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Abstract

Background: The African Programme for Onchocerciasis Control has proposed provisional thresholds for the
prevalence of microfilariae in humans and of L3 larvae in blackflies, below which mass drug administration

(MDA) with ivermectin can be stopped and surveillance started. Skin snips are currently the gold standard test

for detecting patent Onchocerca volvulus infection, and the World Health Organization recommends their use to
monitor progress of treatment programmes (but not to verify elimination). However, if they are used (in transition
and in parallel to Ov-16 serology), sampling protocols should be designed to demonstrate that programmatic goals
have been reached. The sensitivity of skin snips is key to the design of such protocols.

Methods: We develop a mathematical model for the number of microfilariae in a skin snip and parameterise it
using data from Guatemala, Venezuela, Ghana and Cameroon collected before the start of ivermectin treatment
programmes. We use the model to estimate sensitivity as a function of time since last treatment, number of
snips taken, microfilarial aggregation and female worm fertility after exposure to 10 annual rounds of ivermectin
treatment.

Results: The sensitivity of the skin snip method increases with time after treatment, with most of the increase
occurring between 0 and 5 years. One year after the last treatment, the sensitivity of two skin snips taken from an
individual infected with a single fertile female worm is 31 % if there is no permanent effect of multiple ivermectin
treatments on fertility; 18 % if there is a 7 % reduction per treatment, and 0.6 % if there is a 35 % reduction. At

5 years, the corresponding sensitivities are 76 %, 62 % and 4.7 %. The sensitivity improves significantly if 4 skin snips
are taken: in the absence of a permanent effect of ivermectin, the sensitivity of 4 skin snips is 53 % 1 year and 94 %
5 years after the last treatment.

Conclusions: Our model supports the timelines proposed by APOC for post-MDA follow-up and surveillance
surveys every 3-5 years. Two skin snips from the iliac region have reasonable sensitivity to detect residual infection,
but the sensitivity can be significantly improved by taking 4 snips. The costs and benefits of using four versus two
snips should be evaluated.
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Background

Onchocerciasis intervention programmes in Africa chan-
ged their focus from reducing skin and ocular morbidity
associated with the infection - and therefore controlling
the disease as a public health problem - to eliminating
the infection reservoir [1, 2], after both mathematical
models of transmission [3] and field studies [4—6]
showed that local elimination of Omnchocerca volvulus
can be achieved through community-directed treatment
with ivermectin (CDTI). The current goal is to eliminate
onchocerciasis in selected African countries by 2020 [7]
and in 80 % of endemic countries by 2025 [8].

In response to the focus on elimination, the African
Programme for Onchocerciasis Control (APOC) has
proposed provisional parasitological and entomological
thresholds for stopping CDTI [9]. Specifically, APOC
has suggested that CDTI can be stopped if, 11-12
months after the last ivermectin treatment round, mi-
crofilarial prevalence (i.e. the proportion of people with
O. volvulus microfilariae in the skin based on two iliac
crest skin snips) is lower than 5 % in all surveyed villages
and lower than 1 % in 90 % of the villages, and the
prevalence of infective vectors (simuliid flies) is less than
0.5 infective flies per 1000 flies. Once treatment has
stopped, APOC recommends that a follow-up survey is
conducted after 3 years, and then regular surveillance
every 3—5 years. Although still advocating parasitological
testing using skin snips for monitoring progress towards
elimination, the World Health Organization (WHO) has
recently released guidelines [10], proposing that PCR-
based xenomonitoring in blackfly samples and seroposi-
tivity to the Ov-16 antigen in children aged < 10 years
should be used to demonstrate interruption of transmis-
sion for the purpose of stopping treatment. Certification
of elimination will therefore probably be based on ento-
mological and serological evaluations. Nonetheless in
African countries approaching elimination, a modifica-
tion of the “skin snip method” that was employed by the
Onchocerciasis Control Programme in West Africa
(OCP) [11, 12] remains the cornerstone of epidemio-
logical evaluations of infection prevalence. For example,
between 2008 and 2015, 58 APOC-led CDTI projects
underwent epidemiological evaluations using the skin
snip protocol [6, 13]. Indeed, a WHO/APOC document
on alternative treatment strategies for accelerating pro-
gress towards elimination in Africa [14], released in De-
cember 2015, reiterates the practice of skin snipping to
monitor progress towards elimination and confirm when
treatment can be safely stopped without excessive risk of
infection recrudescence (so-called phase la and phase
1b evaluations, respectively).

Although other diagnostics for patent infection (ie.
presence of macrofilariae capable of producing micro-
filariae) are available - notably the 'diethylcarbamazine
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(DEC) patch test' and the detection of O. volvulus DNA
in skin snips via polymerase chain reaction (PCR) [15—
20] - and despite limitations [19, 21, 22], the skin snip
method is still considered the gold standard for diagnos-
ing patent infection and measuring the number of O.
volvulus microfilariae in the skin.

Typically two skin snips are taken with a 2-mm Holth-
type corneoscleral punch and incubated in a suitable
medium (usually saline), ideally for 24 hours [23]. In
Africa, both snips are taken from the iliac crest (hip). In
Meso- and South American foci, a shoulder-scapular-
snip has sometimes replaced one of the iliac crest snips
in view of the greater density of microfilariae in the
upper torso in areas with upper body biting vectors [24,
25]. After incubation, the microfilariae that have
emerged from the snips are counted using an inverted
microscope and reported as the arithmetic or geometric
mean per snip (mf/ss). When the snips are weighed, the
mean number of microfilariae is expressed per mg of
skin (mf/mg).

As is the case for all diagnostic tests, the accuracy of
the skin snip method is determined by its sensitivity (the
probability that an infected individual tests positive) and
specificity (the probability that an uninfected individual
tests negative). The specificity of the skin snip method is
likely to be close to 100 %, unless the microfilariae from
other filarial parasites (e.g. Mansonella streptocerca, also
skin-dwelling, and M. perstans and M. ozzardi, which
are blood-dwelling) are incorrectly identified as O. volvu-
lus. The sensitivity, however, is less than 100 % and de-
pends on a number of factors, including the number of
snips examined, the number of fertile female worms har-
boured, the distribution of microfilariae in the skin, the
snip incubation medium and duration, the host immune
response, and the thoroughness with which the sample
is examined under the microscope [20-22, 26-30].
When an individual has received treatment, the sensitiv-
ity also depends on the anti-onchocercal drug used and
the time since treatment. In the context of evaluating
CDTI, the impact of ivermectin treatment on the sensi-
tivity is of particular interest.

In this study we use a mathematical model to predict
the sensitivity of the skin snip method in a hypothetical
community that has received CDTI. We use our model
to explore how many skin snips should be taken to
monitor progress towards elimination and to suggest
when post-treatment surveillance surveys should be
done.

Methods
Study areas and parasitological methods for the datasets
analysed
We used data collected from four studies. Two were
conducted in Latin America - in the central focus of
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Guatemala in the vicinity of Lake Atitlan [24] and in the
Amazonian focus of southern Venezuela [31, 32], and
two were conducted in Africa - in the Volta region of
Ghana [33] and in the Kumba region of Cameroon [34].

Meso-American setting

The Guatemalan data were collected as part of a study
to assess the impact of 6-monthly ivermectin treatment
on the prevalence, intensity of infection, and transmis-
sion in the central Guatemalan onchocerciasis focus [24,
35]. We used data from the pre-treatment, baseline, sur-
vey, which was conducted in May 1988. The study in-
cluded the villages of Los Andes, Los Tarrales, Santa
Emilia, El Vesubio and Santa Isabel (for an epidemio-
logical description of this focus prior to mass drug
administration with ivermectin see Brandling-Bennett
et al. [36]). A map indicating the location of these com-
munities is available in Fig. 1 of Collins et al. [24]. For
the analyses presented here, we excluded data from El
Vesubio because of its small population size and from
Santa Isabel because there was poor compliance with
skin snipping in this village.

South-American setting

The Venezuelan data were collected during an epidemio-
logical survey of onchocerciasis among Yanomami
communities in the Amazonian onchocerciasis focus
[30-32]. A map indicating the location of the study
communities is provided in Fig. 1 of [31]. We used data
from 14 villages that contributed to the Venezuelan
study, namely Aweitheri, Cerrito, Hasupiwei, Hokotopi-
wei, Kumamasi, Mahekoto, Maiyotheri, Maweti, Pasho-
péka, Purimatheri, Toothothopiwei, Yepropé, Yoreashiana
A and Yoreashiana B.

