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Finally, we compared the change of prevalence which was
derived from the model with the observed value based on a
mass examination of villagers (Table 1). Following the
executed plan in Sto. Thomas, the simulation used the actual
value as coverage. In this area, a snail control program using
molluscicides was operated from 1986. The effective rate of
molluscicides was assumed to be 30%. Because we could not
determine the exact change of the density of infected snails
(Section 2.2), we showed the change of infection rate in snails
instead of the density in Sto. Thomas (Fig. 5). It should be
noted that the change of the density of infected snails is more
useful than that of the infection rate in snails for making the
assessment of transmission from snail hosts to definitive hosts
due to abundance of cercariae in water. The y>-value for 5
points of time when the number of positive cases will be
expected to be beyond 1 (1986-90) is estimated at 9.0
(P>0.05, df=5), and the differences of positive rates for the
other points of time (1991-95) stay within 0.7%, while the
correlation coefficient between simulated and observed posi-
tive cases of all 10 points is 0.99. On the other hand, though we
could not make a precise comparison between the simulated
and observed infection rates in snails because of the instability
of observed data, their correlation coefficient was 0.92. From
the above point of view, the transition curve of prevalence
derived from the model is in accordance with the observed
data. The transition curves of prevalence derived from the
model for the remaining two villages were less accordant with
the observed data than that for Sto. Thomas (figures not
shown). The correlation coefficients are 0.90 and 0.93 for San
Vicente (1986-94) and San Roque (1985-93), respectively,
while the y2-values for the points of time except when positive
cases are above | could not be confirmed for P>0.05.

4. Discussion

It is important to consider the relationship between the
model and the reality. It is unavoidable for the model of
transmission for S. japonicum to have a somewhat complicated
structure, because S. japonicum has a complicated life cycle
which involves human and animal reservoirs, and snail hosts,
and is exposed to the environment. To avoid too miuch
complexity, we have aimed at a simple model structure so that
all the epidemiological parameters involved in the model
except transmission rates are determined in field surveys and
studies of experimental infections. Thus, we did not introduce
mating mechanism, immune mechanism in the model, or the
intensity of S. japonicum in humans or snail.

A distinct feature of the model is the division of the
shedding stage in snails into two classes according to cercaria
output. This is adequate to prevent overestimating or under-
estimating the abundance of cercariae because of a long
shedding duration.

The range of theoretical reproduction potential of an adult
worm pair may increase from 1 to 10'' [19]. The transmission
rates cannot be measured directly by the field observation and
are also influenced by various human and environmental
factors. Therefore, we have used a set of equilibrium values

which can describe an epidemic situation among hosts for a
pre-control period in the model as transmission rates. Those
values chosen for an endemic village are reflected on by
regional differences (Table 2, Fig. 5). Social behavioral
changes have an influence on the transmission rates, and
therefore regarding the prevalence of S. japonicum, further
research from the viewpoint of a model incorporating
behavioral changes is desirable.

In a 10-year study, we found less accordance of the
transition curves of prevalence derived from the model for
San Vicente and San Roque with the observed data than for
Sto. Thomas. This would be attributable to a small epidemic
that was observed in 1991-92 in San Vicente and San Roque
(see Table 1). The model works well provided that there is no
immigration or emigration in the target region, but it was
reported that there was actually some immigration and
emigration.

In the model, we have to give careful consideration to
animal reservoirs. When they play a part in the reproduction of
S. japonicum, it is difficult to eliminate S. japonicum by means
of chemotherapy for people only. Generally, it is difficult to
manage control of animal reservoirs. Field surveys showed that
rats might contribute to S. japonicum prevalence. The
simulation suggested that rats had a small influence on the
prevalence of S. japonicum. 1t is possible that S. japonicum
would prevail in other animals if the prevalence rate rose by a
large margin.

Using the model for S. japonicum, Williams et al. [8]
evaluated the anti-fecundity bovine vaccine in Jiangxi Provi-
dence of China, where bovines are the major reservoirs and
play an important part of S. japonicum transmission. This
vaccine was not used in the endemic villages of Bohol island.
Their result of simulation was similar to the variation in the
prevalence of S. japonicum under human control only with
selected mass treatment in Sto. Thomas (Fig. 3). The
comparison predicted that the prevalence in the human
population would recover swiftly after annual mass treatment
of humans for 5 years, and that, after a program of 5 years mass
treatment for both humans and bovines, the prevalence would
decrease for up to 5 years but that the equilibrium prevalence
would remain at the initial level [8]. In the World Bank
Schistosomiasis control project in China, snail control was
limited [20], while in the Schistosomiasis Control Project on
Bohol island, control procedures were carried out twice a year.
If the density of snails in a target region cannot be reduced, the
prevalence in inhabitants will resurge swiftly after 4-year
selective mass chemotherapy. On the other hand, selective
mass treatment together with snail control has a conspicuous
and continuous effect on decline (Fig. 3). Therefore, an
effective plan for snail control is necessary to maintain the
elimination of schistosomiasis for a long time. The simulation
showed that there is little probability of resurgence of an
epidemic in the northeastern villages of Bohol island for
several years because the program in Bohol has attained a high
coverage of selected mass treatment based on stool examina-
tion and has been accompanied by snail control operation since
its commencement.
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Plasmodium vivax re-emerged in 1993 near the demilitarized zone (DMZ) in South Korea, although P
vivax malaria disappeared in South Korea in 1979. The re-emergence of malaria in South Korea is
believed to have originated from infection by mosquitoes from North Korea across the DMZ. The
principal vector of P vivax in the Korean Peninsula is Anopheles sinensis. The density of An. sinensis has
a peak during the second week of July. The North Korean strain of P. vivax has 2 characteristics: a wide
distribution of the terms of relapse and a high rate of relapse. Therefore, we may well wonder why the
incidence of malaria is concentrated in summer, especially in August. Mathematical models in North
Korea and South Korea were constructed, in which the South Korean model was affected
unidirectionally by the North Korean model. We carried out simulations of the model for the Paju-shi
and Yonchon-gun situations near the DMZ region. The simulation results followed the time-course of
the re-emergence of P. vivax there, and revealed the mechanism of the elevation of the incidence of P.

vivax in summer.

