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Abstract

Cystic echinococcosis, caused byEchinococcus granulosus, is an emerging disease in many parts
of the world and, in particular, in eastern Europe and the former Soviet Union. This paper examines
the abundance and prevalence of infection ofE. granulosus in cattle and sheep in Kazakhstan.
Observed data are fitted to a mathematical model in order to determine if the parasite population is
partly regulated by intermediate host immunity and to define parameters in the model. Such data
would be useful to develop simulation models for the control of this disease. Maximum likelihood
techniques were used to define the parameters and their confidence limits in the model and the
negative binomial distribution was used to define the error variance in the observed data. The results
indicated that there are significant variations in the infection pressure to sheep depending on their
location. In particular sheep from Almaty Oblast and from central and northern Kazakhstan appeared
to have a greater exposure than sheep from Jambyl or South Kazakhstan Oblasts. The infection
pressure to cattle was somewhat lower in comparison. In common with other similar studies, there
was no evidence of parasite-induced immunity in sheep or cattle in Kazakhstan due to natural
infection. The highest abundance and prevalence were seen in the oldest age classes of animals.
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1. Introduction

Since independence from the Soviet Union in 1991, there has been a substantial rise in
the numbers of reported cases of human cystic hydatid disease caused by the larval stage of
the canine tapewormEchinococcus granulosus in Kazakhstan (Shaikenov et al., 1999a,b;
Torgerson et al., 2002). This has been attributed to changes in agricultural practices, the
abandonment of centralised slaughtering facilities, the increase in home slaughtering and
the withdrawal of periodic compulsory anthelmintic treatment for rural dogs. The human
incidence of cystic echinococcosis (CE) started to rise dramatically in about 1994 and
has recently reached approximately four times the level seen in the latter days of the Soviet
Union. The main endemic areas appear to be the south of the country and in the far northwest
where the annual incidence of human CE is now 10–15 cases per 100,000 (Torgerson et al.,
2002). One of the purposes of this study was, therefore, to determine the prevalence and
abundance ofE. granulosus in sheep populations in Kazakhstan.

Models describing the transmission dynamics ofE. granulosus have been developed
(Roberts et al., 1986, 1987; Gemmell, 1990; Torgerson, 2002). These models, together with
data from Australia, China, South America and the Middle East (Roberts et al., 1986; Ming
et al., 1992; Torgerson et al., 1998; Cabrera et al., 1996; Dueger and Gilman, 2001), suggest
that there is no regulation of the parasite population by intermediate host immunity.E.
granulosus is normally aggregated in the intermediate host. Therefore, the mathematical
analysis needs to incorporate this phenomenon in the error variance structure of the analysis.
The frequency distribution of the numbers of parasites in each host can be empirically
modelled as the negative binomial distribution. This approach has been infrequently used in
the past despite being mathematically more robust then other methods (such as transforming
the data to a normal distribution) (Wilson et al., 1996) and less likely to produce type
I or type II errors. This paper utilises maximum likelihood techniques with the negative
binomial distribution to describe the error variance in the data to fit the data to the model
and demonstrates that even with a large data set, parametric regression methods can lead to
significant errors.

2. Materials and methods

2.1. Study area and animals

Sheep were examined at necropsy in abattoirs in Almaty Oblast, Jambyl Oblast and South
Kazakhstan Oblast, all regions of Southern Kazakhstan. All of the cattle were from south
Kazakhstan Oblast. In total 2505 sheep and 431 cattle were examined for the presence of
E. granulosus cysts. The age of each animal was ascertained by careful examination of its
dentition, together with any supplementary data by questioning the animal’s owner. The
data set consisted of 1915 sheep from south Kazakhstan Oblast, 237 from Jambyl Oblast,
279 from Almaty Oblast, and 74 from other Oblasts in central and eastern Kazakhstan.
Viscera were examined for the presence of hydatid cysts. Identification was based on gross
examination and detailed palpation. Small immature cysts were not recorded as resources
were not available for systematic slicing of organs. For the majority of cysts found from
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animals presented in South Kazakhstan Oblast, hydatid cysts found in offal were also exam-
ined in more detail for the presence of protoscolices. Those cysts where such protoscolices
were present were considered fertile or viable.

2.2. Analysis

FromRoberts et al. (1986, 1987)the variation in the mean abundance (where the mean
abundance is the total number of cysts divided by the total number of animals examined
including non-infected animals—for terminology of abundance, seeBush et al., 1997) of
hydatid cysts in animals at aget can be modelled using the equation

m(t) = γh

γ + ah
t + ah2

(γ + ah)2
[1 − exp{−(γ + ah)t}] (1)

wherea is a parameter influencing the rate of acquisition of immunity,h the infection
pressure in parasites per year, andγ the rate of loss of immunity. If the intermediate host
has no parasite-induced immunity (i.e. parametera = 0) when infected with metacestodes
then this simplifies to

m(t) = ht (2)

The data were entered onto an ExcelTM (Microsoft Corp., Redmond, WA) spreadsheet with
source of sheep, age of sheep and parasite burden.