African forest setting

The Ghanaian data were collected in a baseline survey
for a randomised trial designed to assess the safety of
moxidectin as a treatment for O. volvulus infection [33].
The study was conducted before CDTI, and participants
were recruited from onchocerciasis endemic villages in a
forest area within the River Tordzi basin in the Volta
Region of Ghana. Ninety percent of participants came
from the villages of Honuta-Gbogame, Kpedze-Anoe,
Togorme, Aflakpe, Luvudo, Kpoeta-Ashanti and Hoe,
the remainder came from 11 other villages in the area. A
map indicating the location of the villages is shown in
Fig. 3 of [33]. At the time of the study (2006), the area
was not included in the CDTI strategy of the National
Onchocerciasis Control Programme because overall it
was classified as hypoendemic in the Rapid Epidemio-
logical Mapping of Onchocerciasis (REMO) [33]. The
few meso- and hyperendemic villages would have been
missed by the survey.
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The Cameroonian data were collected in a hyperen-
demic forest area of Kumba in southwest Cameroon
before the implementation of CDTI. The study partici-
pants had not previously received ivermectin, and were
born or had resided for more than 10 years in the
villages of Marumba I, Marumba II, Boa Bakundu,
Bombanda and Bombele [34].

In the Guatemalan and Venezuelan studies, two skin
snips were taken from each participant: one from the left
shoulder and the other from the left iliac crest. In Ghana
and Cameroon, one skin snip was taken from each calf
and iliac crest (i.e. four skin snips in total). In all studies,
a 2.0-mm corneoscleral Holth or Walser punch was used
to obtain the samples. In Guatemala,Venezuela and
Cameroon only the Holth corneoscleral punch was used,
while in Ghana both types of punch were used. The
samples were subsequently incubated for 24 h, or at least
8 h (overnight) in Ghana, in physiological saline solu-
tion. Although the incubation time in Ghana was less
than in the other studies, according to [23] 97 % of the
microfilariae would have emerged after 8 h of incuba-
tion. The methods used for counting microfilariae and
processing and weighing skin snips are described in [33,
36, 37]. Table 1 summarises demographic and parasito-
logical characteristics of the participants in these studies.

Modelling the sensitivity of skin snips

To estimate the sensitivity of the skin snip method we
must model both the density and distribution of micro-
filariae in the skin. If microfilariae are randomly distrib-
uted in the skin, then we can use the Poisson
distribution to calculate the sensitivity directly from the
density of microfilariae. For example, if a single 2-mg
skin snip is taken from an individual who has on average
0.5 microfilariae per mg of skin, then the expected
number of microfilariae in the sample (m) is 0.5 x 2=1.
And, from the Poisson assumption, it follows that the
probability the skin snip contains no microfilariae is
exp(-m) = exp(-1) =0.37 and the probability the sample
contains one or more microfilariae, ie. the sensitivity, is
1-0.37 = 0.63.

However, microfilariae are unlikely to be randomly dis-
tributed in the skin (e.g. the density may depend on the
distribution of fertile worms in the body). If the distribu-
tion is non-random because microfilariae occur in
“clumps”, then this will affect the sensitivity of skin snips
because the chance that a snip contains no microfilariae
is increased. To allow for this, we can use the negative
binomial model rather than the Poisson to model the
distribution of microfilariae in the skin. This distribution
is specified by an additional parameter, k, which mea-
sures the degree of aggregation, i.e. the extent of the
clumping. The distribution is approximately Poisson
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Table 1 Demographic and parasitological characteristics of the datasets used to parameterise the model

Median (Interquartile range) % Female Location of skin snips

Mean microfilarial References

load (mf/mg skin)

Mean weight of
skin snips (mg)

Country No. of villages n?

age (years)
Guatemala 3 1,067 19 (10, 36) 442
Venezuela 14 613 22 (12,35) 39.8
Ghana 18 172°  17-60° 182-31.1
Cameroon 5 2,528 17 (10, 35) 491

1 shoulder & 1 hip shoulder =263 shoulder=135 [24]

hip = 254 hip = 1.80

1 shoulder & 1 hip shoulder=14.2 shoulder=1.32  [30-32]
hip=31.9° hip=1.73

2 hip & 2 calf hip = 274 hip=2.15 33]
calf =16.6° calf=2.14

2 hip & 2 calf or hip=8.0 Not vveighedd [34]

2 calf calf=95

2n, number of individuals whose skin snip data were used in the model

PParticipants were allocated to four treatment groups. The mean age in the four groups ranged from 32.1 to 38.3 years. The table indicates the minimum and

maximum age across all treatment groups

P-value for comparison of microfilarial load between the two body sites: P < 0.001 Venezuela; P < 0.001 Ghana
4Skin snips were not weighed in Cameroon, so it was assumed that a skin snip taken from the hip weighed 2.2 mg, and that one taken from the calf weighed

2.1 mg based on the data from Ghana

when £ is large, but becomes more aggregated (overdis-
persed) as k gets closer to 0. Continuing the example of
m =1 above, if k=0.4 then from the negative binomial
distribution the probability the skin snip contains no

microfilariae is (1 —i—%)_k = 0.61 and the sensitivity is
therefore 1-0.61 = 0.39.

Below we first estimate the extent to which microfilar-
iae are aggregated in the skin (i.e. we estimate the k par-
ameter) using existing data that were collected prior to
widespread ivermectin treatment. We then use this esti-
mate, together with a model of microfilarial density after
treatment, to estimate the sensitivity of the skin snip
methodology after treatment. The model of microfilarial
density is parameterised using estimates for pre-treatment
microfilarial production, resumption of microfilarial pro-
duction after treatment and microfilarial mortality that
have been reported elsewhere [38—42].

A mathematical model of the number of microfilariae per
skin snip before treatment

We model the number of microfilariae, x;; in the i th
skin snip from site j (shoulder, iliac crest or calf) as an
immigration-death process. According to this model,
microfilariae arrive in the skin at a body site-specific rate
¢ per milligram of skin per fertile female worm and die
at per capita rate y,, [43, 44]. In individuals who have
not received anti-microfilarial treatment, the number of
microfilariae in a skin snip follows a Poisson distribution
with mean m,, given by mL, = di,»ws;/ﬂm, where d; is the
weight of the skin snip and w the number of fertile
female worms harboured by the host.

The rate at which microfilariae arrive at the skin is
likely to vary according to the location of the skin snip
[45]. This is because adult worms (macrofilariae) are ag-
gregated into onchocercal nodules (onchocermata),
which are themselves not evenly distributed within the
body and vary in their distribution among individuals

[38, 46]. We represent this additional variability by a
scaling factor that has a gamma distribution with mean
one and shape parameter k,,, which we apply to m,, It
follows that the marginal, pre-treatment distribution of
microfilarial load per skin snip follows a negative bino-
mial distribution with mean m,, and dispersion param-
eter k,,. For skin snips taken from a host harbouring w
fertile female worms, the probability of sampling x;
microfilariae in the i th skin snip biopsy from site j is
therefore

o o Te 5y Y - ’(m)

x5 T (ko) Ko Ko
(1)

p(xy

where I'(z) is the gamma function.

Fitting the model to pre-treatment data

We used the method of maximum likelihood to estimate
the parameters of the model from data on pre-treatment
microfilarial loads. The model was fitted separately to
data from each country.

The probability of the microfilarial loads observed
in a single host can be obtained by averaging over
the (unobserved) distribution of fertile female worms
(w), assuming it follows a negative binomial distribu-
tion within each village [40], with mean 6,, and dis-
persion parameter k,,:

> 11 p(ilw) p(w). (2)
wo i

And the probability of the data as a whole- i.e. the
likelihood - is the product of these probabilities. We
estimated the model parameters by maximising the
logarithm of this likelihood using the maxLik package
in R [47]. Specifically, we used the likelihood to esti-
mate, 8, and k, in each village, the ratio of body
site-specific microfilarial production (a =€1/ey), and
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the aggregation of microfilariae in the skin (k,,). Since
the latter depends on the number of fertile female
worms [46, 48], we allowed k,, to depend on w and
obtained estimates for 1-10, 11-30 and > 30 fertile
female worms.