Key words: DMZ, Korea, model, Plasmodium vivax, re-emergence

1. INTRODUGTION

Plasmodium vivax malaria was endemic in the Korean
Peninsula for many centuries. Infection by P vivax was
common after the Korean War. Later, the National Malaria
Eradication (NMES) was established in
collaboration with the World Health Organization, and the
WHO declared in 1979 that indigenous malaria had
disappeared in South Korea (Paik ef al., 1987). In 1993,
the first occurrence of the re-emergence of P vivax was
reported in Paju-shi of Kyonggi-do near the demilitarized
zone (DMZ). Thereafter, the incidence of malaria increased
exponentially, and in 2000, more than 4,000 cases of P.
vivax infection were diagnosed. After 2000, the incidence of
malaria decreased due to malaria control measures. It was

Service

suggested that the re-emerging malaria in South Korea
originated from infection by mosquitoes from North Korea
(Kho et al., 1999). The North Korean strain of P vivax
has 2 characteristics: the terms of relapse after infection

Department of Environmental Synthesis and Analysis, Graduate School of
Natural Science and Technology, Okayama University, 700-8530, Japan',
Departiment of Human Ecology, Graduate School of Environmental
Science, Okayama University, 700-8530, Japan®

are widely distributed from several months to 1 or 2
years (Kim, 2001; Oh et al., 2001; Bray et al., 1982), and
the rate of relapse is relatively high compared with that
of other strains of £ vivax (Kim, 2001; Oh et al., 2001;
Bray et al., 1982) . Most cases of malaria in South Korea
are observed in June-September, with especially high
incidence in August.

There are 7 Anopheles species in Korea, and only 2
species, that is, An. sinensis and An. yatsushiroens{s, are
capable of acting as vectors for the transmission of P. vivax
(Ree et al., 1967). The principal vector of P. vivax is An.
sinensis, and the density of An. sinensis has a peak during
the second week of July (Lee et al., 2002).

Mathematical models are useful for forecasting the
prevalence of infections diseases and for evaluating control
strategies. Such a model for Plasmodium falciparum, the
DMT model, was constructed by Dietz et al. (1974). In the
present study, a mathematical mode! of the re-emergence
of malaria in South Korea was constructed based on the
DMT model and using the characteristics of the North
Korean strain of P vivax, which include a wide
distribution of the terms of relapse and a high rate of
relapse. The model consisted of models in North Korea
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Fig. 1 The distribution of the latent period of the re-emergence
of malaria in 77 patients in South Korea. Derived from Oh ef al.
(2001).

and South Korea. In the North Korean model, the
population of divided
epidemiological classes. On the other hand, in the South

individuals  was into 5
Korean model, the population of individuals was divided
into 4 classes due to the different public health
circumstances. The South Korean model was affected
unidirectionally by the North Korean model.

The simulation was carried out for the situations of
Paju-shi and Yonchon-gun in Kyonggi-do with the initial
condition that there were no infected individuals. The
results of simulations in Paju-shi and Yonchon-gun
followed the time-course of the re-emergence of P. vivax.
They also revealed the mechanism by which the
incidence of P vivax the summer
considering the above 2 characteristics of the North

is highest in
Korean strain of P. vivax.

In the near future, Anopheles mosquito vectors capable
of malaria transmission may invade countries that are
free from malaria because of the effect of global
warming, and malaria may re-emerge. Our method will
be useful for the prediction of the prevalence of malaria
in countries in which malaria re-emerges.

2. MATERIALS AND METHODS
2-1 Relapses

The North Korean strain of P vivax has the
characteristics that the terms of relapse after infection are
widely distributed from several months to 1 or 2 years
(Kim, 2001; Oh et al,, 2001; Bray er al, 1982). The
surveillance of the incubation periods of relapse for 73
veterans receiving prophylaxis of chloroquine and 4
civilians who were diagnosed at 3 university hospitals,
Seoul National University Hospital, Chungbuk National
University Hospital and Chonnam National University

Hospital (January 1, 1996 - December 31, 1999) is
shown in Fig. 1 (Oh et al., 2001). It was reported that
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Fig. 2 The distribution of long incubation period (a) and short
incubation period (b). The log-normal distribution (thin curve) (a)
and the exponential distribution (thin curve) (b) compared with the
surveillance data (thick line).

there were no cases of relapse 4-6 months after infection
and that the outbreak of relapse cases had 2 peaks at 1-2
months and 8-9 months after infection. Therefore, the
distribution of the terms leading to relapse is grouped
into 2 parts: 1 - 4 months after infection and more than 6
which called “short
“long incubation period”,
respectively, while the cases who develop parasitemia

months after infection, are

incubation period” and
within 1 month after infection are regarded as “primary
infection”. In this study, it was assumed that prophylaxis
of chloroquine would not prevent relapses, while it
prevents primary infections. In order to establish
modeling of the relapse-distribution, the distribution of
short incubation period would be applied to the
exponential distribution for the regression curve (mean =
0.019 1/days), (Fig. 2-(b)), and the distribution of long
incubation period would be applied to the log-normal
distribution (mean = 288 days, mean®= 8. D, =288.52,
288+64 days) (Fig. 2-(a)). A ){2 -value 13.37 (15.51, 4 f
= 8) was accepted as statistically significant (P < 0.05)
by the )C2~ﬁtness test.
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Fig. 3 The relative variation of the weekly density of female
mosquitoes to the highest density in August. Derived from Lee et
al. (2002).

2-2 The ratio of primary infection to relapse

The North Korean strain of P vivax has the
characteristics that the rate of relapse is relatively high
compared with that of other strains of P vivax. Kim
(2001) observed that only 4 cases (8%) were primary
infection while 52 cases (92%) were relapse. Moreover,
Park et al. (2003) reported that the number of people
infected with malaria in the military was 393 during 1993
- 2000 and that 56 cases had been in the non-endemic
region of P. vivax. Therefore, it is speculated that the rate
of primary infection is at least 14% of the total cases. Oh
et al. (2001) also indicated that the numbers of primary
infection and relapse were 10 (13%) and 67 (87%),
respectively. We adopted 87% as the average rate of
relapse based on the above 3 reports.

2-3 The seasonal fluctuation of Anopheles sinensis

It is known that there are 7 species of Anopheles in Korea,
and that only 2 species, that is, An. sinensis and An.
yatsushiroensis, are capable of acting as vectors for the
transmission of P. vivax. (Ree et al., 1967). An. sinensis, the
principal malaria vector, comprises more than 80% of total
malaria vectors {(Cho ef al.,, 2002). Therefore, it is assumed
that malaria in Korea would be transmitted only by An
sinensis species. The population of An. sinensis rises
steeply from the second week of June, reaches a peak
during the second week of July, and then gradually
decreases through the fourth week of September (Lee ef al,
2002). The fluctuation of relative density
compared with the peak week (the second week of July) is
shown in Fig. 3.

seasonal

2-4 The seasonal pattern of the incidence of P
vivax

The monthly time-course of malaria cases in
1993-1994 and 1998-2000 is shown in Fig. 4 (National
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Fig. 4 The monthly incidence of P vivax in South Korea (a) in
1993 (white bars) and 1994 (gray bars) and (b) in 1998 (white
bars), 1999 (gray bars) and 2000 (black bars).

