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Using a computer simulation study, we have investigated the risk and dynamics of onchocerciasis
recrudescence after stopping vector control, in order to provide guidelines for operational decision-making
in the Onchocerciasis Control Programme in West Africa (OCP). For this purpose, we used the micro-
simulation model ONCHOSIM to predict for periods of 9-15 years of vector control the ensuing risk and
dynamics of recrudescence in an onchocerciasis focus.

The model was quantified and validated using OCP evaluation and field research data. A range of
plausible values was determined for important confounding parameters, i.e., vector biting rate, variation in
exposure between individuals, parasite life span, and the relation between skin microfilarial load and
vector infection. Different model quantifications were used in order to take account of the possible
confounding effect of these parameters on the prediction of recrudescence.

In the absence of immigration of infected humans or invasion by infected flies, the model predicts
that 14 years of full-scale vector control are required to reduce the risk of recrudescence to less than 1%.
The risk depends, in particular, on the vector biting rate, and this has implications for the planning of
post-larviciding surveillance. Recrudescence will be a relatively slow process, and its rate will depend on
the duration of vector control. Even if vector control were stopped too early, i.e., after 12-13 years in a
highly endemic area, it would take more than 20 years before the intensity of infection in the community
would reach levels of public health importance.

Introduction
The objective of the Onchocerciasis Control Pro-
gramme in West Africa (OCP) is to control oncho-
cerciasis as a disease of public health and socioeco-
nomic importance and to ensure that there will be no
recrudescence therafter (1). The strategy has been
to interrupt transmission by vector control through
larviciding, and this has been very successful. After
8-10 years of control operations, onchocerciasis was
no longer a public health problem in more than 90%
of the original OCP area (2), and after 12-14 years
the prevalence of infection had fallen to very low
levels or zero in most of this area (3, 4). Because of
the major decline in the parasite reservoir and the
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high costs of aerial larviciding, it was important to
determine how many years of successful vector
control were needed before the operations could be
discontinued, and the vector allowed to return,
without running an unacceptable risk of onchocer-
ciasis recrudescence thereafter.

The risk of recrudescence depends on the
interaction between many factors. This made it
necessary to use an epidemiological model to study
the required duration of vector control. The com-
puter simulation model ONCHOSIM (5), which has
been developed to analyse epidemiological trends
and to evaluate prospectively alternative control
strategies, simulates the transmission of onchocer-
ciasis and the effects of vector control and chemo-
therapy (6, 7). Using this model, we have investig-
ated the risk and dynamics of recrudescence after
different periods of vector control in an onchocercia-
sis focus. Reported is the impact of the major
confounding model parameters on recrudescence
and on the recommendations about the required
duration of vector control.

Materials and methods
Simulation of recrudescence
The ONCHOSIM model uses the technique of
microsimulation; this involves the simultaneous
simulation of the life-histories of individual persons
and of individual female and male parasites in the
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Fig. 1. Simulation of the recrudescence of onchocerciasis
after 11 years of full-scale vector control (1975-86). The
trends in microfilarial (mf) prevalence and community microfilarial
load (CMFL) are shown as percentages of the values at the start
of vector control. Indicated are the years when the CMFL
reaches 25% and 75% of the precontrol value.
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Exposure level (relative biting rate) and
exposure heterogeneity
After a given period of vector control, communitiesmf;pevals with a high precontrol endemicity level, and hence a

CMFL
/X high biting rate per person, have a higher risk of

75% ' recrudescence than communities in less endemic
areas. Analysis of the risk and dynamics of re-
crudescence for different endemic situations is,
however, difficult because the real average biting

s \ /25% , ' rate per person in a village is not known. Reported
values of the annual biting rate (ABR) apply to

- - ,, \ passive collection of flies close to the breeding sites
1980 1990 2000 2010 2020 2030 (9). Although the ABRs are valuable for assessing