The data could not be used to estimate the rate of mi-
crofilarial mortality or the rate at which microfilariae ar-
rive in the skin. We therefore fixed y,,, = 0.8 per year [38,
39] and € = (g + &) /2 = 1.154 per year [41]. The latter
represents the average of the two body site-specific rates
in an untreated individual (shoulder and iliac crest in
Guatemala and Venezuela, and calf and iliac crest in
Ghana and Cameroon), and the value was obtained by
scaling the average annual rate of microfilarial produc-
tion per female worm per mg of skin presented in [39]
by the reciprocal of the proportion of females that are
fertile [40].

Sensitivity of multiple skin snips as a test for infection
with O. volvulus

To predict the sensitivity of the skin snip method when
used in a population that has been treated with ivermec-
tin, we consider a person infected with a single fertile fe-
male worm and model the effect of treatment with
ivermectin on the density of microfilariae in the person’s
skin. Together with the estimate of microfilarial aggrega-
tion in the skin, we use the microfilarial density to pre-
dict the probability that a skin snip contains one or
more microfilariae. This model of sensitivity implicitly
assumes that all microfilariae that emerge from the skin
snip are detected, although in practice the sensitivity will
also depend on how thoroughly the sample is examined
under the microscope.

Microfilaricidal and embryostatic effects of ivermectin
Treatment with ivermectin has two effects on the num-
ber of microfilariae found in the skin. First, microfilariae
are paralysed and move to deeper body organs where
they are destroyed (the so-called microfilaricidal ef-
fect). This results in the almost total clearance of
microfilariae from the skin within the first one or two
months of treatment. Second, adult female worms
temporarily stop producing live microfilariae, as newly
produced microfilariae are blocked inside the uterus
(the so-called embryostatic effect). This leads to the
suppression of microfilaridermia for several months
[40], although the rate at which microfilariae dis-
appear from and reappear in the skin differs some-
what between individuals [33].

The embryostatic effect is well documented, but it is
unclear whether microfilarial production eventually
returns to its original level or whether the fertility of
some adult female worms is permanently impaired after
each treatment [41, 43, 49-53]. Plaisier et al. [49] test
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two hypotheses for the effect of ivermectin on microfi-
larial production: the first assumes that treatment has
only a transient effect on the microfilarial production;
the second assumes that in addition to the transient ef-
fect, ivermectin also causes a permanent reduction in
microfilarial production.

We allow for both possibilities by assuming that after
exposure to #n rounds of ivermectin a fertile female
worm resumes production and release of microfilariae at
rate (1 -{)"g;, after a period of time that is exponentially
distributed with rate p =0.29 year™' [40, 42], where { is
the per dose reduction in fertility caused by the treat-
ment. According to this model, there is a permanent as
well as a transient effect when (> 0, but only a transient
effect when (=0. Based on these assumptions, the ex-
pected rate of microfilarial production at time ¢ after the
last dose of ivermectin is

g(t) = (1-0)"¢] [1-exp(-pt)]. (3)

And the expected number of microfilariae in a skin
snip skin taken from an individual infected with a single
female worm ¢ years after the last treatment is

_M{ (1= exp(=put)]-t,[1- exp(-p )]}
" o) P Pt s

(4)

If we assume that the microfilarial load in a skin snip
follows a negative binomial with mean (), and de-
note the event that any of the skin snips are positive by
x"(¢), then the sensitivity of a test for onchocerciasis
that combines multiple skin snips taken ¢ years after
the last treatment is

Wll‘j(t)

p(x*(t)|w = 1>: 1 - l'[lf[p(x,»;(t) = 0| w = 1)
- 1- 11 (1 + ’”Ii/(t)>'k’”

(5)

When infection with more than one fertile female
worm is rare - mathematically this is the case when 6,/
k, <<1 - the proportion of the population that tests
positive is approximately the product of the sensitivity
and the proportion infected, since

p(x") = Z p(’|w)p(w)
~plx'lw = Lpw = 1)
~ px'lw = 1)p(w > 0). (6)

We use eqn [5] to investigate three scenarios for the im-
pact of treatment with ivermectin on sensitivity: 1) treat-
ment does not have a cumulative effect on microfilarial
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production ({=0) [43]; 2) treatment reduces microfilarial
production by 7 % per dose ({ = 0.07) [54]; and 3) treatment
reduces microfilarial production by 35 % per dose ({ = 0.35)
[42, 49, 55]. We further assume that in a hypothetical com-
munity that has received prolonged CDTI, a fertile female
worm has been exposed to # = 10 annual treatment rounds.
This number of treatments was chosen because the repro-
ductive life span of female worms is 9-11 years [56], so
under annual CDTT it is unlikely that a worm is exposed to
a greater number of treatments. (Under a biannual treat-
ment strategy, a worm can be exposed to twice the number
of treatments, but we do not explore this scenario.) The
model parameters are defined in Table 2.

Results

Model parameter estimates

We fitted the model to skin snip data collected from
4,380 individuals before community-wide distribution of
ivermectin; 46 % were female and the median age was
18 years (interquartile range, IQR: 10-35 years, Table 1).
The model-estimated mean burden of fertile female
worms and aggregation varied considerably between vil-
lages, particularly in Venezuela, where the mean burden
was 0.4/host in Yepropé and 50 in Aweitheri, and &,
varied from 0.02 (most aggregated) in Yepropé to 0.59
(least aggregated) in Pashopéka (Table 3). In contrast,

Table 2 Notation, definition and values of model parameters
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the aggregation of microfilariae in the skin was similar
across the countries and there was a consistent pattern
of increased aggregation with decreasing worm burden
(i.e. microfilariae were less evenly distributed in the skin
at low worm burdens). Across the 4 studies, the average
aggregation parameter for skin microfilariae, k,, was
0.42 for 1-10 female worms, 0.76 for 11-30 worms and
1.82 for > 30 female worms.

Sensitivity of 1, 2, 4 and 6 skin snips t years after the last
ivermectin treatment

We used the average aggregation in microfilarial load (k,,
=0.42), estimated from the pre-treatment data for infec-
tions of 1-10 fertile female worms, and eqns [4] and [5] to
predict the sensitivity of 1, 2, 4 and 6 skin snips (assuming
a weight of 2 mg per snip) taken from an individual in-
fected with a single fertile female worm ¢ years after the
last ivermectin treatment. Apart from k,,, the parameter
values used in eqn [4] (i.e. €*= 1.154 per worm per mg of
skin per year; p,,,= 0.8 per year, and p = 0.29 per year) were
estimated in previous studies (Table 2).

We found that the sensitivity of one or more skin
snips increases with time after treatment, with most of
the increase occurring between 0 and 5 years (Fig. 1).
This is because the rapid and almost complete clearance
of microfilariae soon after treatment is followed by the

Symbol  Definition Value and units References
Xjj Number of microfilariae in the ith skin snip biopsy from body site j Data from each participant [24, 30-34]
(shoulder, hip or calf)
djy Weight of the i th skin snip biopsy from body site j (shoulder, hip or calf) See Table 1, in mg [24, 30-33]
e* Rate of production of microfilariae per (mated) fertile worm per mg of skin 1.1538 year’' [41]
m; Mean number of microfilariae per skin snip at baseline For the mean number of mf/mg for
each site and setting see Table 1
Ko Aggregation (overdispersion) parameter of skin microfilariae Estimated by fitting the model, see Table 3
U Per capita rate of microfilarial mortality 0.8 year' [38, 39]
w Number of adult (mated) fertile female worms harboured by the host Unobserved, assumed to be linearly related  [39]
to microfilarial load
Oy Mean number of adult (mated) fertile female worms per host Unobserved, estimated by fitting the
model, see Table 3
Ky Aggregation (overdispersion) parameter of adult female worms Estimated by fitting the model, see Table 3
a=¢/e, Ratio of the rate of microfilarial arrival in a shoulder or calf skin snip to Estimated by fitting the model, see Table 3
the rate in a snip from the iliac crest
0 Rate of resumption of microfilarial production 0.29 year'' [40, 42]
Time since last ivermectin treatment 1,3, 5 years
¢ The per dose reduction in female worm fertility caused by ivermectin treatment 0 [43]
0.07 [54]
035 [55]
n No. of (@annual) ivermectin rounds to which a surviving (mated) female worm 10

has been exposed

X The event that any of the skin snips taken from a host are positive




Bottomley et al. Parasites & Vectors (2016) 9:343

Page 7 of 14

Table 3 Parameter estimates obtained by fitting a model for the number of microfilariae in a skin snip to data collected in four

countries (notation as in Table 2)

