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Abstract

Echinococcus multilocularis, a tapeworm causing alveolar echinococcosis which is considered a serious zoonosis known to affect
humans, appears to be expanding its geographical range in Europe. We studied the emergence of the parasite in the European western-
most edge of its geographical distribution, based on two consecutive parasitological examinations of red foxes (Vulpes vulpes) sampled
between 1996 and 2003 in The Netherlands. The average worm count increased from 2.6 worms per fox in the first surveillance to 16.6
worms per fox in the second. Using a mathematical model for a spatially spreading parasite, we found a strong indication that the par-
asite population is increasing in number and is spreading northward at the speed of 2.7 km per year. The reproduction number (Ry),
reflecting the parasite’s transmission process, is estimated from the surveillance data and it is likely to be more than 1 but not exceeding
a value of 4. We analysed a parasite control strategy by estimating the critical fox density for parasite elimination. We conclude that E.
multilocularis is an emerging parasite in The Netherlands and thus in the western part of Europe. Control will be very difficult given the

current high fox population density.

© 2007 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Echinococcus multilocularis is a small tapeworm belong-
ing to the family Taeniidae. In Europe, the life cycle of
E. multilocularis is predominantly sylvatic, i.e. involving
wild carnivores (mainly foxes of the genera Vulpes and Alo-
pex) as definitive hosts and several species of small mam-
mals (mainly rodents of the families Arvicolidae and
Cricetidae) as intermediate hosts (Rausch, 1995; Eckert
et al., 2001). Humans are considered accidental hosts for
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infection. The parasite is the causative agent of alveolar
echinococcosis (AE), a very serious disease which may be
life threatening in humans. The infection route to humans
is through oral uptake of eggs from the environment, which
have been shed by the definitive host. The incubation time
of this infection can be 5-15 years and even then clinical
signs are not typically related to the disease. At that time,
infection of the liver and metastasis in the body can be so
serious that treatment is difficult or even impossible. Mor-
tality rates after diagnosis in untreated or inadequately
treated AE patients has been reported to be as high as
100% after 15 years (Ammann and Eckert, 1996). Hence,
prevention of this potentially life-threatening infection in
humans is of major importance.
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Important factors enhancing the risk of exposure for
humans include an increasing prevalence and increasing
number of infective eggs of E. multilocularis shed in the
environment by the definitive host. E. multilocularis is
widely distributed in the northern hemisphere, where it
is endemic in several regions in western and central Eur-
ope, most of northern and central Eurasia, and parts of
North America (Eckert et al., 2001). At present, distribu-
tion of the parasite in western and central Europe includes
regions in Austria, Switzerland, France, Germany, Liech-
tenstein, Luxemburg, Belgium, The Netherlands, Poland,
Czech Republic, Slovak Republic, Denmark and the Nor-
wegian Islands of Svalbard (Lucius and Bilger, 1995; Los-
son and Coignoul, 1997; Tackmann et al., 1998; van der
Giessen et al., 1999; Romig et al., 1999; Vervacke et al.,
2003). Increases in red fox populations in many parts of
Europe due to successful rabies control campaigns might
have extended the parasite’s distribution. An increase in
parasite prevalence over time has only been demonstrated
in southwestern Germany (Baden-Wiirttemberg) (Romig
et al., 1999). Hence, at present it cannot be determined
whether E. multilocularis has recently extended its range
or whether the parasite has simply remained undetected
until now.

In The Netherlands, E. multilocularis was detected for
the first time in a population of foxes sampled between
October 1996 and March 1997 in the northern region of
Groningen adjacent to Germany and the southern region
of Limburg adjacent to Belgium (van der Giessen et al.,
1999). These areas are considered the geographical west-
ernmost border area of the parasite’s distribution in Eur-
ope. Until now, no human cases have been reported in
Groningen and Limburg, but due to the long incubation
period, the first human case may only be recognised years
after introduction of the parasite. Studies in the borderline
areas might help to elucidate the dynamics of infection
and provide more insight into possible risks for human
health. Recently three new human patients were reported
in Belgium, two patients from the provinces of Luxem-
bourg and one from the province of Liege in 2004 (Detry
et al., 2005) very close to Limburg, at the border area with
The Netherlands. In Switzerland human alveolar echino-
coccosis cases doubled within 10 years, following a four-
fold increase in the fox population (Schweiger et al.,
2007).