Institute of Health, Korea, 2003). Most cases of malaria
were observed in June-September, with an especially
high incidence in August from 1995 to 2003, whereas an
elevated incidence of malaria cases was not observed in
the summer in 1993-1994. The seasonal pattern of the
incidence was also noted in an old report (Hasegawa,
1913) stating that the incidence of P. vivax was highest in
June - October. Given these 2 characteristics, that is, the
wide distribution of terms to relapse (1-16 months) and
the high relapse rate (87%), why is the incidence of
malaria concentrated in the summer, especially in
August?

2-5 Malaria cases in the northern part of South
Korea

In 2 regions near the DMZ, Paju-shi, where the first
case of the re-emergence of malaria was discovered, and
Yonchon-gun, where most of the cases of malaria were
observed in the beginning of re-emergence of malaria,
the incidence of P vivax increased until 1999, but it
subsequently decreased thereafter (CDMR, 2003). Fig. 5
shows the civilian cases of malaria in Paju-shi
(1994-2002) and Yonchon-gun (1995-2002), where the
surveillance data was derived from CDMR (2003); Moon
(2001); Lee (1998); Park (2003).
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Fig. 5 Cases of malaria in civilians in Paju-shi (white bars) and
Yonchon-gun (gray bars) in 1994 — 2002. The vertical axis
represents the number of cases per 100,000.

2-6 Re-emergence of P vivax

In 1993, P. vivax malaria re-emerged in South Korea,
although WHO declared in 1979 that indigenous malaria
had disappeared. The first possibility regarding this
re-emergence was that in the beginning of the 1990,
immigrant workers from countries with endemic malaria
provided a nidus for re-establishment of the epidemic of
P vivax. The second possibility was that mosquitoes
infected with P. vivax came to South Korea across the
DMZ. The facts that most of the cases in the beginning of
the re-emergence occurred in military personnel who
served near the DMZ, and that the cases of malaria
spread from the DMZ toward the south supported the
second possibility (Kho et al., 1999). In this study, it was
assumed that the infected mosquitoes will come across
the DMZ at a constant rate based on the second
possibility.

2-7 Mathematical model

The mathematical model in South Korea and North
Korea was established on the basis of the DMT model
(Dietz et al., 1974). The South Korean model is affected
unidirectionally by the North Korean model, because the
infected- mosquitoes will come to South Korea across the
DMZ.

North Korean mode!

In the North Korean model, the population of
individuals is divided into 5 epidemiological classes:
susceptible (S), dormant hypnozoites without parasitemia
(H), latent for primary infection (Pr), positive with
gametocytes (/r) and positive without gametocytes (Po).
Moreover, H, Pr. In, Po classes are subdivided into 3
subclasses which are denoted by the suffix / (i=0, 1, 2)
according to the number of hypnozoites in their livers. We
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Fig. 6 The scheme of models in North Korea (a) and South Korea
(b).

introduce the epidemiological parameters: inoculation rate
(h), the onset rate of symptoms with infection (), the rate
of loss of infection (B) and the rate of recovery taking
account of superinfection (R). Moreover, ¢ and y are the
ratio of primary infection and that of relapse, respectively
(etp=1). The classes H,, Pr; and In;, (i=1, 2) transfer into
the class /n;., when the individuals of these classes relapse
into parasitemia. Moreover, the class Po; (i=1, 2) transfers
into the class Po;.; when the individuals of this class relapse
into parasitemia. The scheme of the model in North Korea
is illustrated in Fig. 6-(a).

South Korean model

Although the North Korean strain of £ vivax prevails
in both North Korea and South Korea, the model for
transmission in South Korea is modified compared to
that for North Korea due to the different public health
circumstances. In South Korea, cases of malaria usually
recover in about 1 week upon treatment with chloroquine,
and therefore the positive with gametocytes class (/n) is
combined with the positive without gametocytes class (Po).
Since the radical treatment results in the clearance of
hypnozoites in the malaria patients, it is assumed that the
class (Po) transfers to the class (S) on recovery.
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Fig. 7 The time-course of the prevalence in North Korea
predicted by simulation by the model (the average rate of
prevalence being 5.6%).

It is assumed that there are no infected individuals at
the initial time in South Korea and that the infected
mosquitoes come across the DMZ from North Korea, the
number of which depends on the distance from the DMZ.
The scheme of the model for South Korea is illustrated in
Fig. 6-(b).

3. REsSuULTS
North Korean model

The average prevalence rate is estimated as 5.6% by the
simulation based on the transmission model of . vivax in
North Korea (Fig. 7).

Seasonal change of incidence

The seasonal change of incidence in South Korea is
obtained through the simulation, where we take account of
the distribution of relapse terms, the rate of relapse, the
seasonal fluctuation of An. sinensis and the average
prevalence rate in North Korea (Fig. 8). The simulation
indicates that the prevalence is maintained at a high level
from March to September, and has 2 peaks in April — May
and July — August. In spite of the wide distribution of
relapse terms and high rate of relapse, the simulation
succeeded in modeling the peak incidence of malaria cases
in the summer.

Re-emergence of malaria in Paju-shi and Yonchon-gun

A comparison of the surveillance data of cases of
malaria in Paju-shi and Yonchon-gun in 1996 — 2002 and
the prediction of the simulations is shown in Fig. 9-(a)
and (b). The of simulations followed the
time-course of the re-emergence of P. vivax in 1996-1999
for both regions. On the other hand, the time-courses of

results
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Fig. 8 The monthly incidence predicted by simulation using the
model.

the actual prevalence in Paju-shi and Yonchon-gun
deviated from the predictions of the model simulation
after 2000, because the model did not take into account
any malaria control measures.

4. DiscussioN

In this study, we assumed that the
movement of infected mosquitoes across the DMZ
caused the re-emergence of P vivax in South Korea.
Mosquitoes that had been released 21 days before in
Kyonggi-do were recaptured at rates of 37.1%, 29.4%,
21.1%, 10.3% and 2.1% at 1, 3, 6, 9 and 12 km from the
release point, respectively, namely, about 90% of the
mosquitoes were recaptured within 6 km from the release
point (Cho et al.,, 2002). Therefore, it is reasonable for
mosquitoes to fly across the DMZ because the DMZ is
about 2 km wide.

The 2 mathematical models in North Korea and South
Korea could be constructed with 4 epidemiological
parameters. It was difficult to decide the rate of
prevalence in North Korea in the beginning of the 1990,
because there was little and uncertain information about
the cases of malaria in North Korea. In the parasite
survey implemented in South Korea in 1960, the year
after the Korean War, 212 blood smears were positive
among 18,697 collected blood smears (the average
parasite rate being 1.1%), and the highest prevalence
detected was 5% (Paik er al, 1987). Therefore, we
presume the prevalence in North Korea to be 5%. The
transmission model for South Korea is modified from
that for North Korea due to the different public health
circumstances. We succeeded in evoking the
re-emergence of P vivax in Paju-shi and Yonchon-gun
near the DMZ in South Korea, through 2 cooperative
models in which the South Korean model
unidirectionally affected by the North Korean model.