Guatemala Venezuela Ghana Cameroon
Aggregation of microfilariae as a function of (unobserved) female  k,,
worm burden?
1-10 adult female worms 035 (0.27, 0.46) 048 (0.32,0.73) 0.54 (041, 0.70) 0.29 (0.26, 0.32)
11-30 adult female worms 0.60 (047, 0.76) 0.50 (0.31, 0.80) 1.25 (1.01, 1.55) 0.69 (0.56, 0.85)
>30 adult female worms 142 (1.13,1.78) 1.35(1.00, 1.82) 2.75(1.74, 4.34) 1.77 (145, 2.17)
Mean burden of fertile female worms (range across villages) Bw 15-19 04-50 15° 5-16
Aggregation of female worm burden (range across villages) ky  038-0.52 0.02-0.59 227° 0.31-0.50
Ratio of microfilarial arrival rate in the two body a 108 (0.95,1.22) 034 (0.28,043)  0.57 (049, 0.66) 1.0 (081, 1.21)
sites sampled per setting (relative to iliac crest)? (shoulder/hip) (shoulder/hip) (calf/hip) (calf/hip)

“Estimates presented with 95 % Wald confidence interval
PToo few data per village for village-specific estimates

Sensitivity

Years after last treatment

=+ 1 skin snip = = 2 skin snips — 4 skin snips - - - - 6 skin snips

Fig. 1 Sensitivity of 1, 2, 4 and 6 skin snips (assuming a weight of 2 mg per snip) taken from an individual infected with a single, fertile female
worm. Three scenarios are explored for the effect of ivermectin on microfilarial production: (a) microfilarial production by adult female worms is
independent of the number of previous exposures to ivermectin (i.e. (=0 [43]); (b) each round of treatment reduces microfilarial production by

7 % ((=0.07 [54)); (c) each treatment round reduces production by 35 9% ((=0.35 [55]). It is assumed that the worms have been exposed to 10
rounds of (annual) ivermectin treatment. Other parameter values are: microfilarial aggregation in the skin, k,, = 0.42 (mean of the country-specific
estimates for 1-10 adult female worms), pre-treatment microfilarial production per fertile female worm per mg of skin per year, ¥ = 1.154 (estimate
from [41]), microfilarial mortality per year u,, = 0.8 (estimate from [38, 39]), and resumption of microfilarial production per year p = 0.29 (estimate from
[40, 42]). The dot-dash lines correspond to 1 snip; the dashed lines to 2 snips; the solid lines to 4 snips and the dotted lines to 6 snips
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resumption of production by adult female worms, and
subsequent release of microfilariae, which increases rap-
idly up to 5 years.

The change in sensitivity thus mirrors the production of
microfilariae and consequently depends on the assump-
tions made about the impact of ivermectin on the fertility
of adult female worms. Figures 2 and 3 show how the
mean number of microfilariae per skin snip and the fre-
quency distribution of microfilariae among snips change
with time.

One year after treatment, the sensitivity of two skin
snips taken from an individual infected with a single fer-
tile female worm is 31 %, assuming no permanent effect
of multiple ivermectin treatments on fertility ({ = 0);
18 % assuming 7 % reduction per treatment ({ = 0.07),
and 0.6 % assuming a 35 % reduction per treatment
(¢ = 0.35). At 5 years, the estimates are 76 %, 62 %
and 4.7 %, respectively. The sensitivity improves signifi-
cantly if 4 skin snips are taken. For example, if there is no
permanent effect of ivermectin on adult female worm
reproduction, the sensitivity of 4 skin snips is 53 % 1 year
after the last treatment and 94 % at 5 years. Estimates of
the sensitivity of 1, 2, 4 and 6 skin snips at 1, 3, and 5 years
are presented in Table 4.
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In Venezuela and Ghana, the density of microfilariae
was greater in skin snips taken from the iliac crest than
in snips taken from the second skin site, namely, the
scapular in Venezuela and the calf in Ghana (Table 1
and Table 3). In Additional file 1: Figure S1 and S2, we
therefore present body site-specific estimates of sensitiv-
ity for these countries, which show that sensitivity is
highest when skin snips are taken from the iliac crest.

Although our estimates of microfilarial aggregation in
the different studies were similar, they may not be
generalizable to other settings. In Additional file 1I:
Figure S3 we therefore show how the sensitivity varies
for k,, in the range 0.01 to 1. It can be seen that skin
snips become less sensitive as the aggregation increases
(k,,, decreases).

Microfilarial prevalence

We can use eqn [6] and estimates of skin snip sensitivity
to improve estimates of the microfilarial prevalence of
O. volvulus when infection is rare. Table 5 presents
prevalence estimates when the 2-snip skin snip method
indicates a 0.25 %, 0.5 % or 1 % microfilarial prevalence
at 1 year, 3 years and 5 years after the last ivermectin
treatment.
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Fig. 2 Mean microfilarial load in a single skin snip taken from an individual infected with a single, fertile female worm. Panels (a) to (c) and
parameter values are as defined in Fig. 1
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Discussion

In this paper, we used a mathematical model of the
density and distribution of O. volvulus microfilariae in
the skin to predict the sensitivity of the skin snip
method for identifying patent O. volvulus infection in
communities that have received CDTI and where the in-
fection is close to elimination.

We fitted the model to pre-treatment skin snip data
from two Latin American [24, 31] and two African [33,
34] studies, and obtained estimates of the mean female
worm burden per person, the aggregation in worm bur-
den, the aggregation of microfilariae in skin snips, and
the ratio of microfilarial density in the two different re-
gions of the body from which the skin snips were taken.
Ideally we would have included in our analysis data col-
lected in the savannah (the African data analysed in this
paper were collected in forest foci [33, 34]), but the
available microfilarial count data (e.g. from northern
Cameroon, analysed in [39]) were aggregated across skin
snips, and the snips were not weighed. One of the differ-
ences between forest and savannah parasites is that their
microfilariae are located at different depths in the
dermis-microfilariae have a more superficial distribution
in the forest than in the savannah [57] - which might
affect skin snip sensitivity.

Our estimates of mean fertile fermale worm burden per
host for Guatemala (15-19) and Ghana (15) are in line
with estimates of fermale worm burden based on nodu-
lectomy data from a forest focus in Liberia (26 female
worms per person, including live and dead worms), and
a savannah focus in Burkina Faso (24 female worms)
[46], since approximately 60 % of female worms are fer-
tile [40]. They are also consistent with model-derived es-
timates from the same data (24 female worms in men
and 23 in women, in Liberia; 17 female worms in men
and 19 in women, in Burkina Faso) [48]. It should be
noted that the data analysed did not include observed
numbers of female worms (e.g. from data on excision of
onchocercomata (nodulectomy) or nodule palpation).
Our estimates of fertile female worm burden are indirect
estimates that have been derived assuming that there is
a linear (density independent) relationship between
worm burden and microfilarial load [41, 48, 54, 58].

The estimated aggregation of microfilariae within a skin
snip site was consistent across the four studies. However,
the skin snip data used to parameterise the model were
mainly collected from hyperendemic villages, with the ex-
ception of the Venezuela Amazonian focus where ende-
micities ranged from hypoendemic (Purima, Yepropé),
and mesoendemic (Mahekoto, Maweti, Toothothopiwei)
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Table 4 Sensitivity of 1, 2, 4 and 6 skin snips taken 1, 3 and
5 years after the last ivermectin treatment

Sensitivity (%)?

Time after last treatment

1 year 3 years 5 years

0 % reduction in microfilarial production per treatment

Number of skin snips

1 17 42 51

2 31 67 76

4 53 89 94

6 67 96 99
7 % reduction in microfilarial production per treatment

Number of skin snips

1 10 30 38

2 18 51 62

4 33 76 85

6 45 88 94
35 % reduction in microfilarial production per treatment

Number of skin snips

1 03 1.5 24

2 0.6 30 4.7

4 1.3 58 9.2

6 19 86 135

Estimates of sensitivity are based on k., =0.42 (mean of the country-specific
estimates for 1-10 adult female worms).
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to hyperendemic-and we therefore cannot be certain that
the estimated relationship between microfilarial aggrega-
tion in the skin and worm burden applies where there is a
low intensity of infection (e.g. after long-term CDTI).
Since we observed that the degree of aggregation increases
as worm burden declines, we might expect that in these
settings microfilariae are more aggregated and skin snips
are less sensitive [41, 54, 55]. In the future, we hope that
our methodology can be used to estimate the degree of
microfilarial aggregation from microfilarial count data ob-
tained from hypoendemic settings as they are incorpo-
rated into treatment programmes [59].