In this study, we analysed E. multilocularis worm counts
of individual foxes from one of the westernmost border
areas in The Netherlands, derived in 1997 and 2003 with
the aim of studying the spread of the parasite. We found
that a mathematical model describing the parasite popula-
tion increase and dispersal along a north-south axis is
more consistent with the surveillance results than other
models lacking either the growth or dispersal process. In
addition, intervention strategies to control the parasite
were analysed for this specific region using a transmission
model described previously (Takumi and van der Giessen,
2005).

2. Materials and methods
2.1. Study area

Surveillance was conducted in 1996-1997 to determine
whether E. multilocularis was crossing over the 500 km
long border with Germany and Belgium (van der Giessen
et al.,, 1999). In the province of Limburg where E. multi-
locularis was detected for the first time, follow-up surveil-
lance was conducted in 2003 to investigate the prevalence
of the parasite and the spread of the infection near the
detection point. Therefore, a larger number of foxes per
unit area were sampled in the second surveillance
(Fig. 1). In both surveillances, foxes were sampled in
the months between November and February. Foxes were
collected by hunters and were sent to the National Insti-
tute for Public Health and Environment (RIVM) and car-
casses were frozen at —80°C for 1 week prior to
necropsy. At necropsy, small intestines and contents of
colons were removed. In both surveys, age of the foxes
was classified as either juvenile (less than 1 year of age)
or adult, based on the extent of tooth wear (Eckert
et al., 2001).
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Fig. 1. Surveillance area in the Province of Limburg, The Netherlands,
where surveillance took place between 1996 and 2003, is indicated by a
rectangle. The enclosed area is approximately 800 km?.



K. Takumi et al. | International Journal for Parasitology 38 (2008) 571-578 573

2.2. Parasitological examination

Parasitological examination of the small intestines was
carried out by microscopical examination of mucosal
smears as recommended by the WHO Collaborating Cen-
ter for Parasitic Zoonosis in Zurich (Deplazes and Eckert,
1996). PCR was carried out on colon contents as described
previously (van der Giessen et al., 1999). Similar methods
were used in the two consecutive surveillance studies
between 1996 and 2003.

2.3. Spatial and temporal parasite distribution

The number of parasites in individual foxes can be
described by the negative binomial distribution (Anderson
and May, 1991). The probability that j worms are present
in the intestine of a fox is equal to,

rorenl [

The symbol M is the mean worm burden per fox and k is
inversely related to the degree of parasite aggregation,
small k indicates high aggregation. The negative binomial
distribution arises in a situation, where the numbers of lar-
vae in individual infected rodents are random and foxes eat
a random number of infected rodents. For a large value of
k (i.e. much larger than 1), the negative binomial distribu-
tion becomes Poisson distribution.

The mean worm burden per fox is potentially specific to
the year and the location of surveillance. We model spatial
and temporal change of the worm population using the
model proposed by Skellam (1951).
oM oM

M+ D
o M TP

M(y,t) is the mean worm burden at a given time ¢ and a
location y. The symbol s is the rate of exponential
growth per year. The symbol D is the diffusion coefficient
in unit km? per year. Since we are investigating the ini-
tial phase of parasite emergence, we ignore any density-
dependent process in the parasite’s life cycle and assume
the simplest model for population growth (i.e. exponen-
tial growth). The expression 2+/sD is the rate of spread
in km per year (Skellam, 1951). We assume an initially
localised infection focus (in the province of Limburg) 1
year before the onset of surveillance, i.e. a Dirac func-
tion with the mass being equal to e¢* (Edelstein-Keshet,
1987).

The mathematical model produces a series of nested
models in increasing complexity for the observed spatial
and temporal distribution of the worm burdens. The sim-
plest model when s = 0 and D = 0 corresponds to the mean
worm burden per fox being constant over space and time.
The model with only s = 0 corresponds to the situation in
which the parasites are transported to nearby locations
but the total number of parasites in the survey area remains

constant over time. Lastly, when both parameters s and D
are positive, the parasites are spreading geographically and
their numbers are increasing over time.

