (2,5 miljoen verloren 
DALY's). In 2030 zal het aantal mf-positieven gedaald zijn tot 6,8 miljoen (2,9%) en 
het aantal mensen met huid- of oogmorbiditeit tot 4,2 miljoen (1,8%). Hierdoor zullen 
tussen 1990 en 2030 cumulatief zo'n 96,7 miljoen DALY's zijn voorkomen. Deze 
resultaten tonen het opmerkelijke effect van ivermectine massabehandeling op de 
ziektelast van onchocerciasis in landen die voorheen onder het APOC-mandaat vielen. 
 
In Hoofdstuk 4 presenteren we een methode voor het standaardiseren van LF 
prevalenties, die gemeten kunnen worden met verschillende diagnostische tests en 
bloedvolumes. Deze correctie gebruiken we in het volgende hoofdstuk om te kunnen 
beoordelen welk verband er is tussen LF-infectie en klinische morbiditeit op 
populatieniveau (als onderdeel van onderzoeksvraag 1). Alle prevalenties worden 
gestandaardiseerd naar de prevalentie die zou zijn verkregen met een diagnostische 
referentietechniek, hier de historisch meest gebruikte techniek voor het tellen van mf, 
namelijk een bloeduitstrijkje op basis van 20 µl bloed (TBS20). Hiervoor voerden we 
een systematische literatuuronderzoek uit om studies te identificeren die voor hun 
onderzoekspopulatie mf prevalenties rapporteren gemeten door meer dan één 
diagnostische test waaronder TBS20. We vonden 606 artikelen op basis van specifieke 
zoekcriteria, waarvan er 14 relevante zijn opgenomen in onze analyses. We hebben 
met behulp van een meta-regressiemodel  associaties tussen mf-prevalenties op basis 
van verschillende diagnostische technieken gekwantificeerd in termen van Odds 
Ratio's (OR’s, met TBS20-bloed als referentie). De OR van de mf-prevalenties, zoals 
gemeten met de gevoeligere counting chamber techniek (≥ 50 µl bloed), was 2,90 (95% 
betrouwbaarheidsinterval (BI): 1,60-5,28). Voor de membraanfiltratie (1 ml bloed) 
was de OR 2,39 (95% BI: 1,62–3,53), voor de techniek van Knott was de OR 1,54 (95% 
BI: 0,72–3,29), en voor de TBS in ≥ 40 µl bloed was dit 1,37 (95 % BI: 0,81-2,30). Deze 
OR's kunnen worden gebruikt om mf-prevalentie te standaardiseren naar de 
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prevalentie zoals verwacht wanneer de TBS20 wordt gebruikt. Op deze manier kan 
een vergelijking van mf prevalenties in verschillende studies, met verschillende 
diagnostische technieken en voor verschillende geografische locaties mogelijk 
worden gemaakt. Dit helpt bij een betere monitoring en vergelijking in ruimte en tijd 
van surveillancegegevens voor LF, maar er zijn ook verdere vergelijkingen nodig 
tussen parasitaire diagnostische testen en point-of-care testen voor het detecteren van 
circulerende filariale antigenen. 
 
In Hoofdstuk 5 beantwoorden we de LF-gedeelten van onderzoeksvragen 1 en 2 die 
gaan over de ziektelast van filariale ziekten in Afrika. Allereest hebben we een 
systematische review uitgevoerd met betrekking tot associatie tussen LF-infectie en 
klinische morbiditeit (lymfoedeem/elefantiasis en hydrocele) op populatieniveau 
voorafgaand aan massabehandeling voor Afrika. Deze associatie voorafgaand aan 
massabehandeling was, net zoals bij onchocerciasis, niet-lineair. Op basis van een geo-
statistische kaart van de mf-prevalentie voorafgaand aan massabehandeling in Afrika 
en de uit de literatuur afgeleide associaties tussen infectie en morbiditeit voorafgaand 
aan massabehandeling, hebben we vervolgens de gemiddelde prevalentie van 
hydrocele en lymfoedeem voorafgaand aan massabehandeling geschat per leeftijd, 
geslacht en op niveau van gebieden die massabehandeling ontvangen 
(implementatiegebieden). Vervolgens gebruikten we een cohortmodel om de daling 
in de prevalentie, het aantal gevallen met ziekte en de bijbehorende ziektelast in 
DALY's in de loop van de tijd te voorspellen opgesplitst naar leeftijd, geslacht en 
implementatiegebied, rekening houdend met de impact van lokale massabehandeling 
op de incidentie van ziekteverschijnselen. DALY-schattingen werden berekend door 
het toekennen van gewichten die de ernst van elk ziektebeeld aangeven welke zijn 
overgenomen uit de GBD-studie. Voorafgaand aan de start van grootschalige 
massabehandeling voor LF (2000), leden 15,0 miljoen mensen aan lymfoedeem of 
hydrocele door LF in Afrika. In 2030 zullen er naar verwachting nog altijd 17,2 miljoen 
ziektegevallen zijn. In datzelfde jaar zullen cumulatief 17,2 miljoen DALY's zijn 
voorkomen. Deze resultaten tonen het belangrijke effect van massabehandeling op de 
ziektelast van LF in Afrika. Om het lijden van mensen met chronische verschijnselen 
van LF te verminderen, is er echter een dringende behoefte aan opschaling van 
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programma's voor de behandeling van lymfoedeem/elefantiasis en chirurgie voor 
hydrocele in gebieden met hoge ziektelast. 
 