We estimated that the density of microfilariae was
higher in the iliac region than in the scapular region in
Venezuela, and that it was higher in the iliac region than
in the calves in Ghana. This implies that among skin snips
of comparable size taken from individuals in Venezuela
and Ghana, those taken from the iliac crest are more sen-
sitive than those taken from the other body site. And since
our data show that iliac skin snips are also heavier than
other skin snips we expect an even greater difference in
sensitivity per skin snip [21, 29]. The difference in microfi-
larial distribution across body sites was not observed in
the other two countries (Guatemala and Cameroon),
which suggests that the distribution of microfilariae across
the body varies with geographical location, and possibly
reflects the region most frequently bitten by the prevailing
simuliid vectors [60, 61].

Following [21, 29] we explored the sensitivity of 1 to 6
skin snips and confirmed that sensitivity can be greatly
improved by taking multiple skin snips. However,

Table 5 Predicted estimates of prevalence (%) of patent infection for a given (2-snip) sensitivity and observed prevalence of

microfilariae

Per ivermectin dose 1 year after last treatment

3 years after last treatment

5 years after last treatment

reduction in microfilarial

production Sensitivity? Prevalence (%) Sensitivity® Prevalence (%) Sensitivity® Prevalence (%)
Obs® Pred Obs® Pred Obs® Pred
0 % reduction per treatment
31 % 025 08 67 % 025 04 76 % 025 03
05 1.6 0.5 0.7 05 0.7
1.0 32 1.0 1.5 1.0 13
7 % reduction per treatment
18 % 0.25 14 51 % 025 0.5 62 % 0.25 04
05 2.8 0.5 1.0 05 08
1.0 56 1.0 20 10 16
35 % reduction per treatment
0.6 % 0.25 na“ 3.0 % 0.25 83 4.7 % 0.25 53
0.5 na“ 0.5 na‘ 0.5 na“
10 na* 1.0 na° 10 na*

Sensitivity for 2 skin snips based on k,, = 0.42 (mean of the country-specific estimates for 1-10 adult female worms)

PObserved prevalence based on 2 skin snips

“na not applicable, we do not present predicted prevalence when greater than 10 % since eqn [6] is only valid when infection is rare
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communities are increasingly reluctant to participate in
skin snipping, so a compromise must be found between
what is feasible and the ideal. Currently, two un-weighed
iliac snips are taken during APOC surveys, but if four
could be taken the sensitivity of the diagnostic would be
greatly improved. For example, one and three years after
treatment, four skin snips have approximately twice and
1.5 times the sensitivity of two snips. Although we found
that taking 6 skin snips further increases sensitivity, the
extra gain is probably not sufficiently large to warrant the
greater inconvenience to the patient.

As intervention programmes progress from control to
elimination, APOC has recommended that countries
consider alternative treatment strategies [14]. In areas
where onchocerciasis is co-endemic with loiasis (African
eye worm), ivermectin CDTI needs to be implemented
with special precautions because of the risk of severe ad-
verse events among co-infected individuals [62-64].
Currently, a strategy of 'test-and-not treat’, identifying
those individuals with a high microfilarial load (e.g.
> 30,000 microfilariae of L. loa per ml of blood), and ex-
cluding them from ivermectin treatment is being trialled
[65]. However, withdrawing treatment from this group
may prohibit onchocerciasis elimination (Stolk et al,
unpublished results), particularly if the proportion of
non-compliers (those who consistently refuse to take
ivermectin) is already high [41, 54, 55, 58, 66]. In these
circumstances, test-and-treat protocols are required so
that co-infected individuals can be offered alternative
therapeutics. One such therapy is doxycycline (or other
tretracycline antibiotic), which has macrofilaricidal
efficacy against O. volvulus but does not affect L. loa
[67-69]. In areas where loiasis is not co-endemic with
onchocerciasis, test-and-treat strategies might be cost ef-
fective in situations where there has been prolonged
CDTI, but where elimination thresholds have not been
achieved because compliance has been poor [14].

Ideally test-and-treat strategies and surveillance should
be implemented using tests that are less invasive than
the skin snip method. The DEC-patch test ([15-18, 20]
and see also [70-72]), and Ov-16 serology [73, 74] are
two possible alternatives. The DEC patch test consists of
applying diethylcarbamazine citrate topically to a 6 cm?
area of skin. The killing of microfilariae induced by DEC
leads to a diagnostic skin reaction, which has been vali-
dated as a surrogate marker of patent infection [70-72].
A patch that uses Nivea lotion and is applied to the iliac
crest has been evaluated in central Africa and was
adopted by the OCP for surveillance [15-17], and a
patch that incorporates transdermal delivery technology
[18] was used in the recent surveillance studies in Mali
and Senegal [5]. The Ov-16 antibody test is another al-
ternative, but it has the drawback that it detects past as
well as current infection. However, it could be used to
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detect recrudescence by examining people born after
the interruption of transmission [75]. For reviews of al-
ternative diagnostic methods, including biomarkers of
adult worm infection, we refer the reader to [19, 22,
73, 76].

Conclusions

An accurate test (or battery of tests) for patent O. volvu-
lus infection is required to monitor progress towards
elimination, and to implement alternative treatment
strategies. The development of such a test should be a
priority. However, the skin snip method currently re-
mains the gold standard since it is the only test that is
able to accurately quantify the intensity of infection [14,
22]. The recent WHO guidelines for stopping MDA and
verifying elimination of human onchocerciasis [10] state
that parasitological evaluation by skin snip microscopy
and the DEC-patch test can be used to monitor progress
during the first (treatment) phase of onchocerciasis
elimination programmes and, although the procedure is
not advocated to verify elimination, skin snip evaluation
by PCR is recommended to differentiate between active
infection and past exposure to the parasite in those situ-
ations where Ov-16 seropositivity is at least 0.1 %. It is
therefore important that enough skin snips are taken per
individual to diagnose O. volvulus infections reliably,
particularly if a test-and-treat strategy is to replace long-
term CDTI (e.g. in areas where targeted treatment may
be more cost effective than CDTI), or is implemented in
areas where onchocerciasis is hypoendemic.

Additional file

Additional file 1: Additional figures illustrating setting-specific sensitivity
and the influence of microfilarial overdispersion. Figure S1. Sensitivity of
the skin snip method in the Amazonian focus of southern Venezuela.
Figure S2. Sensitivity of the skin snip method in the Volta region of
Ghana. Figure S3. Sensitivity of the skin snip method under different
scenarios for the amount of microfilarial aggregation. (PDF 421 kb)

Abbreviations

APOC, African Programme for Onchocerciasis Control; CDTI, community-
directed treatment of ivermectin; DEC, diethylcarbamazine citrate; IRB, institu-
tional review board; MDA, mass drug administration; mf, microfilariae; mg,
milligram; OCP, Onchocerciasis Control Programme in West Africa; PCR, poly-
merase chain reaction; REMO, rapid epidemiological mapping of onchocer-
ciasis; ss, skin snip; WHO, World Health Organization

Acknowledgements

We would like to thank Richard C. Collins for providing the data from
Guatemala, Hugo C. Turner for participating in early modelling discussions,
and Neal Alexander for reviewing an early draft of the manuscript. Peter A.
Enyong was instrumental in the field component of the Cameroon study,
and three anonymous referees made valuable comments that helped to
improve the manuscript.

Funding

CB is funded by the Medical Research Council of the UK (MRC, grant number
G0700837). The field work in Guatemala and in Ghana, as well as the work of
MW received support by the UNICEF/UNDP/World Bank/World Health


dx.doi.org/10.1186/s13071-016-1605-3

Bottomley et al. Parasites & Vectors (2016) 9:343

Organization (WHO) Special Program for Research and Training in Tropical
Diseases (WHO/TDR) (project ID870340 for Guatemala; project B40284 for
MW). The work in Ghana was additionally funded by the African Programme
for Onchocerciasis Control (APOQ). ACK, as employee of WHO/TDR was
responsible for the management of the Ghana project at WHO/TDR and
played a role in the study design, data collection and analysis, decision to
publish and preparation of the manuscript. The field work in Venezuela

was supported by the Venezuelan Council for Scientific and Technologic
Research (CONICIT) (to SVM). The field work in Cameroon was funded by a
National Institutes of Health (NIH/NIAID) grant RO1 (Al42328, to SL). CB, MW
and MGB gratefully acknowledge funding of the NTD Modelling Consortium
by the Bill and Melinda Gates Foundation in partnership with the Task Force
for Global Health. MW and MGB also acknowledge funding by the Wellcome
Trust (grant 092677/2/10/Z) and the Royal Society-Leverhulme Trust for a
Capacity Building Africa Award.