The model was fitted to the data using a negative binomial likelihood function to give the
probability of the number of parasitessi for each observationoi given the meanm predicted
by the abundance model (Eq. (1)or (2)):

Pr{oi = si} = Γ(k + si)

Γ(k)si!

(
m

k + m

)si
(

k

k + m

)k

whereΓ is the gamma function.
All the observations were fitted using this likelihood function and the total likelihood

was

n∏
i=1

Pr{oi = si}

Likelihoods were converted to logarithms and summed to prevent calculation overflow. The
parameter values andk values that gave the maximum likelihood were estimated using the
Solver add on for ExcelTM (Microsoft Corp., Redmond, WA). A likelihood profile, and hence
confidence intervals and probability density distributions of the parameters given the data
and the model, was found by using the likelihood profile function of the ExcelTM (Microsoft
Corp., Redmond, WA) PopTools add on (CSIRO, Australia). Analysis was undertaken for a
variety of different assumptions. Initially, the sheep were assumed to be from four separate
populations, and hence with different parameters and different negative binomial constants
k. This was compared to a model assuming they were all from the same population with
a single negative binomial constant and the differences examined by the likelihood ratio
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test. A stepwise reduction in the numbers of sheep populations was undertaken to indicate
the best description of the data. Likewise, each population of sheep was then examined
assuming a commonk value for all age groups or differentk values for each age group
and likelihoods compared. The numbers of age groups (in terms of the negative binomial
constant) was reduced when there was no significant improvement in the model with the
additional parameters. The data was fit to bothEqs. (1) and (2)and the results compared
using the maximum likelihood ratio test to see which model gave a better description of
the data. Because most of the data from South Kazakhstan Oblast also included data on the
fertility of cysts, the analysis was rerun on these animals with just the viable cysts. From
this it was possible to calculate the most likely value of the parameters in the model. For
a comparison of methods,h was also calculated using least-squares regression using SPSS
software (SPSS, Chicago).

The variance of the prevalence of infection,p(t) with aget was also modelled using the
equation reported byRoberts et al. (1986)

p(t) = 1 − exp(−βt) (3)

whereβ is the infection pressure in infectious insults per year. This equation assumes there is
no parasite-induced protective immunity, which was consistent with the fits to the abundance
data. The prevalencep for each age group was fitted using one of two likelihood functions.
If parasites were present in an individual sheep, then the probability of the prevalencepi

for each observationai,

Pr{pi = ai} = prev(t)

wheret is the age of the animal and prev(t) the predicted prevalence at aget (from Eq. (3)),
was calculated. If parasites were absent, then

Pr{pi = ai} = 1 − prev(t)

All the observations were fitted using this likelihood function and the total likelihood was

n∏
i=1

Pr{pi = ai}

Likelihoods were converted to logarithms and the parameterβ was determined, together with
95% confidence limits using the Solver function of ExcelTM (Microsoft Corp., Redmond,
WA).

For the data from cattle the same analytical approach was undertaken.

3. Results

Analysis indicated that the populations of sheep from Jambyl and South Kazakhstan
Oblast did not have significantly different parameters in the model. Likewise, sheep from
Almaty Oblast and central and eastern Kazakhstan had similar parameters. The summary
of the mean prevalence and abundance of infection for these two sheep populations is
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Table 1
Summary data for the prevalence and abundance of infection withE. granulosus of the three animal populations

Animal population Mean abundance
of cysts

Mean prevalence
of infection

Proportion of
cysts viable

n

Sheep from South Kazakhstan and
Jambyl Oblasts

2.54 0.34 0.97a 2152

Sheep from Almaty Oblast and other
regions

4.70 0.48 NCb 353

Cattle from South Kazakhstan Oblast 0.48 0.072 0.94 431

a South Kazakhstan Oblast only.
b Data not collected.

