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Patterns of human infection with Onchocerca volvulus (the cause of river 

blindness) in different continents and ecologies are analyzed. By contrast with 

some geo-helminths and schistosome parasites, whose worm burdens typically 

exhibit a humped pattern with host age, patterns of O. volvulus infection vary 

markedly with locality. To test the hypothesis that such differences are partly 

due to heterogeneity in exposure to vector bites, we develop an age- and sex-

structured model for intensity of infection, with parasite regulation within 

humans and vectors. The model is fitted to microfilarial data from savannah 

villages of northern Cameroon, coffee fincas of central Guatemala, and forest-

dwelling communities of southern Venezuela, recorded before introducing 

ivermectin treatment. Estimates of transmission and infection loads are 

compared with entomological and epidemiological field data. Host age- and 

sex-heterogeneous exposure largely explains locale-specific infection patterns 

in onchocerciasis (whereas acquired protective immunity has been invoked for 

other helminth infections). The basic reproductive number, , ranges from 5 to 

8, slightly above estimates for other helminth parasites, but well below 

previously presented values. 
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Human helminth infections are a major cause of morbidity in low income 

countries worldwide, with over a third of the world’s population infected and 

some 300 million people suffering consequences of severe schistosomiasis 

(bilharzia), intestinal helminthiases, lymphatic filariases (causing elephantiasis) 

and onchocerciasis (river blindness) (1−3). Large-scale control initiatives have 

been put in place to address these public health problems (3−5). Yet, the 

population and within-host processes underlying epidemiological patterns are 

complex and poorly understood. Among the remaining enigmas are the precise 

mechanisms regulating parasite abundance and determining host age-infection 

patterns. Understanding these mechanisms is important for explaining parasite 

resilience and, most crucially, for predicting post-control dynamics. 

Analyses of age-infection patterns have been used to suggest processes 

underlying the population dynamics of helminth infections. The patterns may or 

not be consistent with the (null) hypothesis of a simple immigration-death 

process for the development of infection in hosts (6). Under this model, which 

assumes constant rates of parasite acquisition and mortality, infection intensity 

increases monotonically with age and saturates at a value determined by the 

ratio of these two rates. Departures from this pattern indicate that rates of 

parasite acquisition and/or mortality may depend on host age (through age-

specific exposure or susceptibility), or on established parasite density (due to 

acquired immunity), or both (7, 8). A prediction of models incorporating long-

lasting protective immunity is that age-intensity profiles would peak and 
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subsequently decline with age (7). Also, peak infection intensities would be 

higher and shifted towards earlier ages as transmission increases (9). The 

detection of significant ‘peak shifts’ in schistosomiasis is consistent with the 

acquisition of protective immunity elicited by repeated reinfection (9). 

Depending on location, profiles of O. volvulus infection, measured by 

density of skin microfilariae (mf), are reported to plateau (10), peak (11) or 

increase (12) with host age. While some age-dependency in exposure is 

assumed in epidemiological models (13−16), infection-facilitated parasite 

establishment has been proposed as another explanation for increasing age-

intensity profiles (17). However, differences in infection between males and 

females can be as significant as those among age-groups (18−20). Recent 

analyses suggest that excess mortality and blindness rates, for given mf load, are 

higher in men than in women (21). Yet, most existing models consider the 

human population without regard for sex-specific characteristics. 

In this paper, we present an age- and sex-structured model for human 

onchocerciasis. As in previous work (22), parasite establishment in humans is 

determined by exposure to infective stages. The model is fitted to cross-sectional 

survey data from northern Cameroon, central Guatemala, and southern 

Venezuela. We estimate entomological parameters (annual vector biting rate) and 

infection levels in humans and vectors, and compare these outputs with 

observations. We focus on possible heterogeneity in exposure to explain age-
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infection patterns specific to each sex and geographic region, and present 

estimates of the basic reproductive ratio, R0, of O. volvulus in each environment. 

 

Methods 

Additional description of methods is given in Supporting Information. 

Study areas and parasitological data. Cross-sectional surveys of skin mf load 

(mf/mg of skin) were conducted, prior to introduction of mass ivermectin 

treatment, in 37 Sudan-savannah villages (with Mboum and Dourou ethnicity) of 

the Vina du Nord valley in northern Cameroon (23), Mayan populations living in 

9 coffee ‘fincas’ of central Guatemala (24), and 21 Yanomami communities of 

the Venezuelan Upper Orinoco basin (12, 25, 26). The number of people (and % 

of total population) examined was, respectively, 5,040 (50%), 872 (76-99%), and 

995 (70%). The parasitological procedures applied have already been described 

(24, 25, 27). Average mf prevalence in each study area was about 70%. Only 

villages meso- and hyperendemic (mf prevalence >20%), and individuals born or 

resident in each village (and aged 5-80 years) with mf load ≤550 mf/mg (in line 

with (28)) are included in the analyses. 

Entomological data. Annual vector biting rates (ABR) and number of infective 

larvae (L3) per fly for savannah forms of Simulium damnosum s.l. had been 

recorded prior to introduction of ivermectin in the Vina valley, an area without 

vector control (27). Pre-intervention entomological indices (biting and infection 

rates) have been collated for S. ochraceum s.l. in the Guatemalan fincas (29), and 
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reported for S. guianense s.l. and S. incrustatum in meso- and hyperendemic 

Amazonian areas (30−32). 