In South Korea, P vivax malaria has re-emerged since

was
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Fig. 9 The comparison of the prevalence between actual
surveillance and the results of simulation in Paju-shi (a),
Yonchon-gun (b). The time-courses of malaria cases per 100,000
obtained from surveillance and from the results of simulation are

shown as gray bars and white bars, respectively.

1993 and the prevalence increased yearly until 2000. The
incidence of P vivax was highest in summer (June -
September) in spite of the 2 characteristics of North
Korean strain of P, vivax described in the text, that is, the
high relapse rate and the wide distribution of relapse
terms (Kim, 2001; Park et al., 2003; Oh et al., 2001; Bray
et al., 1982). The incidence in Korea had 2 peaks (April —
May, July - August) in the simulation using our model.
The simulation results revealed the mechanism by which
the incidence of P vivax was highest in summer,
assuming the above 2 characteristics of P vivax. The
seasonal pattern of incidence would be affected by the
incubation period. The first peak (April - May) and the
second peak (July - August) would be related to the long
incubation period and the short incubation period,
respectively. 1f the average of the long incubation period
would be prolonged from 288 days to | year, the
incidence of P. vivax would be concentrated in summer
and have a peak in August. However, the reason for the
divergence of the peaks of the incidence of P vivax in
South Korea between the surveillance and the simulation
is unknown.

The long incubation period (6 — 16 months) would be
where the
){2 -value 13.37 was accepted as statistically significant

applied to the log-normal distribution,

(1551, d £ = 8, P < 0.05) by the g~ -fitness test. The
log-normal distribution was selected because of the long
incubation period. The skewness (G) and the kurtosis (H)
of the logarithmic transformation of 50 surveillance data are
estimated as G=0.257 (0.533, P<0.05) and H=0.127 (0.99,
P<0.05), respectively, which lead to fitting the distribution
of the long incubation period to the log-normal distribution.

The number of civilian malaria cases increased until
1999 in Paju-shi and Yonchon-gun, where the malaria
cases in these 2 regions accounted for 60-70% of the
total malaria cases in Korea from 1993 to 1997. We
succeeded in modeling the re-emergence of P. vivax. The
time-courses of the true prevalence in Paju-shi and
Yonchon-gun diverged from the time-course predicted by
the model simulation after 2000, because the model took
no account of any malaria control measures. The rate of
contact with infected mosquitoes may be reduced by
public health education and the use of window screens,
while chemoprophylaxis prevents infection.
Early diagnosis and treatment may reduce the prevalence.
In order to accurately predict the prevalence of P. vivax
in South Korea, it would be necessary to incorporate the
effect of malaria conirol measures in the South Korean
model.

malaria

In the coming years, Anopheles mosquito vectors
capable of malaria transmission may invade countries
that are free from malaria because of the effect of global
warming, and may cause the re-emergence of malaria.
Our method will be useful for prediction of the
prevalence in countries in which malaria re-emerges.
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Abstract

A mathematical model for the transmission cycle of Echinococcus multilocularis would be useful for estimating its prevalence, and the model
simulation can be instrumental in designing various control strategies. This review focuses on the epidemiological factors in the E. multilocularis
transmission cycle and the recent advances of mathematical models for E. multilocularis transmission.
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1. Intreduction

Echinococcus multilocularis is distributed in central
Europe, North America, and northern and central Eurasia
[1]. In Japan, human alveolar Echinococcus (HAE) caused
by E. multilocularis has spread throughout the mainland of
Hokkaido [2], making it desirable to design effective control
strategies against HAE. It is difficult to elucidate the source
of infections due to the long incubation period [3]. A
mathematical model for the transmission cycle of E.
multilocularis would be useful for estimating its prevalence,
and the model simulation can be instrumental in designing
various control strategies. A few models about E. multi-
locularis transmission have been proposed since 1995 [4-
6]. This review focuses on the epidemiological factors in
the E. multilocularis transmission cycle and the recent
advances of mathematical models for E. multilocularis
transmission.

E. multilocularis carries out its transmission cycle in two
hosts; the definitive hosts are canines, while the intermediate
hosts are mainly rodents and ungulates [1,7~9]. Individuals
are infected by the accidental ingestion of parasite eggs. The
intermediate hosts are infected by ingesting parasite eggs
voided in the feces of infected definitive hosts, while the
definitive hosts are infected by preying on the intermediate
hosts that have hydatid cysts, A mathematical model which

* Tel.: +81 86 251 8826; fax: +81 86 251 8837.
E-mail address: ishikawa@ems.okayama-u.ac.jp.

1383-5769/$ - sce front matter © 2005 Elsevier Ircland Ltd. All rights reserved.
doi:10.1016/j.parint.2005.11.038

quantitatively describes the transmission of E. multilocularis
needs to include the following components [5,10]:

1. dynamics of definitive host population,

2. dynamics of intermediate host population,

3. predator—prey relationship between the definitive hosts
(canines) and the intermediate hosts (rodents), and

4. longevity of parasite eggs in the environment.

2. Dynamics of definitive hosts

Foxes mainly maintain the transmission cycle of E.
multilocularis. The major definitive host is the red fox
(Vulpes vuipes) for most endemic regions, or the arctic fox
(Alopex lagopus) for the tundra zone of Eurasia and North
America [1,7,9,11]. The dynamics of the fox population show
marked seasonal variations because foxes are wild animals.
Therefore, a quantitative transmission model needs to include
a host population dynamic component [5]. In Hokkaido,
Japan, the breeding season of red foxes is generally in the
early spring (the last third of March — the first third of April)
and newborns after weaning, which might be exposed to E.
multilocularis infection, emerge from their dens 1 month
after birth [12]. Generally, for any wild animal, the death rate
of juveniles is significantly higher than that of adults. The
death rate of juvenile (under 1 year old) red foxes in
Hokkaido was estimated to be 2.5 times higher than that of
adults [5]. The seasonal population model of red fox density
in Hokkaido is shown in Fig. 1. The arctic fox population is
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Fig. 1. The scasonal population dynamics models for foxes and voles in
Hokkaido. The solid line and the dotted line shows the variations in fox and
vole density/km?, respectively [5].

also influenced by emigration and immigration due to long-
distance traveling [11].