summarised inTable 1. Thus there appeared to be just two distinct populations of sheep in
terms of their exposure toEchinococcus. The most likely parameters of the model given the
data was with a parameter ofa = 0 from sheep from South Kazakhstan and Jambyl Oblasts,
which indicated that there was no protective immunity on exposure toEchinococcus in this
population. However, the other sheep population had the most likely value ofa = 0.60,
suggesting herd immunity may be present. However, the 95% confidence limits included
0. In addition, when the parameters of the model were reduced by settinga = 0, the
likelihood of the data assuming the full non-linear model was not significantly more than
the nested model. Thus, for this population the absence of host immunity was also a better
indication of the response of sheep population to exposure to the parasite. Nevertheless,
sheep from Almaty region, central and eastern Kazakhstan were exposed to a significantly
higher infection pressure than sheep from Jambyl and South Kazakhstan Oblasts (Tables 2
and 3). Only from South Kazakhstan Oblast was there sufficient data on the numbers of
viable cysts to repeat the analysis. The rate of establishment of viable cysts was also linear,
in parallel to total numbers of cysts (Table 2). Least-squares regression gave an estimate
of h of 1.978 for the sheep from Almaty, east and northern Kazakhstan which was not
significant different from the maximum likelihood value reported inTable 2. For the sheep
from Jambyl and South Kazakhstan, least-squares regression significantly overestimatedh
to be 1.456 cysts per year (P = 0.004). The best fit to the model for each group of sheep
was found when there were three values of the negative binomial constant: for juvenile
sheep (under 2 years of age); for adult sheep (2–3 or 2–4 years of age for Almaty and south
Kazakhstan populations, respectively); and for old sheep (Tables 2 and 3). When modelling

Table 2
Maximum likelihood values of parameters and negative binomial constant for sheep from Almaty, central and east
Kazakhstan

Parameter Most likely value Lower, 95% Upper, 95%

h 1.976 1.604 2.467
k (<1 year) 0.160 0.095 0.262
k (2–3 years) 0.238 0.185 0.305
k (>4 years) 0.434 0.276 0.664
β 0.287 0.241 0.343
Cysts per infection 6.885 5.247 9.037
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Table 3
Maximum likelihood values of parameters and negative binomial constant for sheep from Jambyl/South Kazakhstan

Parameter Most likely value Lower, 95% Upper, 95%

h 1.239 1.114 1.383
ha (viable cysts) 1.217 1.066 1.395
k (<1 year) 0.091 0.073 0.112
ka (<1 year, viable cysts) 0.087 0.069 0.109
k (2–4 years) 0.214 0.192 0.239
k (≥2 years, viable cysts) 0.201 0.176 0.228
k (≥5 years) 0.727 0.424 1.220
β 0.227 0.208 0.246
Cysts per infection 5.458 4.601 6.987
Viable cysts per infectiona 5.361 4.542 6.337

a Only calculated for South Kazakhstan Oblast.

Table 4
Maximum likelihood values of parameters and negative binomial constant for cattle from South Kazakhstan Oblast

Parameter Most likely value Lower, 95% Upper, 95%

h 0.154 0.087 0.297
h (viable cysts) 0.143 0.076 0.308
k 0.028 0.018 0.042
k (viable cysts) 0.021 0.013 0.033
β 0.027 0.018 0.037
Cysts per infection 5.704 3.002 11.286
Viable cysts per infection 5.296 2.591 12.623

the age dependent distribution of viable cysts in sheep from south Kazakhstan, it was found
that the negative binomial constant only varied between young sheep of 1 year of age or
less compared to sheep of greater than 1 year,Table 3).

Data were only collected form cattle from South Kazakhstan Oblast and is summarised
in Table 1. A high proportion of the cysts recovered from cattle were viable. The analysis
indicated that cattle were exposed to a lower infection pressure than sheep from the same
area (Table 4) with cysts establishing at a most likely rate of 0.154 cyst per year compared
to 1.239 cysts per year in sheep from the same area. Least-squares regression estimatedh to
be 0.146 cysts per year. There was also no significant variation in the degree of aggregation
of cysts within the cattle population with a negative binomial constantk common to all age
groups giving a best description of the data.

4. Discussion

The results of the research described in this paper have a number of important implica-
tions. Firstly, it is the first comprehensive survey of the sheep populations in southern Kaza-
khstan since the description of the new epidemic of hydatid disease in that area (Shaikenov
et al., 1999a,b; Torgerson et al., 2002). Sheep from Almaty Oblast and central and eastern
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Kazakhstan appear to have been exposed to a higher infection pressure than sheep from
Jambyl and South Kazakhstan Oblasts. In terms of human echinococcosis, Jambyl Oblast
has reported the highest human incidence in Kazakhstan, although Almaty and South Kaza-
khstan Oblasts had comparable figures for the year 2000 (Torgerson et al., 2002). However,
to date there have been relatively few cases of human CE from central and eastern Kaza-
khstan. Thus, the infection pressure in sheep does not always mirror the human incidence.
Because sheep provide a reasonable sentinel of the levels of eggs contaminating the envi-
ronment, as they do not appear to develop immunity to re-infection, it may be that there
are other reasons that prevent human infection withEchinococcus in these regions such as
climatic or cultural factors. In addition, all the sheep that were studied were identified in
abattoirs in the southern three oblasts. Sheep reported as originating from central or eastern
Kazakhstan had been transported large distances to avail of better market prices close to,
for example, Almaty the largest city in Kazakhstan. Thus, they may not be representative of
the sheep population in these areas. In the case of the sheep from the three southern oblasts,
these animals were slaughtered locally. In addition, the human population density is much
higher and the climate more humid in the southern regions and this may promote egg sur-
vival and transmission to man by more frequent contact with the definitive hosts dogs, where
as sheep from the central and eastern regions (and the associated farm dogs) are more likely
to be kept at a further distance from human habitations. Interestingly, a parallel study of
the transmission dynamics ofE. granulosus in the definitive host (Torgerson et al., 2003)
failed to demonstrate any variation in the abundance of the parasite in dogs originating
from Almaty, Jambyl, or South Kazakhstan Oblasts. This may be because environmental
factors affecting the egg stage are influencing transmission between dogs and sheep, with
a greater viability of eggs in Almaty Oblast compared to Jambyl or South Kazakhstan.
Alternatively, because there were significant differences in abundance between farm dogs
working in close proximity to sheep and village dogs kept mainly as pets, the differences
in abundance between sheep from Almaty Oblast compared to those from Jambyl or South
Kazakhstan Oblast may reflect different population densities of farm dogs or village dogs
in the different areas.