Observations pertaining to each region (mf prevalence and intensity, ABR, 

and mean number of L3 larvae/fly) were averaged across study villages in order 

to obtain country- and vector-specific data with which to contrast predictions. 

 

Ethical clearance. Informed consent from participants (or their parents or 

guardians) was obtained prior to skin snip sampling in each village. Communities 

in the study area are currently incorporated into national onchocerciasis control 

programs. 

 

Model formulation. Our intensity model describes the mean number of adult 

worms/person and of mf/mg of skin in an age- and sex-structured human 

population, and the mean number of L3/fly in the vector population. The 

following assumptions and notation extend prior work (22): 

1) The human population has a density function that depends on age (a) and 

sex (s), ρs (a) = ρs ρ (a), where ρs are sex-related weights ( ) and 

ρ (a) is an exponential distribution truncated at the maximum recorded age, 

a

∑ = 1sρ

m (Table 1); it is assumed that the per capita mortality rate µH is constant 

with age, as supported by the data. 
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2) The mean number of adult worms and mean density of mf/mg in a person of  

given age and sex are Ws(a) and Ms(a). The mean number of L3/fly in vectors 

infected by mf from a person of given age and sex, is Ls(a) (assuming each 

bloodmeal is taken from a single host and larvae develop from surviving mf 

ingested during that bloodmeal). 

3) The rate of human-vector contact depends on age and sex of the human 

host. The biting rate/fly on humans, β = h/g, is determined by the interval 

between two consecutive bloodmeals (g) and the fraction of meals taken on 

humans (h) which depends on species and location (29). For a given human, 

the contact rate is ( )sm aβ Ω , where m is the vector to human ratio, and 

0( ) ,
exp( [ ]),

s s s

s s s

a E E a q
E a q a q

γ
γ α

Ω = <
= − − ≥

   [1] 

is an age- and sex-specific measure of exposure with population average 

equal to 1 [ensured by normalization factors sγ  and weights Es such that 

 and 1 ( )[ ( ) / ]s sa a E dρ= Ω∫ a 1s sE ρ =∑ ], and parameters , 0E sα  and . 

Relative exposure (of males with respect to females) is defined by 

Q = E

q

M / EF. After an initial increase in exposure to vectors, approximated 

by a step function (E0 < 1), during childhood period q (13, 14), contacts can 

either increase, decrease, or remain constant with age, depending on 

whether 0or,0,0 =>< sss ααα . 
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4) There is a pre-patent period, p , defined as the time between acquisition of an 

infective larva from a vector and migration of offspring mf to human dermal 

tissues (after which further transmission is possible). The value of p is fixed 

at 2 years (33, 34). 

5) We assume the number of flies biting a host during p , ( )sm a pβ Ω , is large, 

and therefore they constitute a representative sample of the vector population. 

Hence, the number of incoming parasites within a human at any given time is 

proportional to the mean number of L3 larvae/fly in the vector population, 

given by 

[ ]( ) ( ) ( )s s s s
s s

L a a L a da sLρ ρ= Ω =∑ ∑∫ ,   [2] 

with Ls(a) defined in point 2) above, and ( ) ( )sa aρ Ω  the probability that a 

vector feeds on a human of given age and sex. 

6) The dynamics of mean parasite loads per human and fly are deterministic, 

i.e., are determined independently of the degree of variability about mean 

values, and, in particular, are unaffected by overdispersion. However, the 

numbers of mf/mg follow a given probability distribution (see below). 

 

Assuming that parasite and host populations are at endemic equilibrium, as 

tested later, the dynamics of mean loads of adult worms and mf in humans are 

given by the following system of integro-differential equations 

 8



 

( ) ( ) ( ) (

( ) ∆ ( ) ( )

s
s H W

s
s M s

dW a m a p L L W
da

dM a W a M a
da

β σ

σ

= Ω − Π −

= −

)s a

 [3]  

with  given explicitly, in terms of human mf loads, by L

2( ) ( ) ( ) ( )
( )

V V
s s s

sL V H

ML a a M a d
M

aβ ρ
σ α µ

Π
= Ω

+ + ∑∫   [4] 

where  for ( ) ( ) 0s sW a M a= = a p≤ ; ( )H LΠ is the probability of establishment 

of acquired L3 larvae in humans as a function of ; L ∆ is the per capita rate at 

which adult worms produce mf (assuming half the worms are female and all 

females are mated (22)); VM  is the average mf density in the population of 

vectors feeding on human blood ; (V V )MΠ is the probability of development of 

ingested mf into L3 larvae within the vector as a function of VM ; Wσ  and Mσ  

are, respectively, per capita mortality rates of adult worms and mf; (L V )Mσ  is the 

rate of loss of L3 larvae per vector as a function of VM (including parasite-

induced vector mortality); and α  is the average of sα  over the vector population. 

Regulatory constraints (nonlinearities) are present both in humans and vectors, 

via HΠ ,  and VΠ Lσ  (22, 29). At endemic equilibrium an explicit solution is 

obtained (and used for efficient estimation) by ignoring density-dependent 

parasite uptake by vectors, i.e., with VΠ  constant and parasite abundance within 

flies regulated solely through parasite-induced vector mortality. Model 

parameters are summarized in Table 1. 
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Demography of the human population. Demographic parameters for each 

country (µH , ρs, s = F, M) are estimated directly from the population sample, 

which represents ≥ 50% of the total population. In the surveys, human age was 

ascertained by questioning participants during physical examination, or 

estimated visually when exact age was not known. An exponential distribution 

of survival times adequately represents the proportion of individuals surviving 

at age a. Since, apart from scale factor ρs, there is similarity in age profiles 

between sexes, µH is estimated jointly (via least squares) for both sexes. 