Ethics statement

We did not collect primary data and therefore did not seek ethical clearance
for this study. But the studies collecting the data described above were
granted ethical clearance from their respective institutional review boards
(IRB); namely, the WHO Ethics Review Committee for the studies in
Guatemala and Ghana; the IRB of the London School of Hygiene and
Tropical Medicine and Centro Amazoénico para Investigacion y Control de
Enfermedades Tropicales (CAICET) for Venezuela; the Ghana Food and Drugs
Board and the Ghana Health Service Ethics Review Committee for Ghana,
and the IRB of the New York Blood Center and of the Tropical Medicine
Research Station of Kumba, for Cameroon. In each study consent was
obtained from the study participants.

Availability of data and material
The data are available from the authors on request.

Authors’ contributions

CB, VI and MGB conceived the study; CB conducted the modelling and
wrote the first draft of the manuscript; VI, ACK, MW and MGB critically
reviewed the manuscript for intellectual input; CB, ACK, MW and MGB
wrote the final version of the manuscript; all authors read, commented and
approved the final, submitted version.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Disclaimer

The authors alone are responsible for the views, opinions, assumptions
or any other information expressed in this publication, which may not
represent the decisions, policy, or views of their employing organizations.

Author details

'MRC Tropical Epidemiology Group, London School of Hygiene and Tropical
Medicine, Keppel Street, London WCI1E 7HT, UK. 2Department of Statistical
Science, University College London, Gower Street, London WCTE 6BT, UK.
3C4tedra de Salud Publica. Facultad de Medicina (Escuela Luis Razetti),
Universidad Central de Venezuela, Caracas, Venezuela. “UNICEF/UNDP/World
Bank/WHO, Special Programme for Research and Training in Tropical
Diseases, World Health Organization, Geneva, Switzerland. *University of
Health and Allied Sciences Research Centre (UHASRC) Hohoe, Volta Region,
Ghana. ®Department of Microbiology, University of Ghana Medical School,
Accra, Ghana. ’Laboratory of Molecular Parasitology, Lindsley F. Kimball
Research Institute, New York Blood Center, 310 E 67th St, New York, NY
10065, USA. 8London Centre for Neglected Tropical Disease Research,
Department of Infectious Disease Epidemiology, School of Public Health,
Faculty of Medicine (St Mary’s campus), Norfolk Place, London W2 1PG, UK.

Received: 4 December 2015 Accepted: 25 May 2016
Published online: 14 June 2016

Page 12 of 14

References

1. World Health Organization. 2012 progress report of WHO/APOC. Geneva:
World Health Organization; 2012. Available: http://www.who.int/entity/apoc/
publications/2012_progressreport. Accessed: 22 November 2015.

2. World Health Organization. 2013 progress report of WHO/APOC. Geneva:
World Health Organization; 2013. Available: http://www.who.int/apoc/
publications/2013_progressreport. Accessed: 22 November 2015.

3. Winnen M, Plaisier AP, Alley ES, Nagelkerke NJD, van Oortmarssen G, Boatin
BA, Habbema JDF. Can ivermectin mass treatments eliminate onchocerciasis
in Africa? Bull World Health Organ. 2002;80:384-90.

4. Diawara L, Traoré MO, Badji A, Bissan Y, Doumbia K, Goita SF, et al.
Feasibility of onchocerciasis elimination with ivermectin treatment in
endemic foci in Africa: first evidence from studies in Mali and Senegal. PLoS
Negl Trop Dis. 2009;3(7), e497.

5. Traore MO, Sarr MD, Badji A, Bissan Y, Diawara L, Doumbia K, et al. Proof-of-
principle of onchocerciasis elimination with ivermectin treatment in
endemic foci in Africa: final results of a study in Mali and Senegal. PLoS
Negl Trop Dis. 2012;6(9), e1825.

6. Tekle AH, Elhassan E, Isiyaku S, Amazigo UV, Bush S, Noma M, et al. 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. Parasit Vectors. 2012;5:28.

7. World Health Organization. Accelerating work to overcome the global impact
of neglected tropical diseases: a roadmap for implementation. Geneva: World
Health Organization; 2012. Available: http.//www.who.int/neglected_diseases/
NTD_RoadMap_2012_Fullversion.pdf. Accessed: 9 Novernber 2015.

8. World Health Organization. Eighteenth Session of the Joint Action Forum
JAF18, Bujumbura; 2012. Available: http://www.who.int/entity/apoc/about/
structure/jaf/Final_Communique_JAF_18_English_final_with_annexes.pdf.
Accessed: 22 November 2015.

9. World Health Organization/Afican Programme for Onchocerciasis Control.
Conceptual and operational framework of onchocerciasis elimination with
ivermectin treatment; 2010. Available: http://www.who.int/apoc/oncho_
elimination_report_english.pdf. Accessed: 9 November 2015.

10.  World Health Organization. Guidelines for stopping mass drug
administration and verifying elimination of human onchocerciasis. Criteria
and procedures. 2016. Available: http://apps.who.int/iris/bitstream/10665/
204180/1/9789241510011_eng.pdf. Accessed: 25 January 2016.

11. Prost A, Prod'hon J. Parasitological diagnosis of onchocerciasis. A critical
review of present methods (author's transl). Med Trop (Mars). 1978;38(5):
519-32. Article in French.

12. Moreau JP, Prost A, Prod'hon J. An attempt to normalize the methodology
of clinico parasitologic surveys of onchocerciasis in West-Africa (author's
transl). Med Trop (Mars). 1978;38(1):43-51. Article in French.

13.  African Programme for Onchocerciasis Control (APOC). Report of the 39th
session of the technical consultative committee (TCC), September 2014,
Ouagadougou: World Health Organization/African Programme for
Onchocerciasis Control; 2015. Available: http://www.who.int/apoc/about/
structure/tcc/en/. Accessed: 26 January 2016.

14. World Health Organization/African Programme for Onchocerciasis Control.
Report of the consultative meetings on strategic options and alternative
treatment strategies for accelerating onchocerciasis elimination in Africa.
2015. WHO/MG/15.20. Available: http://www.who.int/apoc/ATS_Report_
2015.12.pdf?ua=1. Accessed: 25 January 2016.

15. Toe L, Adjami AG, Boatin BA, Back C, Alley ES, Dembele N, et al. Topical
application of diethylcarbamazine to detect onchocerciasis recrudescence
in West Africa. Trans R Soc Trop Med Hyg. 2000;,94(5):519-25.

16.  Ozoh G, Boussinesq M, Bissek AC, Kobangue L, Kombila M, Mbina JR, et al.
Evaluation of the diethylcarbamazine patch to evaluate onchocerciasis
endemicity in Central Africa. Trop Med Int Health. 2007;12(1):123-9.

17. World Health Organization/OCP. Epidemiological surveillance: diethyl-
carbamazine patch method, field work and training manual. Geneva: World
Health Organization; 2002. Available: http://www.who.int/apoc/publications/
guidefortraindec_patch. Accessed: 26 November 2015.

18.  Awadzi K, Opoku NO, Attah SK, Lazdins-Helds JK, Kuesel AC. Diagnosis of O.
volvulus infection via skin exposure to diethylcarbamazine: clinical
evaluation of a transdermal delivery technology-based patch. Parasit
Vectors. 2015;8(1):515.