Hoofdstuk 6 geeft schattingen van de ziektelast van onchocerciasis-geassocieerde 
epilepsie (OAE) in Oost- en Centraal-Afrika (landen die voorheen onder APOC vielen), 
voor aanvullende informatie voor onderzoeksvraag 2. Om het aantal gevallen en de 
ziektelast van OAE te  schatten, hebben we gebruik gemaakt van eerder gepubliceerde 
geospatiële schattingen van onchocerciasis prevalentie in Afrika en een afzonderlijk 
gepubliceerd logistisch regressiemodel dat de associatie tussen onchocerciasis 
prevalentie en de prevalentie van epilepsie kwantificeert. Vervolgens hebben we een 
gewicht voor de ernst van ziekte van 0,336 toegepast om enkel de ziektelast in termen 
van YLD te berekenen. We schatten dat in 2015 ongeveer 117 duizend mensen werden 
getroffen door OAE in onchocerciasis-endemische gebieden die voorheen onder 
APOC-mandaat vielen en waar OAE ooit is gemeld of vermoed, en daarnaast nog eens 
264 duizend personen in onchocerciasis-endemische gebieden waar OAE nog nooit 
eerder is onderzocht. Dit komt overeen met meer dan 39 en 88 duizend YLD's door 
OAE in de respectieve gebieden. De totale ziektelast als gevolg van onchocerciasis 
neemt toe met 13% wanneer de YLD’s door OAE worden toegevoegd aan de eerder 
geschatte ziektelast als gevolg van huid- en oogziekte. Om een deel van het 
sociaaleconomische effect van OAE te schatten, hebben we ook een kostenraming voor 
anti-epileptica opgenomen. We schatten dat tegen 2015 de totale kosten van 
behandeling met anti-epileptica voor OAE-gevallen in Oost- en Centraal-Afrika 
minstens US$ 12,4 miljoen moeten zijn geweest (berekend op basis van het 
voorspelde aantal OAE-gevallen in 2015). 
 