Calendar y"r the potential endemicity of an area and for monitor-
t(5). Collectively, the simulated persons ing the effects of vector control, the actual ABR

hie population of a hypothetical endemic experienced by villagers may be quite different. In
of the most important outputs of the the OCP area it has therefore not been possible to
osthe microfilarial load in skin-snips for establish a direct relation between the average
er of the population. In order to facilitate skin-snip count of a village and the precontrol ABR..parsofthe populationh Ioberded thefaciltate We have therefore defined a scale parameter (thenparison with observed data, the results relative biting rate (rbr)) to assess the biting rate
lation are presented in the same statist- relative to the skin-snip counts. A value of rbr = 1.0that is used for the epidemiological corresponds to a biting rate in a village where the)f vector control in the OCP. individs to allv rate and theillustrates the results obtained with individuals are equally exposed and the mean mf/s is
MI for the simulation of a period of vector 100.
recrudescence thereafter. Soon after the The risk of recrudescence is also influenced by
trol, the community microfilarial load the heterogeneity of exposure among members of a

.e., the geometric mean number of community. When the heterogeneity is high, infec-

e per skin-snip (mf/s) in adults (8), starts tion will be concentrated in a few extremely highly
followed by the mf prevalence. When exposed individuals, who will act as frequently

:rol is interrupted after 1 years, new bitten, highly infective sources of transmission.
oromis intomerpruptduc after a new Exposure heterogeneity is quantified by the vari-worms become productive after a delay ..

years, and the trends reverse; the mf ation coefficient of the biting rate.
starts rising first, followed by the CMFL Estimates of the rbr and of the exposuretartrsingfist,followedbtheCMF variation coefficients for a village are based on the

goodness-of-fit between observed and simulated
ng modelparameters skin-snip distributions. The estimates are not uni-

que; using the procedure reported by Plaisier et al.
ission and control of onchocerciasis are (10), a good fit (with X20.5 as the critical point) can
y many parameters, most of which also be obtained for a range of values of rbr and the
ie risk and dynamics of recrudescence. coefficient of variation. Here, we analyse the re-
ng parameters are very important in this crudescence for two different quantifications of rbr
pre- and postcontrol level of exposure to and the variation coefficient in each of the villages of
o Simulium spp. and the exposure Tiercoura and Folonzo, Burkina Faso. The standard

a community; the life span of the quantifications for both villages are shown in Table 1
volvulus worm and possible variations as models 1 and 3, respectively. Models 2 and 4
the infection level of biting flies as a represent quantifications that are among the most
he human skin mf density. Estimates for unfavourable from the point of view of recrudes-
rtant confounding parameters are dis- cence risk, but are nevertheless still compatible with,w. They are based on epidemiological the observed data for the two villages. Table 2 shows
ed by the OCP, especially the frequency the observed precontrol CMFL and the precontrol
s of skin-snip counts obtained at various mf/s distribution in the villages. Also, the simulated
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Table 1: Model quantifications used for the determination of the risk and
dynamics of recrudescence in the villages of Tiercoura and Folonzo, Burkina
Faso

Model number and Relative biting 95th percentile Li-uptake
designation rate life span (years) curve

1 (standard Tiercoura) 1.10 (0.36)' 13.7
2 (high-risk Tiercoura) 1.16 (0.52) 13.7
3 (standard Folonzo) 0.61 (0.52) 13.7
4 (high-risk Folonzo) 0.67 (0.68) 13.7
5 (low-risk life span) 1.10 (0.36) 12.8
6 (high-risk life span) 1.10 (0.36) 14.8
7 (high-risk Li-uptake) 1.10 (0.36) 13.7 11

a Figures in parentheses are the coefficients of variation.

Table 2: Characteristics of the reference villages of Tiercoura and Folonzo (for comparison, the simulated skin-snip count
distributions of models 1-4 are shown)

Initial % of adults with an initial skin-snip count (mf/s) of: b
1975 census CMFL

Village River basin population" (mf/s)b 0 ¢ 0.5 > 2 ¢ 8 ¢ 32 ¢ 128

Tiercoura Leraba 160 (66) 71 3.0 0 3.0 6.1 57.6 30.3
Model 1

0 0.2 0.9 4.3 59.0 35.6
Model 2

0.7 0.7 1.3 9.1 49.8 38.4

Folonzo Como6 285 (123) 30 2.4 2.4 7.3 27.7 56.9 3.3
Model 3

2.5 1.4 5.3 29.3 58.5 3.0
Model 4

3.5 1.8 5.5 27.3 53.6 8.2

8 The first figure shown is the total population, while the figure in parentheses is the number of adults.
b mf/s = microfilariae per skin-snip.

mf/s distributions for models 1-4 are shown. It
should be noted that, although in Tiercoura the
observed CMFL (a geometric mean) is 71 mf/s, a
large number of persons have a skin-snip count of
> 128 mf/s; this is reflected in a relative biting rate
of 1.10 in the standard quantification for Tiercoura.