Estimates of ρs and µH for each country are presented in Table 1 

Table 1 

Variability in mf counts. Mf counts in individual humans are assumed to be 

independent random variables following a negative binomial (NB) distribution 

(40), with mean Ms(a) and aggregation index ks(a), which depend on an 

individual’s country, age and sex. The NB distribution is modified to allow for 

more flexible, age- and sex-specific numbers of zero counts. The aggregation 

index, , with  the NB variance, is an 

inverse measure of overdispersion. Preliminary (moment) estimates of 

(based on sample mean and variance within age groups (35)) suggest 

aggregation does not depend strongly on host sex (Fig. 1). Hence, we model 

2 2( ) ( ) /[ ( ) ( )]s s s sk a M a a M aσ= − 2( )s aσ

( )sk a

 10



aggregation with country-specific functions of age,  (logistic or lognormal), 

with 3 free parameters ( ). 

( )k a

0 1 2, ,b b b

Figure 1 

Parameter estimation. Age- and sex-specific mean mf load and overdispersion 

are modeled for each country as described . We estimate exposure parameters m 

(vector to human ratio), q (period when exposure to vector bites increases with 

age), Es and αs (of the sex- and age-specific contact function ( )s aΩ ), and 

overdispersion parameters b0, b1, b2 , jointly by maximum likelihood, using 

individual data, with demographic parameters as described and remaining 

parameters as in Table 1. 

Predictions. Overall and sex-specific annual biting rates/person are given by 

ABR = m β and ABRs
 = m β  Es. Predicted overall mean adult worm and mf loads in 

humans (W and M), and L3 larval load/fly in the vector population (L) are 

averages of model outputs over the human and vector populations. Mean number 

of palpable O. volvulus nodules/person is estimated assuming that worm sex ratio 

is 1 and each palpable nodule corresponds on average to 34 females anywhere in 

the host body (34). Predicted overall mf prevalence (proportion of mf carriers in 

the human population) combines the deterministic model for mean intensity, 

Ms (a), with the NB model for distribution of mf counts (which determines the 

prevalence-mean relationship). Expressions for the basic reproductive ratio, R0 

(average number of adult female worms in the human population produced by a 
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mated female worm during reproductive lifetime in absence of regulation (6)), 

and effective reproductive ratio, Re (its equivalent in the presence of density 

dependence), are derived and evaluated. The latter is used to confirm endemic 

equilibrium status, i.e., when on average each female worm only replaces itself 

( ) (6). 1eR ≅

Assessment. Confidence intervals (CI) for parameter estimates and predictions 

are evaluated using nonparametric bootstrap (36), i.e., by resampling the original 

number of individuals of each age and sex from the dataset with replacement. 

Estimated CI are based on 1 000 simulations. Goodness of fit is assessed for each 

country by allowing a quadratic extension of the model for mean mf load: 

Ms (a) + As a + Bs a
2. Parameters As and Bs are estimated from the data, jointly with 

those in Ms (a), and improvements in fit are tested via likelihood ratio at 5% 

significance. 

 

Results 

Additional results are given in Supporting Information. 

Parasitological and entomological estimates. Predicted ABR, overall mf 

prevalence, and overall parasite loads in humans and flies are presented in Table 

2. Predicted confidence regions are narrowest for Cameroon (the largest 

dataset), and contain the observed values, with two exceptions. First, CIs for mf 

prevalence contain the observed value of 70% in Venezuela, but are 12−14% 
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below observations for Cameroon and Guatemala. We attribute this small 

discrepancy to inaccuracy either in the model for mean intensity or, perhaps more 

likely, in the NB distribution assumption. As we fit intensity data, we expect 

more accurate predictions for intensity than for prevalence of infection, which is, 

nevertheless, in the range 60−70%, very close to observations. Second, mean mf 

load in the Amazonian focus is underestimated by ~15% (counterbalanced by a 

better prediction of prevalence). 

The average number of female adult worms per person is in the range 

40−50, in line with nodulectomy data from Burkina Faso (savannah) and Liberia 

(forest) (17, 28). The mean number of palpable O. volvulus nodules per person 

is 1.42 (95% CI 1.36, 1.48) in Cameroon; 1.46 (1.31, 1.60) in Guatemala; and 

1.10 (0.99, 1.22) in Venezuela. Due to overdispersion, individual hosts may 

carry considerably more or less nodules than indicated by these averages. 

The predicted ABR is higher for S. ochraceum s.l. (Guatemala), than for 

Amazonian vectors S. guianense / S. incrustatum (Venezuela), or savannah 

vectors S. damnosum / S. sirbanum (Cameroon). L3 larval loads in the vector 

follow the opposite trend, whereas mf prevalence (~60-70%) and mf intensity 

(~40 mf/mg) are very similar in all three areas. These results agree with the fact  

the meso-American vector is the least competent, requiring higher densities to 

attain similar endemicity levels (29). 