Om onderzoeksvraag 3 te beantwoorden analyseren we in Hoofdstuk 7 de 
geografische overlapping van de prevalentie van onchocerciasis en loiasis, en geven 
we schattingen van het aantal co-geïnfecteerde individuen met een risico op post-
ivermectine bijwerkingen in Afrika van 1995 tot en met 2025. We hebben kaarten 
daterend van vóór de start van interventies van de prevalentie van loiasis en 
onchocerciasis over elkaar gelegd om de initiële prevalentie van co-infectie te 
berekenen. Hierbij lag de focus op de regio’s waarvan er loiasis overdracht werd 
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verwacht, namelijk 14 West- en Centraal-Afrikaanse landen. We hebben de initiële 
prevalentie van co-infectie op een pixelgrootte van 5x5 km² en op basis van 
verschillende categorieën van Loa loa mf-intensiteit berekend. Met behulp van een 
combinatie van statistische en wiskundige modellen hebben we de prevalentie van 
zowel infecties als co-infecties voor 2015 tot en met 2025 voorspeld, waarbij we 
rekening hielden met het effect van massabehandeling met ivermectine. We 
voorspelden dat het aantal mensen met onchocerciasis infectie zal dalen van bijna 19 
miljoen in 1995 tot vier miljoen in 2025. Van de 19 miljoen onchocerciasis-
geïnfecteerde mensen uit 1995 werd geschat dat 137 duizend mensen ook L. loa 
hypermicrofilaraemia heeft gehad (gedefinieerd als ≥20.000 L. loa mf/ml), dalende tot 
31 duizend in 2025. In 2025 zal naar verwachting 92,8% van alle gevallen van co-
infectie met loiasis hypermicrofilaraemia leven in gebieden met een laag niveau van 
transmissie waar momenteel geen massabehandeling met ivermectine plaatsvindt. 
Om de eliminatie van onchocerciasis in co-endemische gebieden te bereiken, is het 
essentieel om de eliminatie van onchocerciasis in kaart te brengen en alternatieve 
controlestrategieën te implementeren, zoals een “Test-and-not-Treat” strategie, lokale 
insectenbestrijding, of het gebruik van een nieuwe macrofilaricide medicijn, wanneer 
deze beschikbaar komt. We schatten dat tegen 2015 ongeveer 14 miljoen mensen in 
gebieden met een lage transmissie van onchocerciasis moeten worden getest met een 
"Test-and-not-Treat"-strategie om 129 duizend personen (0,9%) te identificeren die 
een hoog risico lopen op ernstige bijwerkingen na behandeling met ivermectine tegen 
onchocerciasis. Dit benadrukt de noodzaak om deze gebieden aan te pakken met 
intensievere bestrijdingsstrategieën, en/of de continuering van onderzoek en 
ontwikkeling voor veiligere geneesmiddelen, willen we de doelstellingen voor de 
eliminatie van onchocerciasis bereiken. 
 
Ten slotte bespreken we in Hoofdstuk 8 eerst de antwoorden op de 
onderzoeksvragen en presenteren we de resterende uitdagingen en mogelijke 
vervolgstappen voor onderzoek (paragraaf 8.1). Bij het beantwoorden van 
onderzoeksvraag 1 stellen we vast dat de associaties tussen infectie en klinische 
morbiditeit op populatieniveau voor onchocerciasis (Hoofdstuk 2) en LF (Hoofdstuk 

5) worden gekenmerkt door niet-lineaire patronen die het gevolg zijn van een proces 
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van accumulatie en regressie van weefselbeschadiging. Bij het onderzoeken van 
onderzoeksvraag 2 aangaande de ziektelast door onchocerciasis en LF, in termen van 
totaal aantal ziekten en verloren DALY's, schatten we dat massabehandeling in 2030 
53% van de absolute ziektelast van onchocerciasis in Afrika zal hebben voorkomen 
sinds de start van interventies in 1990, gezien de geschatte 96,7 miljoen cumulatief 
afgewende DALY's in Afrika in de periode 1990-2030 ( Hoofdstuk 3) ten opzichte van 
een geschat totaal van 183,5 miljoen verloren DALY's bij afwezigheid van 
massabehandeling. Voor LF, zal de absolute ziektelast die is voorkomen 23% 
bedragen sinds de start van interventies in 2000. Dit werd berekend door de 
cumulatief afgewende DALY's in Afrika over de periode 2000-2030 (17,2 miljoen 
DALY's, Hoofdstuk 5) te delen door de totale DALY's die verloren zijn gegaan bij 
afwezigheid van massabehandeling (74,9 miljoen DALY's). Ten slotte concluderen we 
in het antwoord op onderzoeksvraag 3 uit Hoofdstuk 7 dat co-endemiciteit van loiasis 
geen bedreiging vormt voor de eliminatie van onchocerciasis in gemiddeld- en hoge 
endemische gebieden, maar wel in laag endemische gebieden van onchocerciasis die 
co-endemisch zijn voor loiasis. In deze laag endemische gebieden zou een "Test-and-

not-treat"-strategie ongeveer 14 miljoen mensen moeten testen (schattingen van 
2015) om slechts 1% van de personen te identificeren die een hoog risico lopen op 
ernstige bijwerkingen na behandeling met ivermectine tegen onchocerciasis.  
 