19. Vlaminck J, Fischer PU, Weil GJ. Diagnostic tools for onchocerciasis
elimination programs. Trends Parasitol. 2015; doi: 10.1016/j.pt.2015.06.007.
[Epub ahead of print].


http://www.who.int/entity/apoc/publications/2012_progressreport
http://www.who.int/entity/apoc/publications/2012_progressreport
http://www.who.int/apoc/publications/2013_progressreport
http://www.who.int/apoc/publications/2013_progressreport
http://www.who.int/neglected_diseases/NTD_RoadMap_2012_Fullversion.pdf
http://www.who.int/neglected_diseases/NTD_RoadMap_2012_Fullversion.pdf
http://www.who.int/entity/apoc/about/structure/jaf/Final_Communique_JAF_18_English_final_with_annexes.pdf
http://www.who.int/entity/apoc/about/structure/jaf/Final_Communique_JAF_18_English_final_with_annexes.pdf
http://www.who.int/apoc/oncho_elimination_report_english.pdf
http://www.who.int/apoc/oncho_elimination_report_english.pdf
http://apps.who.int/iris/bitstream/10665/204180/1/9789241510011_eng.pdf
http://apps.who.int/iris/bitstream/10665/204180/1/9789241510011_eng.pdf
http://www.who.int/apoc/about/structure/tcc/en/
http://www.who.int/apoc/about/structure/tcc/en/
http://www.who.int/apoc/ATS_Report_2015.12.pdf?ua=1
http://www.who.int/apoc/ATS_Report_2015.12.pdf?ua=1
http://www.who.int/apoc/publications/guidefortraindec_patch
http://www.who.int/apoc/publications/guidefortraindec_patch
http://dx.doi.org/10.1016/j.pt.2015.06.007

Bottomley et al. Parasites & Vectors (2016) 9:343

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Boatin BA, Toé L, Alley ES, Nagelkerke NJD, Borsboom G, Habbema JDF.
Detection of Onchocerca volvulus infection in low prevalence areas: a
comparison of three diagnostic methods. Parasitology. 2002;125(6):545-52.
Taylor HR, Munoz B, Keyvan-Larijani E, Greene BM. Reliability of detection of
microfilariae in skin snips in the diagnosis of onchocerciasis. Am J Trop Med
Hyg. 1989:41(4):467-71.

McCarthy JS, Lustigman S, Yang G-J, Barakat RM, Garcia HH, Sripa B, et al. A
research agenda for helminth diseases of humans: diagnostics for control
and elimination programmes. PLoS Negl Trop Dis. 2012;6(4), e1601.

Collins RC, Brandling-Bennett AD, Hollman RB, Campbell CC, Darsie RF.
Parasitological diagnosis of onchocerciasis: comparison of incubation
media and incubation times for skin snips. Am J Trop Med Hyg. 1980;
29(1):35-41.

Collins RC, Gonzales-Peralta C, Castro J, Zea-Flores G, Cupp MS, Richards Jr
FO, et al. Ivermectin: reduction in prevalence and infection intensity of
Onchocerca volvulus following biannual treatments in five Guatemalan
communities. Am J Trop Med Hyg. 1992,47(2):156-69.

Basanez MG, Yarzabal L, Takaoka H, Suzuki H, Noda S, Tada I. The vectoral
role of several blackfly species (Diptera: Simuliidae) in relation to human
onchocerciasis in the Sierra Parima and Upper Orinoco regions of
Venezuela. Ann Trop Med Parasitol. 1988,82(6):597-611.

Kale OO, Bammeke AO, Ayeni O. An evaluation of skin snip techniques used
in the quantitative assessment of microfilarial densities of Onchocerca
volvulus. Bull World Health Organ. 1974;51(5):547-9.

Awadzi K, Roulet H, Bell DR. The chemotherapy of onchocerciasis V. A
standard method for the determination of microfilarial density in skin snips.
Ann Trop Med Parasitol. 1980,74(3):363-6.

Schulz-Key H, Karam M. Periodic reproduction of Onchocerca volvulus.
Parasitology Today. 1986;2(10):284-6.

Taylor HR, Keyvan-Larijani E, Newland HS, White AT, Greene BM.
Sensitivity of skin snips in the diagnosis of onchocerciasis. Trop Med
Parasitol. 1987;38(2):145-7.

Vivas-Martinez S, Basafiez MG, Botto C, Villegas L, Garcia M, Curtis CF.
Parasitological indicators of onchocerciasis relevant to ivermectin control
programmes in the Amazonian focus of Southern Venezuela. Parasitology.
2000;121(5):527-34.

Vivas-Martinez S, Basanez MG, Grillet ME, Weiss H, Botto C, Garcia M, et al.
Onchocerciasis in the Amazonian focus of southern Venezuela: altitude and
blackfly species composition as predictors of endemicity to select
communities for ivermectin control programmes. Trans R Soc Trop Med
Hyg. 1998,92(6):613-20.

Vivas-Martinez S, Basanez MG, Botto C, Rojas S, Garcia M, Pacheco M,
et al. Amazonian onchocerciasis: parasitological profiles by host-age,
sex, and endemicity in southern Venezuela. Parasitology.
2000;121(5):513-25.

Awadzi K, Opoku NO, Attah SK, Lazdins-Helds J, Kuesel AC. A
randomized, single-ascending-dose, ivermectin-controlled, double-blind
study of moxidectin in Onchocerca volvulus infection. PLoS Negl Trop
Dis. 2014;8(6), €2953.

MacDonald AJ, Turaga PS, Harmon-Brown C, Tierney TJ, Bennett KE,
McCarthy MG, et al. Differential cytokine and antibody responses to adult
and larval stages of Onchocerca volvulus consistent with the development
of concomitant immunity. Infect Immun. 2002;70(6):2796-804.

Cupp EW, Ochoa JO, Collins RC, Cupp MS, Gonzales-Peralta C, Castro J, et al.
The effects of repetitive community-wide ivermectin treatment on
transmission of Onchocerca volvulus in Guatemala. Am J Trop Med Hyg.
1992,47(2):170-80.

Brandling-Bennett AD, Anderson J, Fuglsang H, Collins R. Onchocerciasis in
Guatemala. Epidemiology in fincas with various intensities of infection. Am J
Trop Med Hyg. 1981;30(5):970-81.

Basanez MG, Yarzabal L. Onchocerciasis in the Sierra Parima and Upper
Orinoco regions, Federal Territory of Amazonas, Venezuela. In: Miller MJ,
Love EJ, editors. Parasitic Diseases: Treatment and Control. Florida: CRC
Press; 1989. p. 231-56.

Duke BOL. The population dynamics of Onchocerca volvulus in the human
host. Trop Med Parasitol. 1993;44(2):61-8.

Basanez MG, Boussinesq M. Population biology of human onchocerciasis.
Philos Trans R Soc Lond B Biol Sci. 1999;354(1384):809-26.

Basanez MG, Pion SDS, Boakes E, Filipe JAN, Churcher TS, Boussinesq M.
Effect of single-dose ivermectin on Onchocerca volvulus: a systematic review
and meta-analysis. Lancet Infect Dis. 2008;8(5):310-22.

41.

42,

43.

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 13 of 14

Turner HC, Churcher TS, Walker M, Osei-Atweneboana MY, Prichard RK,
Basanez MG. Uncertainty surrounding projections of the long-term impact
of ivermectin treatment on human onchocerciasis. PLoS Negl Trop Dis.
2013;7(4), 2169.

Coffeng LE, Stolk WA, Hoerauf A, Habbema D, Bakker R, Hopkins AD, et al.
Elimination of African onchocerciasis: modeling the impact of increasing
the frequency of ivermectin mass treatment. PLoS One. 2014,9(12), e115886.
Bottomley C, Isham V, Collins RC, Baséfiez MG. Rates of microfilarial
production by Onchocerca volvulus are not cumulatively reduced by
multiple ivermectin treatments. Parasitology. 2008;135(13):1571-81.

Tallis GM, Leyton M. Stochastic models of populations of helminthic
parasites in the definitive host. I. Math Biosci. 1969;4(1-2):39-48.

Kershaw WE, Duke BOL, Budden FH. Distribution of microfilariae of O.
volvulus in the skin; its relation to the skin changes and to eye lesions and
blindness. Br Med J. 1954;2(4890):724-9.

Duerr HP, Dietz K, Buttner DW, Schulz-Key H. A stochastic model for
the aggregation of Onchocerca volvulus in nodules. Parasitology. 2001;
123(2):193-201.

R Core Team. R: a language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2015.

Duerr HP, Dietz K, Schulz-Key H, Blttner DW, Eichner M. The relationships
between the burden of adult parasites, host age and the microfilarial
density in human onchocerciasis. Int J Parasitol. 2004;34(4):463-73.

Plaisier AP, Alley ES, Boatin BA, Van Oortmarssen GJ, Remme H, De Vlas SJ,
et al. Irreversible effects of ivermectin on adult parasites in onchocerciasis
patients in the Onchocerciasis Control Programme in West Africa. J Infect
Dis. 1995;172(1):204-10.

Kldger S, Whitworth JAG, Post RJ, Chavasse DC, Downham MD. How long
do the effects of ivermectin on adult Onchocerca volvulus persist? Trop Med
Parasitol. 1993:44(4):305-10.

Kldger SL, Whitworth JAG, Downham MD. Viability and fertility of adult
Onchocerca volvulus after 6 years of treatment with ivermectin. Trop Med
Int Health. 1996;1(5):581-9.