Table 2 
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Exposure. Model fits suggest that males are subject to a higher vector biting 

rate than females in the study areas of Cameroon and Guatemala. Predicted 

ABRM is 45 900 (95% CI: 40 900, 50 700) whereas ABRF is 38 300 (34 300, 

42 700) in Cameroon. Corresponding predictions for Guatemala are ABRM = 

241 900 (185 200, 292 300) and ABRF = 153 084 (108 100, 191 100). By 

contrast, males and females are more evenly bitten in Venezuela, with ABRM = 

64 700 (50 700, 79 500) and ABRF = 54 300 (40 300, 69 200). The significantly 

high men-to-women relative exposure (Q) in Guatemala, and different 

magnitude and sign of age-contact exponents (αM and αF) in Cameroon (Table 

3), suggest that exposure differences in Guatemala are consistent across host 

ages, whereas relative exposure in Cameroon may change with age. Parameter αs 

is significantly negative for women in Cameroon and men and women in the 

Amazonian focus, indicating that after period q, exposure continues increasing 

with age. By contrast, s 0α ≈  for men in Cameroon and men and women in 

Guatemala, suggesting exposure reaches a plateau. 

Table 3 

Age-specific overdispersion. In all study endemic areas dispersion index  

increases with host age until 25−30 years, when k (a) ≈ 0.5 (Fig. 1). 

( )k a

Figure 1 

Age-infection profiles. Age-profiles of mf infection show marked differences 

among study areas and between sexes, consistent with the exposure results 
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described above (Fig. 2). In N. Cameroon, mean mf intensity in men increases 

rapidly with age, leveling off at ~ 60 mf/mg by age 30 years. By contrast, 

women experience a much slower increase in infection intensity; for age < 45, 

skin loads in females are consistently lower than those in males. Above 45 

years, however, females surpass males as their mf load rises at increasing rate, 

reaching 140 mf/mg at age 75. In C. Guatemala, and in agreement with other 

reports (11, 19), mf burden is higher in men than in women for all ages, 

reaching a plateau for both sexes at ~30 years. In S. Venezuela there is less 

difference between mf loads in men and women, with both sexes exhibiting an 

increase with age similar in shape and magnitude to that of women in the Vina 

valley. However, beyond age 30, skin infection in men tends to be higher than 

in women. While mf levels can reach 150 mf/mg for women living in endemic 

areas of northern Cameroon and among Yanomami males, they do not exceed 

100 mf/mg for either men or women in central Guatemala. 

Figure 2 

Reproductive ratios. Predicted Re values are very close to 1, and confidence 

regions include 1 (Table 3), which lends support to the assumption of endemic 

equilibrium. Predicted R0 values for O. volvulus range from 5 (Amazonian 

focus) to 8 (northern Cameroon), and confidence regions from 4 to 9. R0 

estimates for other helminth parasites are of the order of 1−4 for schistosomes 

 15



and 1−6 for soil-transmitted nematodes (6). Previous, village-specific R0 

estimates for the same area of Cameroon ranged from 1 to 50+ (13, 22). 

 

Discussion 

Profiles of O. volvulus infection in endemic areas vary with host age and sex and 

geographical setting quite unlike other directly- and indirectly-transmitted 

helminth parasites (possibly excepting lymphatic filarial nematodes). To our 

knowledge, this is the first study using a full-lifecycle transmission model for 

fitting and comparing data across continents. Most models focus on 

onchocerciasis in West Africa (13−17), some in Latin America (19), but few 

attempt to bring epidemiological commonalities and differences into a single and 

coherent mathematical framework (29). Age-specific exposure to vector bites 

(13−16), operation of parasite-related human mortality (13, 15), and parasite-

induced immunosuppression (12, 17, 26), are among the mechanisms put forward 

to explain observed departures of O. volvulus infection patterns in relation to 

predictions generated by simple immigration-death models (7). No model, 

however, has also attempted to capture sex-related heterogeneities, despite 

infection and morbidity patterns in some endemic areas differing markedly 

between males and females (11, 18−22, 24). The relative contribution of 

ecological (behavioral, environmental, body size) and physiological (hormonal, 

immunological) factors to sex-specific patterns of infection and disease has long 

been debated (reviewed in (35)). Most studies however, including ours, measure 
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parasite load indirectly through transmission stages (e.g., mf) instead of directly 

through adult worms. 

In this paper we have proposed a novel age- and sex-structured model for 

the population biology of human onchocerciasis which largely explains 

differences in infection patterns among epidemiological settings, host ages and 

sexes by assuming heterogeneous exposure (rather than heterogeneous 

susceptibility/parasite establishment). Our formulation of exposure to vectors, in 

terms of host age and host sex is flexible enough to yield infection patterns that 

increase, saturate, or peak with host age (respectively, the so-called types I, II, 

and III age-intensity curves (35)). The goodness of fit achieved with this model is 

very satisfactory for endemic equilibrium situations, as it: 1) predicts overall 

transmission and infection intensities compatible with averaged (pre-control) 

entomological and parasitological indices; 2) reproduces age-infection profiles; 

and 3) provides sensible composite measures of transmission success (R0 and Re). 