Parasite life span
The estimation of the parasite's reproductive life
span has been reported in detail by Plaisier et al.
(10). In the West African savanna, 0. volvulus is
estimated to live 9-11 years on average, while the
variability is such that 95% of the parasites die
before the age of 13-14 years. Especially the extreme
longevity, as measured by the 95th percentile of the
life span distribution, is important for recrudescence.
For a mean life span of 10 years, the best fit for the
95th percentile is 13.7 years, and this value is used
here as a standard quantification. The 95% confi-
dence interval is estimated to be 12.8-14.8 years,
and the risk and dynamics of recrudescence are ana-

lysed for the boundaries of this interval (models 5
and 6, respectively, in Table 1).

Skin microfilarial density, microfilarial uptake,
and larval load of blackflies
The relationship between skin microfilarial density
and the microfilarial uptake by biting flies is an
important factor in the transmission of onchocercia-
sis. A number of studies have reported that the
uptake increases with microfilarial density, but that
saturation occurs at high densities (11). Infection
levels of blackflies from the West African savanna
suggest that, probably also because of the excess
mortality of flies with very high larval loads, this
saturation level is about 1.2 larvae per biting fly, and
2-3 larvae per infective fly, since, in general, the
proportion of flies that engorge microfilariae does
not exceed 50%,a and most first-stage (L1) larvae

' Onchocerciasis Control Programme in West Africa: report of
the annual OCP research meeting, 20-24 March 1989. WHO
unpublished document OCP/EAC/INF/DOC.3.
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survive to the infective stage. b However, if the
parasite reservoir has been reduced by a long period
of vector control, then in view of recrudescence, the
capability of flies to engorge microfilariae at low
skin densities rather than the saturation level, is
important. This capability determines the degree of
danger of the residual parasite reservoir for renewed
transmission. Recently in the OCP area, a series of
experiments has been conducted to determine the
relationship between fly infection and skin micro-
filarial density.C Volunteers with a known skin-snip
count were exposed to blackflies, and the microfilar-
ial load of the flies was then determined. Especially
important are microfilariae that avoid encapsulation
by the fly's peritrophic membrane and which can be
considered to be the potentially infective larvae.

For the model, the relationship between the
microfilarial density in human skin and the resulting
number of Li larvae in biting flies needs to be
quantified (resulting in the Li-uptake curve). Based
on experimental results, and using the procedure
outlined in the Annex, a maximum likelihood
estimate (MLE) was obtained for this relationship.
The MLE determined for the saturation level of the
larval load was 1.8 Li larvae per fly (3.6 per
infective fly.) However, since the flies were dis-
sected shortly after the blood-meal, excess mortality
as a result of high larval loads could not be taken
account of. Therefore, for the standard relationship
in the simulations we set the saturation level at 1.2
Li larvae per fly. Imposition of this restriction upon
the relationship gives an MLE shown as curve I in
Fig. 2. In the analysis, we tested also the impact of a
relationship with the same initial slope as curve I,
but with a saturation level of 0.8 Li larvae per fly
(1.6 larvae per infective fly, shown as curve II in
Fig. 2; see also Table 1, model 7).

Assessment of the risk and dynamics of
recrudescence
The analysis reports the risks and dynamics of
recrudescence for the model quantifications shown
in Table 1. For each of these models the recru-
descence is analysed for several periods of vector
control, ranging from 9 years to 15 years. To
determine the risk for a given model and a given
duration of control, we carried out 50 simulations.
Because of the stochastic microsimulation approach,
the outcomes for these 50 simulations are different,

b Philippon, B. ttude de la transmission d'Onchocerca vol-
vulus (Leuckart, 1893) par Simulium damnosum Theobald, 1903
en Afrique tropicale. (Thesis). Travaux et documents de
l'O.R.S.T.O.M., 63 (1977).
c See footnote a, p. 171.

Fig. 2. The two curves used in the study for the relationship
between skin microfilarial density (skin-snip count) and the
resulting number of LI larvae in biting flies (Li-uptake).