We fitted the mathematical model to the worm burden
data and calculated maximum likelihood estimates
(MLE), and profile likelihood based 95% confidence inter-
vals (ClIs) of the parameters (Venzon and Moolgavkar,
1988). No surveillance data are available to determine the
initial condition. Thus we hypothesised that the initial
mean worm burden was not greater than the maximum
number of adult worms detected in the first surveillance,
ie. o <In(100). Two-dimensional surveillance location
data were reduced to one dimension by using y coordinates
along a north-south direction only. The benefit of adding
the parameters of the model is assessed by the likelihood
ratio test. P-value were calculated based on the deviance
of two nested models and the chi-squared distribution with
1 degree of freedom.

2.4. Ry estimation

Echinococcus multilocularis has a complex life cycle
involving eggs, larvae and adult worms parasitising two
species of mammalian hosts (mainly foxes and rodents).
The reproduction number (Ry) of the parasite can be
expressed in terms of the parasite’s transmission parame-
ters as previously described (Takumi and van der Giessen,
2005). The system of equations describing the (non-spatial)
dynamics of the egg (G), larvae (L), and adult worm (M)
stages of E. multilocularis is (Takumi and van der Giessen,
2005),

%G([) = ApnM(t) — 13 G(t) — praG(t)

& 1) = BomaoGli — ) — poL (1) — BynL(r)
& (1) = BimiaLc — 1) — poM() — M)

The parameters are the inverse of the average life expec-
tancies of foxes (yg), adult parasite worms (u;), rodents
(u2) and parasite eggs (u3), the time for the parasite to ma-
ture in the fox (7;) and in rodents (7,), the average number
of protoscolices per infected rodent (o), probabilities of
infection per parasite in foxes (7;) and in rodents (7,), the
release rate of proglottids (1), the average number of eggs
per proglottid (¢), the rate of predation by a fox (f), the
rate of egg uptake by a rodent (f5,), the mean fox population
density (n), and the mean rodent population density («).

The parasite persists in the population of rodents and
foxes when R, > 1, where,

Ao, fynmyfra
Ry = (1)
(o + ) (Bin + 1) (Bra + 13)

Some of the transmission parameters in the expression
for the reproduction number are specific for certain areas,
in our case for Limburg. However, it is costly in terms of
labour, time and money to collect data that support estima-
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tion of individual transmission parameter values for this
specific region. We circumvent this by expressing the repro-
duction number as a function of the growth rate s, which
can be estimated using the surveillance data in the Limburg
area.

Substituting the exponential function e* into the system
of differential equations we find that the rate s must satisfy
the equation

s = (o + )
Lo finmfra

X ( e—s(mtmn) _ 1)
(o + i) (s + Bin + 1) (s + Bra + p3)

We solve for small values of the rate s by expanding the
right-hand side in s near zero. Keeping in mind that Ry is
expressed by Eq. (1), the zero order term is,

(o + p)(Ro — 1)

and the first order term has the coefficient,

1 1
)
npy+u,  afy +

We simplify further by noting that predation by foxes is a
minor cause for rodent death (nfl; < u,) and that the aver-
age time for parasite eggs to be ingested by a rodent is
much longer than the life expectancy of the eggs
(af, < p3). Discarding second and higher order terms,
the rate s can be approximated as

g — (o + 1) (Ro — 1)
1+ (o + p)Ro(t1 + 12 + 1" +157)

(o + 11)Ro <Tl + 1+

Solving for Ry, the new expression for R, reads.

_ Hobo s + oy + Hp Hss 2)
(o + ) (topts — s(ip + pt3) — s(t1 + 2) o lt3)

Ry

The expression for Ry now involves only the parameters re-
lated to life expectancies and maturation times. Life expec-
tancies are assumed to be 450 days for foxes (Mulder et al.,
2004), 182 days for rodents (Roberts and Aubert, 1995)
and 57 days for parasite eggs (Veit et al., 1995). Life expec-
tancy of adult worms are assumed to be 12 days (Nonaka
et al., 1996; Takumi and van der Giessen, 2005), 17 days, or
44 days (Kapel et al., 2006). The maturation periods are 30
days for ingested larvae to mature in foxes (Nonaka et al.,
1996) and 112 days for ingested eggs to mature into larvae
in rodents (Matsumoto et al., 1998). The lower and upper
estimates for the growth rate s (Table 4) were substituted
into Eq. (2) to calculate the lower and upper estimates
for R,.