Behavior, occupation, and clothing are some of the factors that would 

determine exposure in different settings. Our results are compatible with 

knowledge of population activities in the study endemic areas. Differences in 

exposure between boys (fishing, swimming) and girls (occupied in the 

household), and between men (spending less time outside villages as they age) 

and women (working in the fields and collecting water in the rivers until elderly) 

have been quantified in N. Cameroon, and related to subsequent infection and 

ocular morbidity levels (20). Interestingly, and supporting the importance of 
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behavioral and cultural determinants of exposure, a study conducted in the same 

villages and ethnic groups over 10 years earlier (18) reports patterns of mf 

intensity with age and sex very similar to those depicted in Fig. 2A (although 

these authors ascribed the differences to hormonal factors, see also (37)). In 

Guatemala, onchocerciasis is transmitted mainly in coffee growing, mountainous 

areas, with men generally more exposed to vector bites while working in such 

areas (11, 19, 24). Among the Yanomami, use of clothing by children and adults 

is minimal, traditional houses lack enclosing walls, and men and women engage 

in similar activities around and outside villages (26, 30). However, we cannot 

dismiss the possible influence of host genetics, as the study populations belong to 

distinct ethnic groups. In West Africa, larger excess mortality of males in relation 

to females, due to onchocerciasis infection has been well documented (21), and 

could also help explain sex differences in age-profiles of mf load in Cameroon. 

Possible causes for either an increase or decrease in exposure to (effective) vector 

bites with age may include changes in host daily activity patterns, or thickening 

of the skin with prolonged exposure to flies and/or mf infection (24). 

We are not therefore proposing that exposure is the only determinant of 

observed age-profiles of infection. O. volvulus has been shown to reduce host 

immunological responsiveness to parasite-specific and other antigens (reviewed 

in (38)), and it has been proposed that age- and/or parasite-specific 

immunosuppression may be responsible for increasing parasite loads with host 

age (12, 17). Models have been developed which make the rate of parasite 
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establishment an increasing function of already established worms in order to fit 

adult worm nodulectomy data (8, 17, 28). However, these models exclude age-

dependent exposure as a plausible hypothesis to explain observed patterns, and 

do not deal with sex-related heterogeneities. Possible heterogeneity either in the 

rate of host exposure or in parasite establishment are not mutually exclusive 

hypotheses, and our model can easily be modified to include parasite-, age-, and 

sex-dependent susceptibility (35, 37, 39). In practice, given the lack of detailed 

exposure data, it may be difficult to disentangle exposure effects from those of 

within-host factors (e.g., hormonal changes, host genetics) (39). Model fitting to 

data categorized by endemicity level (a surrogate for transmission intensity) may 

help clarify the relative contribution of exposure and susceptibility. 

Changes in degree of parasite overdispersion with host age have been 

reported widely (35); in the case of bancroftian filariasis, overdispersion 

decreases with age for both males and females (39). Operation of density-

dependent constraints; clumped infection events; heterogeneities in parasite 

acquisition; negative correlation between overdispersion and intensity of 

infection; and sample-size biases have been proposed, among other factors, to 

explain observed patterns (35, 39). 

Our overall estimates for the basic reproduction ratio, R0 (ranging from 5 

to 8) locate O. volvulus slightly above other helminths (from 1 to 6), but well 

below village-specific estimates previously derived without accounting for age 

or sex structure (13, 22). The latter were strongly influenced by reported values 
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of annual biting rate (to which R0 responds linearly), and to assumed values of 

the fraction of vector bloodmeals taken on humans (to which R0 responds 

nonlinearly). It would be important to contrast the overall estimates with those 

obtained by categorizing the data by endemicity levels. 

Our model assumes that age-profiles of mf infection reflect those of adult 

worms, since mf production is conjectured to be proportional to adult worm 

burden and mf mortality independent of density or host age (but see (28)). For 

simplicity and tractability, we have included a reduction in parasite 

establishment within humans with number of incoming L3 larvae (22, 29), and 

parasite-induced vector mortality, but not density-dependent parasite uptake by 

vectors (22). The various density-dependent mechanisms, by acting on different 

processes in the parasite’s lifecycle, may influence rates of reinfection 

differentially following treatment (40). Hence, models aiming at predicting 

post-control, non-endemic dynamics, and feasibility of local elimination with 

current control methods, will have to test hypotheses as to which regulatory 

mechanisms are most influential. 
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Figure legends 

Figure 1. Observed and predicted age-profiles of the overdispersion parameter, 

: moment estimates within 3-yr age-groups (open circles: females, closed 

circles: males); direct fit to moment estimates (thick line); and full model fitted 

to individual data jointly with the model for M

( )k a

s (a) (thin line). Direct and full-

model fits use the same 3-parameter function: logistic (Cameroon) or lognormal 

(Guatemala and Venezuela). The full model agrees with the moment estimates, 

supporting our model for overdispersion. 