1.50

curve

1 1.00

- - - - - - - - - - - -- - - - - -curveil
i -'
E 0.50 /S ~

0
30 60 90 120 150

No. of microfliarise per skin-snip

reflecting the chance character of the underlying
processes. If 50 years after the end of vector control
the simulated CMFL is still less than 10 mf/s, the
given simulation is termed a "non-recrudescence"
case. The risk of recrudescence was taken to be the
fraction of the 50 simulations that lead to recru-
descence. Logistic regression was used to smooth
the risk as a function of the duration of control and
to estimate the required duration of control needed
to arrive at risk values of 50%, 5%, and 1% (see
Fig. 3).

The dynamics of recrudescence is characterized
by the time to reach a given CMFL after stopping
control measures. Especially the time needed to
establish a CMFL of 10 mf/s is considered, since at
this load onchocercal blindness starts to become an
important public health problem in a stable endemic
situation (12). This period of time is denoted the
"recrudescence time". For comparison, we also
examined the times needed to produce CMFLs that
correspond to 25% and 75%, respectively, of the
precontrol value.

Basic assumptions and starting points
The following underlying assumptions were made
for all the simulations:
-the force of infection during the years preceding

control is stable;
-the larviciding-based vector control effectively

interrupts transmission;
-there is no migration of infected persons into the

area; and
-there is no invasion by infected flies and only a

slight invasion by uninfected flies.
Because of this invasion, the flies can repopu-

late the breeding sites, and the precontrol biting rate
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will be reached in a few months after the
larviciding (13, 14). In the simulations, the I
trol village consisted of about 200 individuw
the annual rate of population increase was
2.5%.

Results
Biting rate and exposure heterogeneity
Fig. 3 shows the probability of recrudescer
different durations of vector control for mode
which differ in the values of biting rate and ex
heterogeneity, and which represent the standz
high-risk models for Tiercoura and Folon2
Table 1). From Fig. 3 it can be inferred ti
specific circumstances in a village markedl)
ence the recrudescence risk. Although both i

are hyperendemic, the duration of vector
required to reduce the risk to acceptable le
Folonzo is shorter than that in Tiercoura. If f(
villages the model is used that gives the best
the observed skin-snip data (standard Tiercot
standard Folonzo), the risk of recrudesce
Tiercoura is 1% if vector control is contint
about 13.5 years. In Folonzo vector control n
be carried out for about 11.5 years (i.e., 2 yea

Fig. 3. Probability of recrudescence as a function
duration of vector control determined using four
model quantifications. Bars show the 95% confiden
vals. The vertical dashed lines indicate the vector contri
after which the risk of recrudescence is reduced to 5C
and 1 %.
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Fig. 4. Average period (including 95% confidence intervals)
after cessation of vector control before a community micro-
filarial load (CMFL) of 10 mf/s Is reached, as a function of
the duration of vector control in Tiercoura and Folonzo
(models 1-4, Table 1). Results are shown only when at least 3
simulations showed recrudescence.
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ted for high-risk model predicts a vector control period of
eedsto 13 years, i.e., 1.5 years more than the standard
rs less) model. Similarly, in Tiercoura the high-risk model

predicts 14 years, i.e., only 0.5 years longer than the
standard model. The most plausible explanation for

of the the different behaviour of the two high-risk models
different is that in a holoendemic village such as Tiercoura,
ce inter- the risk of recrudescence is mainly determined by

Nperiod the life span of 0. volvulus, so that increasing the fly
biting rate only causes a minimal increase in the risk.
In Folonzo, however, because of the lower pre- and
postcontrol infection loads of the human hosts, the

T~0~ risk of recrudescence is also determined by the
nd,1 mating chances and subsequent production of micro-

filariae by the few remaining parasites. Here, a
slight increase in biting rate (which causes the
overall worm load to increase) and exposure hetero-

,IWCM" geneity (which favours clustering of the worms, and
(high fsk, hence increases the mating chances) has moremodet 2)

impact on the risk of recrudescence.
Fig. 4 shows the recrudescence time, i.e., the

period after cessation of vector control for the
CMFL to reach 10 mf/s. With all four models, the

Folonzo recrudescence time increases with the duration of
nwdel 3) vector control. Extending the duration of control

therefore not only reduces the risk of recrudescence,
but also reduces the rate at which the epidemiologi-
cal indices increase. Furthermore, Fig. 4 indicates

Folonzo that for a given period of control the recrudescence
(high risk,model 4) time becomes shorter as the biting rate and exposure

heterogeneity increase. Also the difference between
the recrudescence times for the standard and high-
risk models for Folonzo is greater than that for these
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models in Tiercoura. In the high-risk Folonzo model
the clustering of worms resulting in increased
chances of mating and production of microfilariae
had a greater impact than in the high-risk Tiercoura
model.