3. Dynamics of intermediate hosts

Rodents mainly maintain the transmission cycle of E.
multilocularis as the intermediate hosts, and the species that
are involved in the cycle vary in different endemic regions
[1,9]. In Hokkaido, the major intermediate host is the gray-
sided vole (Clethrionomys rufocanus) [7]. The gray-sided vole
breeds in three seasons of the year (all seasons except winter)
[13,14]. The survival rate of voles depends on the season and
age, with that for the first month of life being lower than that of
>1 month [13,14], while the survival rate in winter is higher
than that in summer [15]. Besides the season variation, the
dynamics of the vole population vary on a large scale annually
and have certain geographical characteristics [16]. There is no
necessity to consider emigration or immigration in the
dynamics of the vole population because of the small size of
home ranges [13].

4. Transmission processes of E. multilocularis
The definitive host is infected with £. multilocularis by
preying on rodents which harbor multilocular Echinococcus

with infectious protoscoleces. Therefore, the prevalence of E.

Foxes

Infected no egg
producing

Infected egg producing

Negative W

-

Voles

i
:
i
1 Infectious }_{Infected‘ but no}m
infectious

Fig. 2. The basic scheme for the model of the Echinococcus multilocularis
transmission cycle between foxes (the major definitive host) and voles {the
major intermediate host).

1
]
i
]
E)

multilocularis is affected by the average number (NVF) of
voles ingested by a fox each day, which depends on the
density of the vole population and on the depth of the snow
factors [17, 18], which were introduced into the transmission
model [5].

The intermediate host is infected by ingesting E. multi-
locularis eggs voided in the feces of infected definitive hosts.
The duration of the egg’s infectious ability is mainly affected
by temperature and humidity. The tenacity of eggs is sensitive
to elevated temperature, to very low temperature and to
desiccation [19]. The experimental formula for the longevity
(d for days) of eggs at temperature (¢ at °C) was established as
d=exp[—0.135(: - 43.7)] [20]).

5. Mathematical models of E. multilocularis transmission

A deterministic model for the transmission of a parasite
essentially describes its transmission cycle as a set of
differential equations. Roberts and Aubert [4] constructed a
simple deterministic E. multilocularis transmission model to
evaluate the effect of control by addition of praziquantel in
France. Ishikawa et al. [5] proposed a model that took into
account the influence of the dynamics of both the definitive
and the intermediate host populations and the seasonal
effects on the longevity of E. multilocularis eggs and NVF
to describe the mechanism of seasonal transmission in
Hokkaido quantitatively. Hansen et al. [6] tried to develop
a stochastic transmission model from the Roberts and Aubert
model to devise a hypothesis that would fit well with the
prevalence data during the pre- and post-control periods in
the northern Germany. In these models [4-6], each host
population is broadly divided into three epidemiology
classes. Moreover, in the quantitative model shown in Fig.
2 [5], the infected egg-producing class in foxes is subdivided
into two subclasses according to whether egg production is
abundant or not.

The basic reproductive rate (Ry) is the theoretically
maximum number of secondary infections. R, was esti-
mated from the Roberts and Aubert model [4] or the

2 80
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NF' D\b
§ 5
%‘ 40 §
g g
o ot
20 &
0
Jan Mar May Jul Sep Nov Jan
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Fig. 3. Scasonal variations in the density/km® of foxcs infected with E.
multilocularis (solid line) and the prevalence of E. multilocularis in the fox
population (broken linc). The black and gray lincs show the Nemuro and
Abashiri situations, respectively [5].
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model of Ishikawa et al. excluding seasonal factors [5] as
follows:

Ry = Ak Ny n,
o, (1+8,5,)(1+ 0t (1 + 9y,
sy NVF A, Ny ( m )
Ry = S S
O o)1+ 05) (1 +om) P T e,

The symbols A,, 84 Tar 55 NVF, N7, 1, %, %1, and p
represent the infectious contact rate (a=f; v), the death rate
(a=f, v), the period of no egg production (a=f) or for
acquiring infectious protoscoleces (@=v) expressed as days
after infection, the conditional probability of maturity of
worms (f), the average NVF, the average of density (f),
the durations of total, high and low egg production, and
the multiplicative factor caused by high egg production,
with the suffixes f and v standing for fox and vole,
respectively.

The seasonal variations of the prevalence and the density of
infected foxes were simulated for the two endemic regions in
Hokkaido, Japan: Nemuro and Abashiri, where the average
prevalence rates (1995-2000) were 53% and 48%, respective-
ly. There is a great difference between the two regions in terms
of snowfall. Comparison of two regions using the model
simulation shows that the winter density of the infected foxes is
maintained at a certain level in Nemuro, while it falls to a low
level in Abashiri, which leads to the difference of the winter
prevalence between Nemuro and Abashiri (Fig. 3) [5].

6. Risk of HAE

The risk to the human population of being infected with
HAE has a close relation to the amount of E. multilocularis
eggs that maintain infectious ability in the environment. A
comparative study on the risk of HAE between Sapporo, the
capital of Hokkaido, and Nemuro was carried out by simulating
the seasonal fluctuation in E. multilocularis egg dispersion in
the environment based on the model [5].

7. Prospects

Recent advances in mathematical modeling of E. multi-
locularis transmission were summarized here. There has been
steady progress in mathematical modeling of E. multilocularis
transmission into consideration taking seasonal factors. Further
follow-up studies based on field data will be needed to
precisely estimate the effects of control sirategies against E.
multilocularis using model simulations. ’

Acknowledgements

This work was supported in part by a Grant-in-Aid for
Scientific Research from the Japan Society for the Promotion
of Science (Grant No. 16540105) and by grants from the
Ministry of Health, Labour and Welfare, Japan for “The control

of emerging and reemerging diseases in Japan” (Principal
investigator: Prof. M. Kamiya).

References

[1] Eckert J, Gemmelt MA, Meslin FX, Pawlowski ZS. WHO/OIE Manual
on Echinococcosis in Human and Animals: A Public Health Problem
of Global Concern. Paris: World Organisation for Animal Hcalth;
2001.

[2] Annual reports of the council for alveolar Echinococcus in Hokkaido
19841994, Department of Health and Welfare, Hokkaido Government,
Sapporo, 1995.

[3] Doi R, Nakao M, Nihei N, Kutsumi H. Epidemiology of alveolar hydatid
disease (AHD) and estimation of infected period of AHD in Rebun Island,
Hokkaido. Jpn J Public Health 2000;47:145- 52 [in Japanese with English
abstract].

[4] Roberts MG, Aubert MFA. A modcl for the control of Echinococcus
multilocularis in France. Vet Parasitol 1995;56:67—74.

[5] Ishikawa H, Ohga Y, Doi R. A model for the transmission of
Echinococcus multilocularis in Hokkaido, Japan. Parasitol Res 2003;91:
444-51.

[6] Hansen F, Tackmann K, Jeltsch F, Wissel C, Thulke H-H. Controlling
Echinococcus multilocularis — ecological implications of field trails. Prev
Vet Med 2003;60:91-105.