2.5. Assumptions of the model

The following assumptions were made about host popu-
lations in deriving the expression for Ry. First, the mean
fox population density and the mean rodent population
density are constant. Second, infected foxes and rodents
neither enter nor leave the surveillance region. In addition,

infected rodents were assumed to be infected for their
lifetime.

2.6. Intervention strategies and evaluating intervention

Intervention alters the parasite transmission process,
aiming to reduce the reproduction number of the parasite
to less than 1 so that it eventually disappears from the con-
taminated area. We evaluate one particular intervention
strategy, control of fox population density. Because preda-
tion by foxes is not the major cause of rodent death
(nfi; < o) the reproduction number expressed by Eq. (1)
is proportional to the fox population density 7,

RO ~n (3)

Therefore, when the fox population density is reduced
by some numerical fraction, the reproduction number R,
reduces by the same fraction.

The reproduction number is also proportional to the
probability that an ingested larva matures into an adult
worm in the intestine of the fox (7;) so that,

R() ~ Tn (4)

As a result of successful control of the parasite, the pro-
portion of foxes lacking acquired immunity to the parasite
will increase, resulting in increasing 7. Thus the fox popula-
tion density must be further reduced by the same factor to
compensate for the increase in Ry due to the loss of immunity.

3. Results
3.1. Prevalence and spatial distribution

The first E. multilocularis-infected foxes in the southern
province of Limburg in The Netherlands (Fig. 1) were
detected during the surveillance conducted between the
months of November 1996 and February 1997 (van der
Giessen et al., 1999). A total of 39 foxes were examined
in the Limburg region, of which 14 foxes were adults (older
than 1 year) and 25 foxes were juveniles (Table 1). One fox
was infected with a moderate number of worms in the
intestine and two foxes were positive by PCR but no
worms could be detected (Table 2). All three positive foxes
were found close to the border with Belgium (Fig. 2). All
other foxes sampled in a northward direction were negative

Table 1

Number of foxes positive and negative to infection using PCR by age
group in the two periods of surveillance (1996-1997 and 2002-2003) in
The Netherlands

Year 1996 2003
PCR + juvenile® 2 10
PCR — juvenile 23 60
PCR + adult 1 13
PCR — adult 13 112
Total 39 195

# Less than 1 year of age.
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Table 2 Table 3
Survey results 1996-1997 Survey results 2002-2003
PCR Worm count No. of foxes PCR Worm count No. of foxes
- 0 36 - 0 173
+ 0 2 + 0 8
+ 100 1 + 1 2
Foxes were tested for the presence and the quantity of Echinococcus * > 2
. . . o : . + 6 1
multilocularis by PCR and by microscopy using intestinal scrapings. The
. . L + 10 1
number of foxes having the specified combination of the test outcomes are " 25 )
shown in the third column. L 50 )
+ 100 1
+ 200 1
+ 300 1
+ 500 1
+ 1000 2

Worm burden
+ 0
® 1-10
@® 11-100
@ 101-1000

10 Kilometers

Fig. 2. Spatial distribution of Echinococcus multilocularis-positive and
-negative foxes as analysed in 1996-1997. Foxes that tested negative for
E. multilocularis both by PCR and by intestinal scraping are indicated by
crosses. Foxes that tested positive by either method are indicated by black
circles. The numbers of worms determined by intestinal scraping are
illustrated by the size of the black circles. Foxes that tested positive by
PCR only were assigned a worm burden equal to 1.

both by PCR and by intestinal scraping. Subsequently a
survey was conducted in the months between November
2002 and February 2003 to determine a baseline prevalence
with the aim to follow trends over time. In total 196 foxes
were examined, of which 125 were adults, 70 were juveniles,
and one was unclassified (Table 1). The number of infected
foxes was 23. Worm counts in individual foxes were highly
dispersed. A few of most heavily infected foxes harboured
the majority of the total number of the parasitic worms

Foxes were tested for Echinococcus multilocularis by PCR and by
microscopy as shown in Table 2.