With the standard model for Folonzo (model
3), 9 years of vector control, although not sufficient
to prevent recrudescence, guarantee that for more
than 25 years after the end of control activities the
CMFL will still be below a dangerous level. For
Tiercoura this recrudescence time is less than 10
years. For longer periods of control, the differences
in recrudescence times between the various models
remain virtually unchanged, notwithstanding the
decreased recrudescence risk.

The times after control which elapses until 25%
and 75% of the precontrol CMFLs are reached are
shown in Fig. 5 for the standard models for Tier-
coura and Folonzo. The clear differences between
the two models demonstrate that not only the
absolute recrudescence rate, but also the rate
relative to the precontrol situation, is higher for
villages with a higher endemicity. Since for both
villages the plots for the 25% and 75% levels have
the same slope, it can be concluded that if recrudes-
cence exceeds 25% of the precontrol CMFL (which
for Folonzo is still less than 10 mf/s), the rate of
progression no longer depends on the duration of
vector control.

0. volvulus life span
The effect of different values for the life span of 0.
volvulus on the results is shown in Table 3. As might
be expected, the period of vector control needed to
reduce the risk of recrudescence to acceptable levels
increases with the value of the 95th percentile of the
life span probability distribution. Using the most

Fig. 5. Average period after cessation of vector control be-
fore a community microfilarial load (CMFL) of 25% or 75% of
the precontrol value Is reached, as a function of the dura-
tion of vector control for the standard models in Tiercoura
and Folonzo (models 1 and 3, respectively, Table 1). Results
are shown only when at least 3 simulations showed recrudesc-
ence.
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unfavourable assumption for the 95th percentile
(5% of the worms reach an age of - 14.8 years), we
estimate that in a village such as Tiercoura vector
control operations have to be continued for 14 years
and 14.5 years, respectively, to reduce the recru-
descence risk to 5% and 1%.

Also, the recrudescence time is a function of the
0. volvulus life expectancy. After 12 years of con-
trol, the time to reach a CMFL of 10 mf/s increases
from 16 years to 34 years when the 95th percentile of
the life span decreases from 14.8 years to 12.8 years.

Li-uptake
Table 3 also shows the impact of two different
assumptions about the Li-uptake of Simulium spp.
as a function of the skin microfilarial density. For

Table 3: Duration of vector control to reduce the risk of recrudescence to 50%, 5%, and 1%, and the
recrudescence time after 12 years of vector control, for three different assumptions about the 95th
percentile of the life span distribution of the adult worm, and two LI-uptake curves

Duration of control (years) at a risk of
recrudescence of:

Model Recrudescence time
number 50% 5% 1% (years)

95th percentile life span (years)
12.8 5 12.2 12.5 12.7 34.0 (28.7-39.3)'
13.7 1 12.4 13.0 13.4 25.9 (23.8-27.9)
14.8 6 13.3 14.0 14.5 16.2 (15.7-16.8)

Li-uptake curve
1 12.4 13.0 13.4 25.9 (23.8-27.9)

11 7 12.8 13.4 13.8 20.8 (19.4-22.2)

a Figures in parentheses are 95% confidence intervals.
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the curve with a low saturation level at high skin
densities (curve II, Fig. 2), the risk of recrudescence
is greater than that with the standard curve (curve
I): about 6 months of additional vector control are
required to produce recrudescence risks comparable
with those obtained with the standard Tiercoura
model. To reduce the risk to about 1%, approxi-
mately 14 years of vector control are required with
the Li-uptake curve II. The high-risk characteristic
of curve II arises because, to maintain a given
precontrol endemicity level, the low saturation level
must be balanced by higher values for other trans-
mission parameters (e.g., the probability that infec-
tive larvae transmitted by biting flies become a
mature parasite). After vector control, before
saturation has occurred, these higher values increase
the recrudescence risk.