[7] Ohbayashi M. Host animals of Echinococcus multilocularis in Hokkaido.
In: Uchino J, Sato N, editors. Alveolar echinococcosis: strategy for
crradication of alveolar echinococcosis of the liver. Sapporo: Fujishoin,
1996. p. 59-64.

[8] Petavy AF, Dcblock S, Walbaum S. Life cycles of Echinococcus
multilocularis in relation to human infection. J Parasitol 1991;77:133 7.

[9] Rausch RL. Life cycle patterns and geographic distribution of
Echinococcus species. In: Thompson RCA, Lymbery AJ, editors.
Echinococcus and hydatid discascs. Wallingford Oxon: CAB Intcrna-
tional, 1995. p. 88—-134,

[10] Saitoh T, Takahashi K. The role of vole populations in prevalence of the
parasite (Echinococcus multilocularis) in foxes. Res Popul Ecol
1998;40:97-105.

[11] Fay FH, Rausch RL. Dynamics of the arctic fox population on St
Lawrence Island, Bering Sca. Arctic 1992;45:393-7.

[12] Uraguchi K, Takahashi K. Ecology of the red fox in Hokkaido. In:
Tsuduki T, editor. Alveolar Echinococcus in Hokkaido. Sapporo:
Hokkaido Institute of Public Health, 1999. p. 39—48 (in Japanese).

[13] Ota K. Study on wild murid rodents in Hokkaido. Sapporo: Hokkaido
University Press; 1984 (in Japanese).

[14] Yoccoz NG, Nakata K, Stenscth NC, Saitoh T. The demography- of
Clethrionomys rufocanus: from mathematical and statistical modcls to
further field studies. Res Popul Ecol 1998;40:107-21.

[15] Dewa H. Seasonal variation of the daily activity rhythms in snow season.
Res Bull College Exp Forests Hokkaido Univ 1975;22:105-20 (in
Japancsc with English summary).

[16] Saitoh T, Stenseth NC, Bjornstad ON. The population dynamics of the
vole Clethrionomys rufocanus in Hokkaido, Japan. Res Popul Ecol
1998;40:61-76.

[17) Abe H. Winter Food of red fox, Vulpes vulpes schrencki Kishida, in
Hokkaido, with special reference to vole populations. Appl Entomol Zoo!
1975;10:40-51.

[18] Yoneda M. Influence of red fox predation upon a local population of small
rodents: 1. Seasonal changes in predation pressure, prey preference and
predation effect. Appl Entomol Zool 1983;18:1-10.

[19] Veit P, Bilger B, Schad V, Schafer J, Frank W, Lucius R. Influence of
environmental factors on the infectivity of Echinococcus multilocularis
cggs. Parasitology 1995;110:79-86.

[20] Ishige M, Itoh T, Yagi K. Biological characters of Echinococcus
multilocularis on temperature cffects on life span of ecggs. Rep
Hokkaido Inst Public Health 1993;43:49-51 [in Japanese with English
summary].

—643—



Journal of the Faculty of Environmental Science and Technology,
Okayama University
Vol.11, No.1, pp.9-14, February 2006

A stochastic model of Echinococcus multilocularis

focusing on protoscoleces

Tomohiko NISHINA 1, CHEN Tian Tianl, Kazutoshi FUJITA 2
and Hirofumi ISHIKAWA"

(Received November 30, 2005) .

The red fox (Vulpes vulepes) and the vole (Clethrionomys refocanus) are principal hosts of
Echinococcus multilocularis in Hokkaido, Japan. How protoscoleces increases in voles and the level
of immunity in foxes remain unknown because of the lack of survey data, so that it is important to
clarify these mechanisms in order to develop control strategies against E. multilocularis. In this study,
the growth of protoscoleces in the infected voles was approximated as the logistic curve, the level of
immunity in the fox was assumed to depend on the experience of the infection with £. multilocularis,
and the worm burden in the fox was assumed to be governed by the amount of protoscoleces in the
vole. Our model showed that the population densities of the hosts and the level of immunity
influenced the prevalence of the E. multilocularis.

Key words: Echinococcus multilocularis, protoscoleces, immunity, worm burden, stochastic model

1. INTRODUCGTION

Echinococcus multilocularis, a type of zoonoses, is now
prevalent in Hokkaido, Japan. The life-cycle of E.
multilocularis takes place in the definitive hosts and the
intermediate hosts. The principal definitive host and the
principal intermediate host in Hokkaido are recognized
as the red fox (Vulpes vulepes) and the grey-sided vole
(Clethrionomys refocanus), respectively. The prevalence
of E. multilocularis in the foxes was estimated as 45% in
1998, and has remained high until now (The Department
of Health and Welfare, the Hokkaido Government).
Moreover, domestic dogs may also be infected with E.
muldtilocularis as the definitive hosts. In 1965, the first
case of human alveolar echinococcusis was reported
(Yamamoto et al., 1966). In the future, 1000 new patients
are predicted to be infected over the next ten years, so
that immediate control strategies against of £.
multilocularis are needed (Doi, 1995).

Humans and voles become infected with £.

Department of Human Ecology, Graduate School of Environmental
Science, Okayama University, 700-8530, Japan'

Department of Environmental Synthesis and Analysis, Graduate School
of Natural Science and Technology, Okayama University, 700-8530,
Japan®

multilocularis when they ingest free living parasite eggs
discharged by the definitive hosts orally. The parasite
eggs start to make protoscoleces in the vole about 40
days after infection (Yagi and Ito, 1998). When a fox
preys upon an infected vole which has an adequate
amount of protoscoleces, E. multilocularis will be
transmitted from the vole to the fox. It is important to
consider the population dynamics of both the definitive
and the intermediate hosts because the variances of the
population of the both hosts influence the transmission of
E. multilocularis greatly. Both fox and vole populations
have a seasonal fluctuation so that the time-course of £.
multilocularis infections depend on the season.

Mathematical models have been developed to explain
observations from field studies. Recently, Ohga et al.
(2002) investigated the seasonal differences of the food
habits of foxes, and Ishikawa et al. (2003) the seasonal
fluctuations of both host populations, which had a large
effect on the time-course of E. multilocularis population
levels. Hansen et al. (2003, 2004) introduced a spatial
model which included heterogeneity of the dispersing
hosts.

Moreover, Kato et al. (2005) reported that foxes had an
immune response, although the relation between the
level of immunity and worm burden was not well known.
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In the model, we supposed that the level of immunity in
the fox depends on the experience of the infection of £
multilocularis.