In het tweede deel van Hoofdstuk 8, doen we een voorstel om de ziektelast door 
onchocerciasis te schatten voor de 11 West-Afrikaanse landen die in dit proefschrift 
nog niet zijn meegenomen. Door de ziektelast van onchocerciasis in deze West-
Afrikaanse landen mee in beschouwing te nemen, kunnen we een totaaloverzicht van 
de ziektelast door rivierblindheid in heel Afrika bieden. We verwachten tegen 2030 
slechts een kleine extra ziektelast door onchocerciasis uit West-Afrika, waaraan 
Ghana en Ivoorkust waarschijnlijk het meest zullen bijdragen vanwege hun grote 
populaties in risicogebieden (paragraaf 8.2). Vervolgens beschrijven we in 
paragraaf 8.3 hoe we onze schattingen van de ziektelast door LF kunnen verbeteren 
door het wiskundige model LYMFASIM uit te breiden met een ziektemodule die 
vergelijkbaar is met die voor onchocerciasis, zoals beschreven in Hoofdstuk 2. Een 
belangrijk verschil met de ziektemodule voor onchocerciasis is de aanname met 
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betrekking tot de oorzaak van weefselbeschadiging. Bij onchocerciasis komt 
weefselbeschadiging door afstervende mf, terwijl bij LF weefselbeschadiging optreedt 
na de dood van volwassen wormen. Ook zou een ziektemodule om de ziektelast voor 
LF beter te schatten, een autonome toename als gevolg van secundaire bacteriële 
infecties gerelateerd aan lymfoedeem/elefantiasis moeten omvatten. Hoewel een 
verbeterde ziektemodule voor het modeleren van LF-morbiditeit mogelijk tot meer 
realistische schattingen zou kunnen leiden, verwachten we geen grote afwijkingen op 
onze huidige ziektelastvoorspellingen. We sluiten de discussie af met de onderstaande 
conclusies en aanbevelingen: 
 

Conclusies: 

1. Associaties tussen infectie en klinische morbiditeit op gemeenschapsniveau voor 
onchocerciasis en lymfatische filariasis worden doorgaans gekenmerkt door niet-
lineaire patronen die het gevolg zijn van een proces van accumulatie en regressie 
van weefselbeschadiging. 

 
2. Tegen 2030 zal de grootschalige massabehandeling van onchocerciasis, die 

gestart is in 1990, 53% van de absolute ziektelast in Afrika hebben kunnen 
voorkomen; voor lymfatische filariasis zal dit 23% zijn vanaf de start van 
massabehandeling in 2000. 

 
3. Om onchocerciasis te kunnen elimineren in laag-endemische gebieden waar Loa 

loa (Afrikaanse oogworm) ook aanwezig is, zouden bij een "Test-and-not-Treat"-
strategie ongeveer 14 miljoen mensen getest moeten worden om de slechts 1% te 
identificeren die een hoog risico lopen op ernstige bijwerkingen na behandeling 
met ivermectine.  

 
4. Veldstudies tonen een duidelijke epidemiologische associatie tussen de 

prevalentie van onchocerciasis en epilepsie in gebieden met hoge niveaus van 
onchocerciasis in Afrika. Onchocerciasis-geassocieerde epilepsie voegt tenminste 
13% toe aan eerdere ziektelastschattingen voor rivierblindheid, waarin alleen 
oog- en huidziekten zijn meegenomen. 
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Aanbevelingen: 

1. Om de bestrijding van onchocerciasis te versnellen, is het noodzakelijk om 
interventies te intensiveren, met name in gebieden met historisch hoge niveaus 
van transmissie en in gebieden waar de massale toediening van ivermectine slecht 
is uitgevoerd (bijvoorbeeld in post-conflictgebieden). 

 
2. Om een beter overzicht te krijgen van de wereldwijde ziektelast door 

onchocerciasis is het belangrijk dat we de huidige situatie van onchocerciasis in 
West-Afrika in beeld krijgen.  

 
3. Om de eliminatie van onchocerciasis in loiasis co-endemische gebieden te 

realiseren, is het essentieel om het in  kaart brengen van onchocerciasis eliminatie 
af te ronden en om alternatieve bestrijdingsstrategieën uit te voeren, zoals Test-

and-not-Treat, bestrijding van de zwarte vlieg op lokaal niveau, of het gebruik van 
nieuwe macrofilaricide medicijnen, zodra beschikbaar. 

 
4. Om mondiale monitoring en vergelijking van surveillancegegevens in ruimte en 

tijd bij lymfatische filariasis te vergemakkelijken, hebben we meer begrip nodig 
van de associatie tussen historische parasitaire diagnostische methoden en point-
of-care-testen voor het detecteren van circulerende filariale antigenen. 

 
5. Om het effect van interventies op de huidige en toekomstige wereldwijde 

ziektelast van lymfatische filariasis beter te begrijpen, moet een ziektemodule die 
rekening houdt met de geschiedenis van infectie en de preventie/management 
van morbiditeit worden geïmplementeerd in het wiskundige model LYMFASIM. 
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