If vector control is stopped after 12 years (risk
of recrudescence, about 100%), approximately 20
years are required to arrive at a CMFL of 10 mf/s;
this is 5 years less than with the standard uptake
curve I.

Discussion
The decision to stop vector control after many years
of interruption of onchocerciasis transmission in the
well-protected central OCP area is a difficult one to
make. Premature interruption of vector control,
when the residual parasite reservoir is still too large,
may jeopardize all the achievements obtained so far
and result in the recrudescence of onchocerciasis as
a public health problem. On the other hand, aerial
larviciding operations are very costly and any
unnecessary continuation of them would prevent the
use of funds where they are urgently needed, e.g., in
the extension areas of the OCP where vector control
has only recently been started.

A further complication is that there are no
precedents that can serve as guidelines. The deci-

sion-making process, therefore, has to rely exclus-
ively on the optimal use of epidemiological informa-
tion and on current understanding of the dynamics
of onchocerciasis transmission, infection, and about
the disease itself. Epidemiological modelling has
been helpful in this respect. The ONCHOSIM
computer simulation model has been used to carry
out an integral assessment of the relevant informa-
tion and to provide objective predictions for the risk
and dynamics of recrudescence after different peri-
ods of vector control.

Table 4 summarizes the recrudescence risks for
the different models tested. The data indicate that in
areas with the highest potential risk (such as
Tiercoura) 14 years of vector control are required to
reduce the risk of recrudescence to < 1% (estimated
using the most plausible quantifications of the
confounding parameters). Predictions for other
quantifications for the confounding parameters,
which are also compatible with the epidemiological
data for the OCP, show that in the worst case after
14 years the risk of recrudescence is still greater than
1%, but less than 5%.

The simulations show that the risk of recrudes-
cence is dependent on the local endemicity level and
the associated relative vector biting rate. For the
holoendemic village of Tiercoura the simulations
indicate that the required duration of vector control
is 14 years, while for the hyperendemic village of
Folonzo they indicate 1.5-2 years less than this. The
endemicity level in Folonzo (in terms of CMFL) was
only half that in Tiercoura, where the precontrol
CMFL of 70 mf/s made it one of the most endemic
onchocerciasis villages in the original OCP area. The
dependency of recrudescence on the biting rate also
has implications for the epidemiological surveillance
system that will be set up during the post-larviciding
period to detect as early as possible eventual
recrudescence. The biting rate varies greatly be-
tween villages and it is essential that the surveillance

Table 4: Risk of recrudescence for different durations of vector control and for the various model
quantifications

Risk of recrudescence at a duration of control (years) of:a

Model number and
designation 10 1 1 12 13 14 15

1 (standard Tiercoura) + + + + - -

2 (high-risk Tiercoura) + + + +
3 (standard Folonzo) + + - - -
4 (high-risk Folonzo) + + +
5 (low-risk life span) + + +
6 (high-risk life span) + + + + +
7 (high-risk Li-uptake) + + + +

a + = risk > 5%; ± = 1 % < risk < 5%; - = risk < 1%.
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will be carried out in villages where the vector biting
rate per inhabitant is extremely high.

It has long been recognized that the required
duration of blackfly control depends largely on the
life span of 0. volvulus (8, 15). Our findings confirm
this and show that the remaining uncertainty about
the upper limit of the life span distribution, which
was estimated from longitudinal epidemiological
skin-snip data from the OCP, has a significant effect
on the predicted risk of recrudescence. Using the
limits of the confidence interval for the age at which
95% of the worms have died, we calculated that the
required duration of vector control was 12.7-14.5
years. In an earlier attempt to project the epidemio-
logical trends after cessation of vector control, Dietz
used a model in which he assumed an exponentially
distributed life span for the worms with a mean of
8.3 years (16). From this assumption, which could
not be verified against longitudinal data, it follows
that 5% of the parasites lived for more than 25
years. Dietz's implausible assumption about the life
span of 0. volvulus therefore explains why he
predicted recrudescence even after 20 years' inter-
ruption of transmission.