(Table 3). Fitting the negative binomial distribution to each
of the surveillance data sets separately resulted in small val-
ues for the parameter k (0.015 for the first and 0.019 for the
second surveillance) and the fit was significantly better than
Poisson distribution in both cases (P > 0.99). This observa-
tion is in accordance with a study conducted in Switzerland
(Hofer et al., 2000). When sampling locations of the foxes
were ignored, the means of the negative binomial distribu-
tions were not found to be significantly different based on
the likelihood ratio test. In the follow-up survey in Lim-
burg most severely infected foxes were found in the south-
ern region where the first infected foxes were found in the
period 1996-1997 (Fig. 3). Infected foxes with worm bur-
dens comparable to those of the first survey are now
detected across a wider region of the Limburg province
(Fig. 3).

We used the likelihood ratio to test whether negative
binomial variation alone can explain the observed spatial
and temporal change in parasite distribution or, alterna-
tively, whether growth of the parasite population due to
its recent introduction into this region and/or the spreading
of the parasite were more likely. Compared with the nega-
tive binomial variation alone, spreading of the parasite in a
Northern direction significantly improved the model fit
(P =0.95). An additional assumption that the parasite
population is increasing in number also improved the fit
(P =0.83). Resulting parameter estimates are listed in
Table 4. Estimate of Ry for E. multilocularis based on Eq.
(2) was 1.6 (1.1-3.5 using profile-likelihood based 95% CI
on the growth rate s). The effects of varying the life expec-
tancies of foxes and parasites on R, were limited. Increas-
ing the life expectancy of foxes to 2 years changed the
estimated R, by less than one decimal place. Increasing
the life expectancy of adult worms to 44 days changed
the estimated R, to 1.7. Another inference from the model
fit is that the parasite appears to expand its niche in the
province of Limburg at a speed of 2.7km per year
(= 2v/sD) in a northward direction.
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Worm burden
+ 0

® 1-10
® 11-100
@ 101-1000

10 Kilometers

Fig. 3. Spatial distribution of Echinococcus multilocularis-positive and -
negative foxes as analysed in 2002-2003. Foxes that tested negative for E.
multilocularis both by PCR and by intestinal scraping are indicated by
crosses. Foxes that tested positive by either method are indicated by black
circles. The numbers of worms determined by intestinal scraping are
illustrated by the size of the black circles. Foxes that tested positive by
PCR only were assigned a worm burden equal to 1.

Table 4

Estimates of the parameters of the mathematical model describing the
population increase and the geographical spread of FEchinococcus
multilocularis

Description Symbol Estimate 95% CI* Unit
Log-worm count o 32 (0.93,4.6) None
of the first infected fox
Rate of increase in the s 0.36 (0.12, 0.68) year!
mean worm count
Rate of dispersal in space D 4.9 (3.1, 30) km? year ™!
Parasite aggregation index k 0.02 (0.01, 0.03) None

# Confidence interval, based on profile-likelihood.

4. Discussion

About 100 km southward into Belgium (from the cur-
rent surveillance area in Limburg), there is a region where
a large number of foxes infected with E. multilocularis were
detected (Vervaeke et al., 2003, 2006) and in recent years
the parasite has been expanding its range in a northern
direction towards Limburg along the river Maas. In addi-

tion, an area as far as 200 km north of Limburg was para-
site-free at the time of the 1996-1997 surveillance (0/187
foxes) (van der Giessen et al., 1999). Therefore it is very
likely that the two surveillances reported here document
the movement of the parasite’s infection front in the years
between 1996 and 2003.

Based on our surveillance data we estimated that the
reproduction number Ry is greater than 1, indicating that
E. multilocularis is an emerging parasite in the fox popula-
tion in the border area of Limburg. Parasite emergence in
this study is defined neither by the prevalence nor by the
mean worm count ignoring the sampling locations. When
parasites emerge, we would expect to observe the parasite
numbers in a specific pattern in space and time. The spa-
tial-temporal pattern of observed parasite numbers is best
explained by assuming the spatial spreading and parasite
population growth, rather than the two alternative expla-
nations, namely the parasite population is constant in
space and time, i.e. only the negative binomial variation
explains the observed pattern, or the parasite population
is not growing but spreading into a wider region.