Gardon J, Boussinesq M, Kamgno J, Gardon-Wendel N, Demanga-Ngangue,
Duke BOL. Effects of standard and high doses of ivermectin on adult
worms of Onchocerca volvulus: a randomised controlled trial. Lancet. 2002;
360(9328):203-10.

Pion SDS, Nana-Djeunga HC, Kamgno J, Tendongfor N, Waniji S, Njiokou F,
et al. Dynamics of Onchocerca volvulus microfilarial densities after ivermectin
treatment in an ivermectin-naive and a multiply treated population from
Cameroon. PLoS Negl Trop Dis. 2013;7(2), e2084.

Turner HC, Walker M, Churcher TS, Basdfiez MG. Modelling the impact
of ivermectin on River Blindness and its burden of morbidity and
mortality in African savannah: EpiOncho projections. Parasit Vectors.
2014;7:241.

Stolk WA, Walker M, Coffeng LE, Basafiez MG, de Vlas SJ. Required duration
of mass ivermectin treatment for onchocerciasis elimination in Africa: a
comparative modelling analysis. Parasit Vectors. 2015;8(1):552.

Plaisier AP, van Oortmarssen GJ, Remme J, Habbema JD. The reproductive
lifespan of Onchocerca volvulus in West African savanna. Acta Trop. 1991;
48(4)271-84.

Vuong PN, Bain O, Cabaret J, Petit G, Prod'hon J, Ranque P, et al. Forest and
savanna onchocerciasis: comparative morphometric histopathology of skin
lesions. Trop Med Parasitol. 1988;39(2):105-10.

Turner HC, Walker M, Churcher TS, Osei-Atweneboana MY, Biritwum NK,
Hopkins A, et al. Reaching the London Declaration on Neglected
Tropical Diseases goals for onchocerciasis: an economic evaluation of
increasing the frequency of ivermectin treatment in Africa. Clin Infect
Dis. 2014;59(7):923-32.

World Health Organization/African Programme for Onchocerciasis Control.
Guidelines for revising ivermectin treatment boundaries within the context
of onchocerciasis elimination. 2015. WHO/MG/15.21. Available: http://www.
who.int/apoc/ATS_Report_Annex1_APOC_Guidelines_for_revising_IVM_Tx_
boundaries.pdf. Accessed 25 January 2016.

Renz A, Wenk P. The distribution of the microfilariae of Onchocerca volvulus
in the different body regions in relation to the attacking behaviour of
Simulium damnosum sl. in the Sudan savanna of northern Cameroon. Trans
R Soc Trop Med Hyg. 1983;77(6):748-52.

Basanez MG, Churcher TS, Grillet ME. Onchocerca-Simulium interactions and
the population and evolutionary biology of Onchocerca volvulus. Adv
Parasitol. 2009,68:263-313.


http://www.who.int/apoc/ATS_Report_Annex1_APOC_Guidelines_for_revising_IVM_Tx_boundaries.pdf
http://www.who.int/apoc/ATS_Report_Annex1_APOC_Guidelines_for_revising_IVM_Tx_boundaries.pdf
http://www.who.int/apoc/ATS_Report_Annex1_APOC_Guidelines_for_revising_IVM_Tx_boundaries.pdf

Bottomley et al. Parasites & Vectors (2016) 9:343

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Boussinesg M, Gardon J, Gardon-Wendel N, Kamgno J, Ngoumou P,
Chippaux JP. Three probable cases of Loa loa encephalopathy
following ivermectin treatment for onchocerciasis. Am J Trop Med
Hyg. 1998;58(4):461-9.

Boussinesq M, Gardon J, Kamgno J, Pion SDS, Gardon-Wendel N, Chippaux
JP. Relationships between the prevalence and intensity of Loa loa infection
in the Central province of Cameroon. Ann Trop Med Parasitol. 2001;95(5):
495-507.

Mectizan® Expert Committee/Technical Consultative Committee.
Recommendations for the treatment of onchocerciasis with Mectizan® in
areas co-endemic for onchocerciasis and loiasis. 2004. Available: http://
www.who.int/apoc/ATS_Report_Annex3_MEC_TCC_Guidelines_for_IVM_
TxinLoaendemicareas.pdf?ua=1. Accessed: 25 January 2016.

D'Ambrosio MV, Bakalar M, Bennuru S, Reber C, Skandarajah A, Nilsson L,
et al. Point-of-care quantification of blood-borne filarial parasites with a
mobile phone microscope. Sci Transl Med. 2015;7(286):286re4.

Waniji S, Kengne-Ouafo JA, Esum ME, Chounna PW, Tendongfor N, Adzemye
BF, et al. Situation analysis of parasitological and entomological indices of
onchocerciasis transmission in three drainage basins of the rain forest of
South West Cameroon after a decade of ivermectin treatment. Parasit
Vectors. 2015;8:202.

Taylor MJ, Hoerauf A, Townson S, Slatko BE, Ward SA. Anti-Wolbachia drug
discovery and development: safe macrofilaricides for onchocerciasis and
lymphatic filariasis. Parasitology. 2014;141(1):119-27.

Debrah AY, Specht S, Klarmann-Schulz U, Batsa L, Mand S, Marfo-Debrekyei
Y, et al. Doxycycline leads to sterility and enhanced killing of female
Onchocerca volvulus worms in an area with persistent microfilaridermia
after repeated ivermectin treatment: a randomized, placebo-controlled,
double-blind trial. Clin Infect Dis. 2015,61(4):517-26.

Walker M, Specht S, Churcher TS, Hoerauf A, Taylor MJ, Basanez MG.
Therapeutic efficacy and macrofilaricidal activity of doxycycline for the
treatment of river blindness. Clin Infect Dis. 2015;60(8):1199-207.

Kilian HD. The use of a topical Mazzotti test in the diagnosis of
onchocerciasis. Trop Med Parasitol. 1988;39(3):235-8.

Newland HS, Kaiser A, Taylor HR. The use of diethylcarbamazine cream in
the diagnosis of onchocerciasis. Trop Med Parasitol. 1987;38(2):143-4.
Stingl P, Ross M, Gibson DW, Ribas J, Connor DH. A diagnostic "patch test"
for onchocerciasis using topical diethylcarbamazine. Trans R Soc Trop Med
Hyg. 1984;78(2):254-8.

Bradley JE, Unnasch TR. Molecular approaches to the diagnosis of
onchocerciasis. Adv Parasitol. 1996;37:57-106.

Lobos E, Weiss N, Karam M, Taylor HR, Ottesen EA, Nutman TB. An
immunogenic Onchocerca volvulus antigen: a specific and early marker of
infection. Science. 1991:;251(5001):1603-5.

Oguttu D, Byamukama E, Katholi CR, Habomugisha P, Nahabwe C,
Ngabirano M, et al. Serosurveillance to monitor onchocerciasis elimination:
the Ugandan experience. Am J Trop Med Hyg. 2014;90(2):339-45.

Vincent JA, Lustigman S, Zhang S, Weil GJ. A comparison of newer tests for
the diagnosis of onchocerciasis. Ann Trop Med Parasitol. 2000;94(3):253-8.

Page 14 of 14

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BioMed Central



http://www.who.int/apoc/ATS_Report_Annex3_MEC_TCC_Guidelines_for_IVM_TxinLoaendemicareas.pdf?ua=1
http://www.who.int/apoc/ATS_Report_Annex3_MEC_TCC_Guidelines_for_IVM_TxinLoaendemicareas.pdf?ua=1
http://www.who.int/apoc/ATS_Report_Annex3_MEC_TCC_Guidelines_for_IVM_TxinLoaendemicareas.pdf?ua=1

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study areas and parasitological methods for the datasets analysed
	Meso-American setting
	South-American setting
	African forest setting

	Modelling the sensitivity of skin snips
	A mathematical model of the number of microfilariae per skin snip before treatment
	Fitting the model to pre-treatment data
	Sensitivity of multiple skin snips as a test for infection with O. volvulus
	Microfilaricidal and embryostatic effects of ivermectin


	Results
	Model parameter estimates
	Sensitivity of 1, 2, 4 and 6 skin snips t years after the last ivermectin treatment
	Microfilarial prevalence

	Discussion
	Conclusions
	Additional file
	show [a]
	Acknowledgements
	Funding
	Ethics statement
	Availability of data and material
	Authors’ contributions
	Competing interests
	Consent for publication
	Disclaimer
	Author details
	References