There have been few critical studies on the formation of
protoscoleces in the infected voles. Yagi and Ito (1998)
carried out experimental infections to investigate how
protoscoleces increase in the infected vole. It was
uncertain how to protoscoleces increase up to numbers in
the millions in voles and how many protoscoleces are
attached to the intestine of a fox when the fox preys on
In the model, the growth of
protoscoleces in the infected voles was approximated as

an infected vole.

a logistic curve.

The model simulates the infection from voles to foxes
stochastically under the condition that the worm burden
in the fox is governed by the amount of protoscoleces in
Additionally, the
consideration the seasonal

the wvole. model

takes into
fluctuation of the hosts
through the population dynamics for the definitive and
the intermediate hosts.

We carried out 1000 repeated trials of the model to
study the seasonal fluctuation of the prevalence and also
to consider mechanism of the immunity of foxes. We
observed that the prevalence was influenced by the
population densities of the hosts. Moreover, from the
results of the simulations, it was plausible that a high
level of immunity would be acquired in the several first

exposures to infection.

2. MATERIALS AND METHODS
2-1 Population dynamics of hosts

Regarding the life cycle of E. multilocularis, the
population dynamics of definitive and intermediate
hosts which have a seasonal fluctuation play an
important role in the transmission of E. multilocularis.
In Hokkaido, the major definitive hosts are foxes and
the major intermediate hosts are voles.

The breeding season of foxes in Hokkaido begins in
spring. The mortality of juvenile foxes (less than 1
vear old) is considerably higher than that of adult
foxes (more than 1 year old) (Uraguchi and Takahashi,
1991, 1998). Although foxes eat voles by preference,
the deeper the snow falls, the less foxes feed on voles
(Kondo et al., 1986).

The breeding season of voles is recognized as
occurring in three seasons every year. The main
breeding seasons are spring and autumn, since the
breeding rate in summer is much less than that in the

other breeding seasons (Kaneko et al., 1998). The
females born in spring reach maturity and account for
a large part of pregnant voles in autumn. On the other
hand, only the females born in autumn breed in the
spring. When the density of the vole population is
fairly high, their pregnancy rate will tend to decrease
because of the tendency of a slowdown in the rate of
maturity. In contrast, they will mature faster and
become active for resulting in their
population becoming large, when the density of the
vole population is low (Ota, 1984).

In this report, the fox population dynamics will be
modeled stochastically with survival, infection and
experimental status for every fox, which leads to
various situations regarding the prevalence of E.
multilocularis in every trial. On the other hand, the
vole population dynamics will be modeled
deterministically. The parameter values in both the
host population models change according to the season
and densities to take

breeding,

into account the seasonal
fluctuation.

2-2 Transmission of E. multilocularis from
foxes to voles

If a vole ingests a free living egg contained in the
feces of a fox orally, it becomes infected with E.
multilocularis. The environmental conditions such as
temperature and humidity can influence the longevity
of E. multilocularis eggs. Yagi and Ito (1991) gave the
experimental formula on the relationship between the
longevity (d days) and the temperature (¢°C) for
experimental infections:

d =exp(=0.135(t—45.37))

In Nemuro, Hokkaido, Japan, the longevity of eggs in
summer at the average temperature 19.9°C (observed
by the Japan Meteorological Agency in August, 2005)
is about 31 days according to the experimental
formula. We assume that the longevity of eggs cannot
exceed 100 days due to the experimental report that
the infectivity was maintained only for 125 days after
infection (Yagi and Ito, 1998), as the low temperature
in winter will surpass the limits of the formula. It is
very difficult to survey how many eggs exist in the
environment, how often voles come into contact with
and ingest infectious eggs, and additionally the
number of eggs required to infect a vole.

Nevertheless, it is natural to think that the risk of
infection for voles may depend on the number of free
living parasite eggs. Then, the infection risk depends
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on the number of active eggs and the number of
contacts. Therefore, we use the infection risk as the
transfer rate from the susceptible class to the
infected class.

2-3 Growth of protoscoleces in voles

An ingested egg starts to develop protoscoleces of E.
multilocularis in the vole about 40 days after infection.
If a fox preys on a vole having an adequate amount of
protoscoleces, it can be infected with E. multilocularis,
so the amount of protoscoleces in voles plays a
of E.
multilocularis. However, there are few studies about

fundamental role in the transmission

the growth of protoscoleces in voles. Yagi and Ito
(1991) reported in experimental infections that 11
voles prodhced 200 eggs, with one of the necrospied
voles starting to make protoscoleces 44 days after
infection, and another vole having 3.300.000
protoscoleces 142 days after infection. We assume that
the number of protoscoleces in voles increases
exponentially after the latent period, that the rate of
increase declines slowly due to environmental factors,
and that the number of protoscoleces is finally
saturated. In the model, we approximate the growth of
protoscoleces ( P(¢), say, protoscoleces-day model)
voles as the logistic curve (Fig.1):

dP ) P (1)

TZ - P max V£ )
with P, r being the maximum number of
protoscoleces and the growth rate, respectively.

35
30
25
20

15

(x10%)

10

The number of protoscoleces

Days after infection

Fig.1 The time-course of prevalence of infection in voles.
The curve was obtained using the logistic differential
equation.

2-4 Transmission of E. multilocularis from
voles to foxes

A fox becomes infected with £. multilocularis after

ingestion of an infected vole which has a sufficient
amount of protoscoleces. £. multilocularis in the
fox starts to produce eggs about 30 days after
infection, and egg production lasts for about 80 days
after infection (Yagi and Ito, 1998). The more
protoscoleces in the vole eaten by a fox, the larger
worm burden the fox has. In addition, the total
number of eggs discharged depends on the number
of worms in the fox. We propose a model scheme
from preying on voles to discharging eggs as below:
1. The number of voles preyed on by a fox per
day follows the food habit function (Ohga et
al., 2002)
2.1f a fox preys on infected voles which have an
adequate amount of protoscoleces, the fox
will be infected. The probability that foxes
will become infected follows from the vole
prevalence. Precisely, the probability follows
the binominal distribution function f(k),
where n, &k and p stand for the number of
voles ingested by a fox per day, the number of
infected voles ingested and prevalence rate of
voles:

1K)y =[7 ]pk(1~p)"“’
C

Then, the sum of f(k) over k=1 is the
probability that a fox will become infected
per day.

3.For an infected fox, we decide the age of
infected voles preyed on by the fox following
from the age distribution (the number of
protoscoleces in the vole following the
protoscoleces-day model).

4.The worm burden in the fox is determined by
both the protoscoleces-day model and the
immune response, which will be discussed in
the next section. The infected fox discharges
parasite eggs constantly, depending on its
worm burden after the latent period (30 days)
during a 50 days period (from the end of
latent period).