 

Figure 2. Observed and predicted age-profiles of mf load by sex and country: 

mean and standard error of observations within ~10-yr age-groups (open circles: 

females, closed circles: males), and model fitted to individual data (Cameroon: 

~5000, Guatemala: ~900, and Venezuela: ~1000 individuals); solid lines 

(males), broken lines (females). 
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Table 1. Parameters of the model 

Values and units 
Symbol Description / equation 

Cameroon Guatemala Venezuela 

Comments 

/ Ref(s). 

ks(a) 
Overdispersion parameter of the negative binomial for mf load with 

host age a and sex s 
estimated (Fig. 1)  

ρF ; ρM Fraction of human females; males 0.45; 0.55 0.42; 0.58 0.40; 0.60 Sample 

ρ (a) Proportion of humans at age a (function of µH)  estimated (Fig. 3)  

µH Per capita mortality rate of human host 0.040 yr-1 0.040 yr-1 0.032 yr-1 (Fig. 3) 

am Maximum human age 80 yr 80 yr 70 yr Sample 

β Biting rate per fly on humans = h/g with g = 0.0096 yr (3.5 days) for all vectors (22) 

h Fraction of bloodmeals taken on humans 0.3 0.6* 0.5† (22, 29) 

m Average number of vectors per human estimated (Table 2) — 

Es Sex-specific exposure estimated (Table 3) — 

E0 Relative exposure at age 0 in relation to age q 0.10 0.10 0.05 ‡

q Period of initial increase in exposure to vector bites during childhood estimated (Table 3) — 

αs Rate of change in contact rate with age in human of sex s  estimated (Table 3) — 

Q Relative male-to-female exposure = EM / EF. estimated (Table 3) — 

p Pre-patent period from infective bite to mf migration to human skin 2 yr (33, 34) 

∆  
Per capita fecundity rate of female worms scaled per mg of skin 

assuming all females are mated and sex ratio is 1 
0.337 yr-1 (22) 

σW , σM Per capita mortality rates of adult worms, skin mf 0.1 yr-1, 0.8 yr-1 (34) 

 

                                                 
* Chosen to be twice the value for Cameroon (22) and within range previously explored (29). 
† Chosen as to reflect maximum uncertainty. 
‡ Selected to give eR closer to 1. Parameters  and are highly correlated. 0E q
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Table 2. Entomological and parasitological estimates  

Country 

(vector) 
 

Annual biting rate§

(person-1 yr-1)  

Mf prevalence 

(%) 

Mf load 

(mf/mg) 

Infective larval load§ 

(L3/fly) 

Observed 42,800 71.0 39.4 0.032 Cameroon 

(S. damnosum s.s. 

/ S. sirbanum) 

Estimate 

(95% CI) 

42,500 

(38 700, 46 400) 

61.0 

(60.0, 62.0) 

38.1 

(36.4, 39.8) 

0.031 

(0.029, 0.035) 

 

Observed 

 

205,700 

 

70.0 

 

40.3 

 

0.005 Guatemala 

(S. ochraceum s.l.) Estimate 

(95% CI) 

202,,800 

(154,000, 245,600) 

63.0 

(61.0, 65.0) 

40.2 

(36.3, 44.5) 

0.006 

(0.005, 0.007) 

 

Observed 

 

63,970 

 

70.0 

 

38.7 

 

0.012 

 

Venezuela 

(S. guianense s.l. 

S. incrustatum) 

Estimate 

(95% CI) 

60,500 

(47,500, 74,400) 

71.0 

(69.0, 73.0) 

29.2 

(26.1, 32.4) 

0.013 

(0.012, 0.014) 

                                                 
§ These observations are independent from the data to which the model has been fitted. 
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Table 3. Exposure and epidemiological estimates 

Country  q (yr) αF αM Q=EM/EF R0 Re

 

Cameroon 

 

 

Estimate 

(95% CI) 

 

0.0 

(0.0, 0.0) 

 

-0.023 

(-0.030, -0.017) 

 

0.007 

(0.002, 0.012) 

 

1.20 

(1.07,1.33) 

 

7.7 

(7.0, 8.4) 

 

0.99 

(0.91, 1.04) 

 

Guatemala  

 

Estimate 

(95% CI) 

 

2.6 

(2.0, 4.2) 

 

0.004 

(-0.010, 0.020) 

 

0.007 

(-0.002, 0.019) 

 

1.61 

(1.31, 2.04) 

 

7.3 

(5.6, 8.9) 

 

1.02 

(0.93, 1.06) 

 

Venezuela 

 

 

Estimate 

(95% CI) 

 

2.3 

(1.6, 4.8) 

 

-0.023 

( -0.035,-0.011) 

 

-0.039 

( -0.048,-0.027) 

 

1.19 

(0.98, 1.47) 

 

5.3 

(4.1, 6.5) 

 

0.97 

(0.90, 1.03) 
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Figure 1 
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Figure 2 

Cameroon

0

50

100

150

200

0 20 40 60

M
f/m

g

 

Guatemala

0

50

100

150

200

0 20 40 60

M
f/m

g

 

Venezuela

0

50

100

150

200

0 20 40
Age (yr)

M
f/m

g

60

 

 28



Supporting Information 
 
 
Description of data sets 

In all surveys, a Holth-type corneoscleral punch was used for skin-snipping (≥ 2 

biopsies were taken from each patient). Snips were incubated during 8−24 h, and 

weighed to obtain the arithmetic mean number of mf/mg of skin. For the 

Cameroonian data, a mean weight of 2.84 mg per snip was assumed (41). 

One of the criteria for including villages in each study (mf prevalence 

>20%), is based on the definition of endemicity levels adopted by the 

Onchocerciasis Elimination Program for the Americas (42). 

Although in Guatemala there had been control interventions based on 

nodulectomy (24, 29), these are thought to have had negligible impact (43), so we 

consider that the parasite population was at equilibrium. 