The estimated R is not likely to exceed 4. The magni-
tude of Ry determines the amount of effort needed to con-
trol the parasite. A possible strategy for parasite control
was demonstrated in Germany and Switzerland in experi-
mental settings where baits containing an anthelmintic
drug were dispersed using an aeroplane (Tackmann et al.,
2001; Hegglin et al., 2003). It was shown that this method
is effective as long as it is enforced but it never eliminated
the parasite completely. We have suggested that the para-
sites might have been completely removed from the fox
population but the larvae still remained in the population
of rodents, causing re-emergence of the parasite following
the apparent disappearance of the parasite from the fox
population (Takumi and van der Giessen, 2005). While
the baiting strategy is partially successful, the same cannot
be said about controlling fox population density. Because
R, is proportional to fox population density (Eq. (3)) a
condition for successful control might be to reduce the
fox population density by a factor of four or more to
reduce R, below one. Although it is very difficult to deter-
mine fox density in a particular area, the best professional
judgment after the second surveillance in Limburg, based
on age distribution of the fox population investigated,
reproduction ratio of the females and hunting index, was
an estimated fox density of 2-4 per km? in spring and 4—
9 per km? in autumn (Mulder et al., 2004). To control E.
multilocularis, the fox density should be reduced to 0.5-1
per km? in the spring and 1-2 per km? in autumn. One pos-
sible complication is that some of the foxes in the Limburg
area may have acquired immunity against the parasite.
When the parasite is eliminated, there will be more foxes
in the area without acquired immunity to the parasite. In
naive foxes, almost 100% of the ingested larvae become
adult worms (Kapel et al., 2006). R, is also proportional
to the probability of infection in foxes (7; in Eq. (4)) so that
if the foxes became twice as susceptible due to loss of
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immunity, the fox population density must be reduced fur-
ther by a factor of two to compensate for the susceptibility
increase. This would mean that unless the fox population
density is kept below 0.25-0.5 per km? in spring and 0.5-1
in autumn, intervention is expected to fail to locally elimi-
nate the parasite. Achieving this low fox population density
and keeping it permanently low by human intervention (e.g.
culling) is practically impossible. The role of host immunity
was also discussed elsewhere (Torgerson, 2006).

Estimation of R, rests on the assumption that all foxes
acquired infection locally within the surveillance area.
However, we cannot rule out the possibility that the foxes
were infected somewhere distant and later moved into the
surveillance area at the time when our first surveillance
ended in 1997. If infected foxes came from distant places
we would have overestimated Ry. However, we hypothesise
that this effect is limited because if foxes did indeed acquire
their infections remotely and then travelled a long distance
to enter the surveillance area, we would have seen a mix of
lightly and heavily infected foxes over the whole study
region. Therefore the observed north-south gradient in
worm burden is consistent with locally, rather than dis-
tantly acquired infections. In animal disease surveillance
it is virtually impossible to infer the locations, where the
animals acquired their infections, but the origin of infection
may be assessed indirectly. If the sampled foxes were
shown to be related, for example, by examining their
mitochondrial DNA, they are more likely to have acquired
their infections locally, an indication that local environ-
mental conditions support the persistence of the parasite
life cycle.

Using a one-dimensional growth diffusion model, we
modelled anisotropy in worm burden distribution (north-
south gradient), but heterogeneity in the environment
was not modelled. However, spatial heterogeneity in the
environment may only be important on a small spatial
scale, not on our coarse scale analysis in which local vari-
ations are averaged over the surveillance area.

Recently three human patients were reported in Bel-
gium, two patients from the province of Luxembourg
and one from the province of Liege in 2004 (Detry et al.,
2005). The latter province is less than 10 km from Limburg.
The prevalences of infection in the local foxes populations
in these provinces in the period between 1997 and 2002
were 30% (97/321 foxes) in Luxembourg and 15% (26/
171) in Liege. Because overall parasite prevalence in Lim-
burg is 11% (26/235), comparable to the Liege area, it
seems reasonable to anticipate the first case of alveolar
echinococcosis in Limburg in coming years.

In conclusion, using this approach we showed that E.
multilocularis is spreading and thus is an emerging zoonotic
parasite in the southern province of Limburg in The
Netherlands, the westernmost border in Europe. Further-
more, parasite control cannot be achieved by reducing
fox density. Increasing presence of E. multilocularis in
foxes might indicate that human cases could appear in
the future.
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