2-5 Immune responses against
E. multilocularis in foxes

Various studies concluded that foxes might have
immunity (Kato et al., 2005a; 2005b), but it is not
well known such immunity would affect the worm
burden. Hofer et al. reported (2000) that there were
remarkable differences of worm burden between
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Table | Range and mean worm burden of foxes

collected in the city of Zurich in winter *

Numb.er of Worm burden  Mean worm
examined range burden
infected foxes &
juvenile 68 1-56970 4995
adult 65 1-19344 907

# Derived from Hofer et al. (1999)

males and females, and also between juveniles and
adults. Especially, the mean worm burden in
juveniles was five-seven times higher than that in
adults (Table 1). Then we assume that the immunity
of E. multilocularis in foxes can be strengthened in
proportion to the number of infection experiences,
and adopt the following formula for the level of
immunity:
I =1 -0.8"

with n being the number of infection experiences.

3. REsuLTs

Each fox structure consists of 8 characteristics, which
we listed in Table 2.

We carried out simulations of the model 1000 times
under the immune assumptions argued in the “immune
against E.

response

multilocularis in foxes”

subsection.

Prevalence of infection of host population

The mean prevalence of infection of the fox
population in 1000 trials varied within the range of
12~48%, and the yearly mean prevalence ranged over

60
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Fig. 2 Variation in the prevalence of infection in the fox
population obtained by simulation. The black line
shows the average prevalence in 1000 trials. The
grey zone shows the prevalence in 100 trials.
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Table 2 Structure of characteristics in fox in the model

litter size (only female)

alive or dead

S€X

age (year)

number of infection experiences

day after infection

number of worms

pregnancy or not (only female)

6.0~57%, and the average was estimated as 33%,
which agreed with the recent reports of prevalence
(30~50%) in Hokkaido. The prevalence falls
remarkably after the breeding season (May), and
quickly rises to the peak thereafier (Fig.2). The
prevalence falls slightly from autumn to winter, but the
prevalence in winter always fluctuates on a large scale.
For the case of high prevalence in the breeding season,
the prevalence in the next winter tends to remain at a
low level, and diminishes 20~30% compared to the
prevalence in summer, while for the case of low
prevalence in the breeding season, the prevalence in
the next winter tends to remain fairly high, and

diminishes only 10% compared with the prevalence in
sumimer.

The mean prevalence of the vole population in 1000
trials varied within the range of 1.8~6.2%, and the
yearly mean prevalence ranged over 1.26~8.77%, and
the average was estimated as 3.8%. The prevalence in
spring has a tendency to fall with a small fluctuation
(Fig.3), and the prevalence in voles in spring remained
low in all the trials because the variance was fairly
small. In contrast, the prevalence in voles increases

Prevalence in foxes (%)

Year

Fig. 3 Variation in the prevalence of infection in the vole
population obtained by simulation. The black line
shows the average prevalence in 1000 trials. The

grey zone shows the prevalence for 100 trials.
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Table 3 Range and mean worm burden of foxes
in the results of simulations

N'umbt?r of Range of Mean worm
examined infected
worm burden burden
foxes
juvenile 35 28-99300 22270
adult 65 3300

1-25670

together with a large scale of fluctuation in summer.
The peak of prevalence occurs variably between
autumn and winter depending on the year in repeated
trials.

Worm burden in foxes

It followed from the simulations that the worm burden
infected with E.
multilocularis ranged from 28~99,300 and from
1~25,670, and that it averaged 22,220 and 3,300,
respectively (Table 3), which would lead to the
overgrowth of the worm burden,

in juvenile and adult foxes

especially in
juveniles, because Hofer (2000) estimated the average
worm burden as 4,995 and 907 based on actual
surveys (Table 1). Fig.4 shows the graphs of the
distributions of worm burden and logarithmic worm
burden. Since the latter curve was almost a straight
line, the worm burden would disperse exponentially.
The stochastic system of foxes preying on voles taking
into consideration the age structure and the growth of
protoscoleces resulted in a reasonable distribution of
worm burden.

4., DISCUSSION

Although little is known about how protoscoleces
increase in infected voles due to the lack of survey
data, our approximate protoscoleces-day model
could reproduce the distribution of the worm burden
in foxes. Actually, stochastic simulation achieved a
reasonable distribution of worm burden in foxes.

The average worm burden obtained from
simulations went beyond the bounds of the field
survey (Hofer, 2000), although the range of worm
burden in foxes agreed with the field survey. We
assume that the immunity is strengthened in
proportion to the number of infections experienced
by a fox. However, it is plausible that a high level of
immunity would be acquired in the several first
experiences. In the model, we take no account of the
reduction of immunity or shortening of the period of
discharging eggs, which must be addressed in
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Fig. 4 Distribution of the worm burden in the infected foxes
obtained by simulation. The number of worms (worm
burden) and the log number of worm burden are
shown by dots and circles, respectively.

further studies.

The prevalence of infection in the fox population
varies according to the season. It decreases
remarkably after the breeding season (May) because
of newborns, afterwards, newborns become infected
so that the prevalence quickly rises to a peak.
Actually, most newborns experience infection with
E. multilocularis by summer. 1t was shown that the
prevalence of infection in foxes decreases slightly
from the peak, and the prevalence in winter varies
on a large scale from year to year. The dangerous
term for the infection of individuals with E.
multilocularis comes after the fox breeding season
because that is the time with the highest density of
foxes, which is supported by the fact that the
prevalence of infection in the vole population
increases from summer to winter, When the fox
population is large in a certain trial, the prevalence
tends to hold at a high level compared with the
prevalence in a small fox population in other trials.
A large fox population and a high prevalence lead to
a large number of infected foxes and free living
parasite eggs, and may increase the prevalence in
voles, too. If the fox population increases by some
chance, the prevalence of E. multilocularis becomes
high in both the fox and vole populations.

The low prevalence in voles from June to July is
due to the short longevity of the parasite eggs and
the fact that most juvenile foxes stay in the latent
period. In winter, the prevalence in vole population
along with prevalence in the fox
population, reaches a peak and varies widely, which
means that the prevalence in voles strongly depends
on the population dynamics of the fox.

In the model, the infection risk in the wvole
population depends only on active parasite eggs

increases

—048—
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because the contact rate is set at a constant value.
The human risk of infection with E. multilocularis
can be thought of as the same as the vole risk
because both humans and voles are infected by
ingesting parasite eggs orally.

In the model, the longevity of the parasite eggs is
assumed to depend on only temperature, but actually
it also depends on humidity. Moreover, it was
reported that there were some hot spots because
distributed
conceivable that under natural circumstances the

voles are heterogeneously. It is
rate of contact of voles with parasite eggs is
influenced by some environmental factors such as
the densities of both the definitive and the
intermediate hosts and the habits of the hosts.
Further improvement of the model, including
consideration of the effect of control measures
against E. multilocularis, is needed to forecast
future prevalence precisely.
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