The age profiles of the populations studied in each country are 

characterized, to good approximation, by an exponential distribution of survival 

times (Fig. 3)  

Figure 3 
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Derivation of the model for mean parasite loads 

The dynamics of the mean loads of parasite stages in humans and vectors are 

described by the following system of integral partial-differential equations,  

 

( ) ( )
( ) [ , ( ), ] (

( ) ( )
( ) ( )

s s
s H s W

s s
s M s

W a W a
m a p L W a a L W a

t a
M a M a

W a M a
t a

β σ

σ

∂ ∂
+ = Ω − Π −

∂ ∂
∂ ∂

+ = ∆ −
∂ ∂

)s

 [5] 

 
( ) ( )

( ) [ ( )] ( ) [ ( )] (s s
s s L s ss V

L a L a
a M a M a M a L

t a
σβ

∂ ∂
+ = −

∂ ∂
Ω Π )a  [6] 

where explicit time dependency in , ,s s sW M L  and  is omitted, and parasite loads 

are zero for . We define here quantities not defined in the main text: 

L

a p<

[ , ( ), ] ( ) [ , ( )] H p
H s s H sL W a a S a L W a e µδ −Π = , the probability of establishment of 

incoming L3 larvae, with  the host’s susceptibility, ( )sS a [ , ( )]H sL W aδ  the 

probability of an infective larva developing into an adult worm as a function of 

incoming larvae and/or established worms, and H pe µ−  the host’s probability of 

survival during ; p / 2Fφ∆ = , with φ  the mating probability,  the fecundity rate 

of a female adult worm scaled per mg of skin (22), and 1/2 the proportion of 

female worms (we assume that every female is fertilized, i.e., 

F

1φ = , in a pre-

control, highly overdispersed and polygamous parasite population (7, 22)); and 

0
[ ( )] ( / ) (L s L H V V s )M a a g M aσ σ µ α= + + + , with the probability that an L3 larva 

is shed per vector bite, 

Ha

0Lσ  and Vµ  the per capita background mortality rates of 

L3 larvae and vectors, and Vα the rate of vector mortality induced per mf (22, 29). 
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There is density dependence in parasite development within humans and vectors, 

and in vector mortality. Note that this formulation allows for a clear distinction 

between age- and sex-specific exposure and susceptibility. Here, we consider that 

all hosts have identical susceptibility ( ( ) 1sS a = ), and the probability that an L3 

larva develops into an adult worm has the form (22, 29), 

 0( )
1

H H H
H

H

c m L
L

c m L
δ δ β

δ
β

∞
+

=
+

. [7] 

with parameters described in Table 4. 

In order to determine the mean infective larval load in vectors, ( )L t , in 

[5], we use definition [2], extended to allow for time dependency, where 

 is the mean L3 load/fly transmitted from humans of 

sex 

( ) ( ) ( ) ( , )s s sL t a a L a t daρ= Ω∫

s . An equation for  is derived by multiplying [6] by ρ(a) Ω( )sL t s(a) and 

integrating over host age. Since the dynamics of L3 larvae in flies are much 

faster than those of the other parasite stages (Tables 1, 4), we assume that vector 

larval load is at equilibrium with respect to changes in loads of other parasite 

stages, giving 

 

2

,

, ,( ) ( ) [ ( )] ( )
( )

[ ( )]

ma

s V s s
p

s
L V s s H

a a ta M M d
L t

M t

β ρ δ

σ α µ

Ω

=
+ +

∫ a t a

,  [8] 

where we set (0) 0sL = , omit negligible terms (evaluated at ma a= ), and, for 

simplicity, replace ( , )sM a t  with , ( )V sM t  in the density-dependent vector mortality 
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rate, where , ( ) ( ) ( ) ( , )V s s sM t a a M a tρ= Ω∫ da  is the average density of mf in the 

population of vectors feeding on blood from humans of given sex. 

An expression for the effective reproductive ratio, , defined as the 

average number of adult female worms produced by an adult female worm during 

its reproductive lifetime in the presence of density dependence, can be derived, 

eR

 

' '
' 0

( ) [ ( , )]( ) ( )
[ ( , )]

( ') ( ') [ ( )] '

m

m

H

a
s V s

e s
s W M L sp

a p
p

s s H
s

m a M a tR t a da
M a t

a a L t e daµ

β δρ
σ σ σ

ρ β δ
−

−

∆ Ω
=

Ω

∑ ∫

∑ ∫x
 [9] 

The basic reproductive ratio, R0(t), is the density-independent version of [9]. 

Equations [5], [6] and [8] form a closed system of non-linear integro-

differential equations. Assuming parasite and human populations are at endemic 

equilibrium, equations [5] and [8] become equations [3] and [4] in the main text 

(using s sL Lρ= ∑ ). In deriving the latter equations, we replace ,V sM  with VM  

and sα  with α , and consider that the probability of larval development within 

the vector (43) is density-independent, 
0

[ ( )]V s VM a δΠ = , i.e., regulation within the 

vector occurs only through parasite-induced mortality (13). These 

simplifications allow for an explicit solution of the model, which is used to 

reduce numeric computation and increase efficiency of parameter estimation. 

Values used for parameters introduced above are given in Table 4. 