Different quantifications of the relationship
between Li-uptake and the skin microfilarial load of
human hosts also affect the predicted risk and rate of
recrudescence, although the effect was less than we
expected. The Li-uptake curve with an early satura-
tion point, and hence a high ratio between the initial
slope and the saturation level (curve II), resulted in
the greatest risk and the shortest recrudescence
time. In view of the available experimental data,
curves with a lower saturation point and a greater
initial slope seem improbable (see Annex).
However, it should be noted that in our simulations
the levelling off of the Li-uptake curves at higher
microfilarial loads is the most important density-
dependent regulating mechanism in the transmission
of onchocerciasis. Other regulation mechanisms
may, however, exist (17) and could increase the risk
of recrudescence. It can, therefore, be argued that
the realism of curve II would increase if the
Li-uptake curve in our model took other possible
regulating mechanisms into account.

Our study has clarified several aspects of the
dynamics of recrudescence of onchocerciasis. The
recrudescence time, i.e., the time after cessation of
control for the CMFL to reach 10 mf/s, depends on
the duration of the preceding period of vector
control: the longer the period of control, the longer
it takes for the prevalence and intensity of infection
to climb again to significant levels. The recrudes-
cence time increases exponentially as the period of
vector control approaches 14 years, and in this
respect the last few years of vector control are the

most cost-effective. After 10 years of vector control,
recrudescence is relatively slow. Even in instances of
recrudescence after 12-13 years of vector control, it
would take more than 20 years for the CMFL to
reach levels of public health importance.

These predictions for recrudescence apply only
to situations where no other intervention is under-
taken after cessation of vector control. However, it
is important to note that ivermectin, an effective and
well-tolerated microfilaricide, has recently become
available for the treatment of onchocerciasis, while
research is continuing to develop a macrofilaricide
(18). Although some studies suggest that the poten-
tial of ivermectin to control transmission in an
endemic area is limited (7, 14), it may play an
important role in controlling recrudescence.

Our conclusions depend on some basic assump-
tions, i.e., the existence of a stable endemic situ-
ation during the precontrol period, complete inter-
ruption of transmission during the vector control
period, no reinvasion by infective flies, and no
immigration of infected humans. There are,
however, many situations where these assumptions
do not hold. Variations in epidemiological trends
during blackfly control have been attributed to
major variations in transmission during precontrol
years (4). Isolated foci have been identified where
there has been a relapse in transmission (3), while
the western and eastern flanks of the OCP area were
reinvaded by infective flies (19). Immigration of
infected individuals has not yet been proven to lead
to problems (20), but more extensive field studies
are currently being carried out, and computer
simulation studies are planned to investigate the
effects of immigration by infected persons and of
reinvasion by infective flies.

There will be other situations where not all the
assumptions made in the current analysis will hold
true. However, these do not invalidate the above
analysis, which is intended to provide general
guidelines for operational decision-making on cessa-
tion of larviciding. For each situation the decision
will have to be based on a critical analysis of the
relevant epidemiological and entomological infor-
mation using classical statistical methods, epidemio-
logical modelling, and a large amount of common
sense.
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Resume
Risque et dynamique de la recrudescence de
l'onchocercose apres arret de la lutte antivec-
torielle

L'objectif du Programme de lutte contre l'onchocer-
cose en Afrique de l'Ouest (OCP) est de combattre
l'onchocercose en tant que maladie ayant d'impor-
tantes repercussions en sante publique et sur le plan
socio-economique, et d'assurer I'absence de recru-
descence. Le programme a pour strategie d'interrom-
pre la transmission par la lutte antivectorielle, au
moyen d'6pandage de larvicides. On a ainsi obtenu
de tres bons r6sultats, avec une tres importante
diminution du reservoir de parasites. En raison du
coOt eleve de I'epandage aerien de larvicides, il
importe de determiner au bout de combien d'annees
de lutte antivectorielle reussie les operations peuvent
etre interrompues, et le vecteur reconstitue, sans que
cela comporte un risque inacceptable de recrudes-
cence de l'onchocercose.

Le but de la presente analyse est de fournir des
directives pour la prise de decision dans la zone de
l'OCP, en etudiant le risque et la dynamique de la
recrudescence apres arret de la lutte antivectorielle.
Du fait du grand nombre de facteurs en cause, la
construction d'un modele 6pidemiologique est un bon
moyen d'etude. Le modele de microsimulation ON-
CHOSIM a ete utilise pour determiner, pour des
periodes de 9 a 15 ans de lutte antivectorielle, le
risque et la dynamique de la recrudescence dans un
foyer d'onchocercose.