Table 4 
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Parameter estimation 

Skin snip counts of mf ( ) in individual humans ( i ) in either of the study areas 

are assumed to follow a negative binomial (NB) distribution, with mean 

ix

( )sM a , 

aggregation index , and variance , specific to 

the country, age and sex of the individual. The likelihood of the parameters 

(

2 2( ) ( ) /[ ( ) ( )]s s s sk a M a a M aσ= − 2( )s aσ

0 1 2{ , , , , , , }s sm q E b b bθ α= ), given the data ( { }ix=x ), is 

 ( )( | ) (1 )
( ) !

ixi i
i i

i i i

x kL p
k x

θ ikp
⎡ ⎤Γ +

= −⎢ ⎥Γ⎣ ⎦
∏x  [10] 

where Γ is the Gamma function; the product runs over every individual , and the 

index in 

i

iM , , and ik i
i

i i

Mp
M k

=
+

 refers to the individual’s country, age and sex. 

In order to get insight, we first evaluated  empirically for groups of 

individuals of the same country, age and sex, using a sample-moment estimator 

corrected for group size ( ),  (35, 44). The results (Fig. 

1) suggest that  can be approximated by a 3-parameter function of age, with 

parameters common to both sexes. We adopt lognormal 

( ) or logistic (

( )sk a

n 2 2 2ˆ ˆ[ / ] /[k M s n s M= − − ˆ ]

2

( )sk a

2
0 1 2( ) exp( [log( / )] )k a b b a b= − 0 1( ) /[1+exp(-[ - ] / )]k a b a b b= ) 

functions, depending on country. Parameters are estimated by maximizing the 

log-likelihood, with iM  being the solution of [3] and [4], and  as described, 

using a simplex optimization algorithm (NAG routine E04CC). Fitting the data 

ik
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with sex-specific  parameters did not yield significant improvement (results not 

shown). 

k

Zero-inflated distribution: We allow for the number of zero mf counts to differ 

from that of the NB distribution. For an individual i , we set the probability of a 

zero count proportional to (1 ) ik
ip Ψ− . To ensure normalization, the original 

probability of each count is divided by  1 (1 ) (1 )ik
i

ik
ip pΨ+ − − − . The value  

is used for the three countries, as it generally provides superior model fits to the 

data and maximum-likelihood estimates of  close to empirical estimates (Fig. 

1). This extension of the NB relates to previous approaches (45, 46) and can be 

interpreted as allowing for false-negative mf counts, non-susceptible hosts 

(putative immune (38)), or simply a more flexible distribution. 

0.7Ψ =

( )k a

 
Calculation of prevalence 

Within a group of individuals of given country, age and sex, denoted j , the 

predicted prevalence of mf infection, jP , is 1 minus the probability of zero counts,  

 
(1 ) 1 (1 / )

1
1 (1 ) (1 ) 1 (1 / ) (1 / )

jj

j j jj

k k
j j

k k k
j j j j j j

p M
P

p p M k M k

Ψ

Ψ − Ψ=
− − +

− =
+ − − − + + − + j

j
k

k
−

da

. 

 
The predicted overall prevalence of infection is the average over the 

human population of the age- and sex-specific prevalence, 

. ( ) ( )s sP a P aρ ρ= ∑ ∫
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Goodness of fit 

The goodness of model fit can be assessed qualitatively from Fig. 2. In addition, 

a quadratic augmentation of the model for age- and sex-specific mean mf load 

yields a likelihood-ratio statistic that is non-significant for either country (P = 

0.18, 0.09 and 0.07 for Cameroon, Guatemala, and Venezuela, respectively). 

Analyses of residuals (quadratic fits) suggest the fit is best for the Cameroonian 

dataset (the largest) and least good for the Venezuelan dataset (smaller and 

collated over a longer time-span (12, 25, 26)). In addition, difficulties in 

estimating host age may have a greater effect in smaller studies. 
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Figure legend 

Figure 3. Observed (closed circles) and fitted (solid lines) age-profiles of the 

examined population by country. Markers represent averages of observations 

within 3-yr age groups; lines represent fitted negative exponential functions. 
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Table 4. Other parameters of the model 

Value and units 
Parameter Definition 

Cameroon   Guatemala   Venezuela 
Source  

Lσ  Per capita mortality rate of L3 larvae 104 yr-1 (22, 29) 

Vµ  Per capita mortality rate of uninfected vectors 52 yr-1 (22, 29) 

Vα  Excess vector mortality rate induced per mf 0.60 yr-1 0.43 yr-1 0.60 yr-1 (29) 

φ  Adult worm mating probability 1 (6, 22) 

F  Per capita fecundity rate of female adult worm scaled per 

mg of skin  

0.67 yr-1 (22, 34) 

0Hδ  Maximum establishment probability of an L3 larva within a 

human (as transmission rate tends to zero) 

8.54 x 10-2 ¶

∞Hδ  Minimum establishment probability of an L3 larva within a 

human (as transmission rate becomes infinitely large) 

2.99 x 10-2 (29) 

Hc  Severity of transmission rate-dependent constraints upon 

larval establishment within humans 

5.86 x 10-3 yr (29) 

0Vδ  Probability that a mf becomes an L3 larva within the vector 

(in the absence of density dependence) 

0.0050  0.0005  0.0015 ║

Ha  Probability that an L3 larva is shed during a blood meal 0.5 (20, 27) 

                                                 
¶ In line with the value of 7.12 x 10-2 (3.82 x 10-2, 14.91 x 10-2) estimated in (29). 
║ The difference with respect to values previously estimated (29) compensates for the lack of density-dependent 
larval establishment within the vector in this model and is consistent with the relative competence of the various 
vector species. 
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