Le modele a ete quantifie et valid6 au moyen de
donn6es OCP provenant de l'6valuation et de la
recherche sur le terrain. On a d6termine des even-
tails de valeurs plausibles pour divers parametres
confondants, a savoir le taux d'agressivite du vec-
teur, la variation de 1'exposition d'un individu a l'au-
tre, la dur6e de vie du parasite, et la relation entre la
charge microfilarienne cutanee et le degre d'infesta-
tion du vecteur. On a obtenu les valeurs correspon-
dant a ces parametres en ajustant le modele a la
situation anterieure aux op6rations de lutte et d'apres
les tendances observees au cours de la lutte antivec-
torielle dans un certain nombre de villages, dont
Tiercoura (Burkina Faso), qui figurait parmi les villa-
ges de plus forte endemicite dans la r6gion OCP
d'origine. Differentes quantifications du modele ont
ete utilisees pour prevoir la recrudescence, afin de
tenir compte de 1'effet confondant possible de tous
ces parametres.

Selon ce modele, il est prevu qu'en l'absence
d'immigration de sujets infestes ou d'invasion de
mouches infestees, il faut 14 ans de lutte antivecto-
rielle a grande echelle pour abaisser le risque de

recrudescence a moins de 1 %. Cette prevision s'ap-
plique a Tiercoura. Dans les localites de plus faible
endemicite, c'est-a-dire avec un plus faible taux
d'agressivite de Simulium, il est prevu que 12 ans de
lutte environ suffiraient pour reduire le risque a moins
de 1%. Le risque de recrudescence est egalement
influence par les hypotheses quant a l'age auquel la
plus grande partie des parasites atteignent la fin de
leur p6riode reproductive. En donnant a ce para-
metre sa valeur la plus elevee (donc la moins favora-
ble), il y aurait encore un risque de recrudescence
d'environ 5% dans les villages de forte endemicite
au bout de 14 ans de lutte. Comme le risque semble
dependre aussi en particulier du taux d'agressivite du
vecteur, il faudrait specialement poursuivre la surveil-
lance post-lutte dans les villages ou de forts taux
d'agressivite sont previsibles.

La recrudescence serait un processus relative-
ment lent, son evolution dependant de la dur6e de la
lutte antivectorielle. II est pr6vu que, meme si cette
lutte devait etre arretee prematurement, c'est-a-dire
au bout de 12 a 13 ans dans une zone de forte
endemicite, il faudrait plus de 20 ans avant que
l'intensite de l'infestation dans la communaute attei-
gne des taux preoccupants pour la sante publique.
La recrudescence r6apparaTtra toutefois plus rapide-
ment, 5 a 9 ans plus tot, si davantage de parasites
survivent a la p6riode de lutte antivectorielle ou si les
simulies revenues dans la region sont davantage
infest6es au contact du r6servoir humain residuel.
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Annex
To describe the mean Li-uptake of 50 flies (y) as a
function of the skin-snip count (x), we use the
following relationship:

y = a(l- e-bx) (1 + e-x)
where a(1 - e-bx) describes a simple saturation

curve with saturation level a and initial slope ab,
and (1 + e-cx) permits adjustment of the initial
slope. At a given skin load, xi, the uptake follows a
negative binomial distribution with mean, yi, and
parameter of aggregation, k. It is further assumed
that k is independent of x.

Using a downhill simplex method (21), this
model is fitted to the experimental data by maximiz-
ing the likelihood function (i.e., searching for the
maximum likelihood estimation, MLE). The MLE
gives values for a, b, c, and k of 1.82, 0.0096,
0.0677, and 8.0, respectively. Restricting the satura-
tion level to 1.2 larvae per fly (2.4 per infective fly)
in the above relationship, implies that a = 1.2. The
MLE for this restricted relationship gives values for
b,c, and k of 0.0213, 0.0861, and 6.6, respectively.

For curve II the values for a, b, and c were fixed
at 0.8, 0.044, and 0.1686, respectively. With this
relationship the MLE gives a value for k of 4.4. A
likelihood ratio test of curve II to curve I results in a
P-value of slightly more than 0.05, so that curve II
lies within a 95% confidence region of curve I.

178 WHO Bulletin OMS. Vol 69 1991.