In agreement with other studies (Roberts et al., 1986; Ming et al., 1992; Cabrera et al.,
1996; Torgerson et al., 1998; Dueger and Gilman, 2001) there was little or no evidence of
parasite-induced host immunity due to natural infection. Maximum likelihood analysis in the
present study suggested the most likely model given the data for sheep from Almaty, central
and east Kazakhstan included the possibility of such immunity, but was not significantly
more likely then the model without immunity having fewer parameters. It is possible that
with a bigger data set the difference would become significant but this is speculative. The
lack of parasite-induced host immunity is in sharp contrast to protective immunity that
can be generated by vaccination (Lightowlers et al., 1999) and the reasons for this are not
yet clear. It is possible that a declining or impaired immune response in older animals to
the parasite is responsible for the observed age-related distribution of hydatid cysts, but the
authors are not aware of any data that would support this hypothesis. On the contrary,Taenia
hydatigena does not show this observed increase in abundance in sheep (Roberts et al., 1987;
Cabrera et al., 1996; Torgerson et al., 1998) as exposure of the host to this parasite is known
to stimulate protective immunity in sheep. The only known occasion thatT. hydatigena
has shown a marked increase in abundance in old animals was when the infection pressure
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was too low to stimulate immunity (Torgerson et al., 1995). Consequently, for this related
taeniid parasite, protective immune responses in old sheep remain robust.

The proportion of viable cysts in sheep was higher than in other comparable studies
(e.g.Dueger and Gilman, 2001). This may be a reflection of the sampling technique as
detailed histological examination of small or calcified lesions were not undertaken in this
study. Nevertheless,Dueger and Gilman (2001)also failed to demonstrate an increase in
the proportion of non-viable metacestodes with age which is consistent with the lack of
intermediate host immunity.

The prevalence and abundance of infection is somewhat lower in the cattle that were
examined in comparison to the sheep. A large proportion of the cysts examined were vi-
able which indicates that the cysts may be of the cattle strain or species (Thompson and
MacManus, 2002). Although cattle are frequently infected with the sheep strain, such in-
fections are often non-viable, whereas the proportion of viable cysts reported in this study
is consistent with other studies where the cattle strain has been implicated (Thomson et al.,
1984). Molecular analysis of material from cattle and sheep would be required to confirm
the strains present in Kazakhstan. If cattle and sheep are infected with the same strain, then
either cattle are relatively resistant to infection compared to sheep, or animal husbandry
and/or grazing behaviour result in a lower infection pressure to cattle.

The data as such were not truly random in that they were collected from a population pre-
sented for slaughter at abattoirs rather than a representative sample from farms. This might
under or over represent infected animals depending on weather any clinico-pathological
processes resulted in infected animals being more or less likely to be presented for slaugh-
ter than non-infected animals. However, in the absence of an accurate quantitative diagnostic
test or the resources to purchase random samples of the large numbers of animals required,
no other sampling technique was available. Furthermore, other studies have often been
based on abattoir surveys and official data is frequently based on similar source. Thus, any
comparison between data from this study and that of historical data or data from other areas
is still valid. In this respect, the infection pressure recorded from South Kazakhstan and
Jambyl Oblasts in sheep is of a similar magnitude to other highly endemic countries such
as China (Ming et al., 1992) and Jordan (Torgerson et al., 1998) or to surveys using other
sampling techniques such as Uruguay (Cabrera et al., 1996) and Peru (Dueger and Gilman,
2001). However, the infection pressure in Almaty and other regions of Kazakhstan appears
to be somewhat higher than other studies. Data for the infection pressure to cattle has not
been recorded previously and so no comparisons can be made.

There have been few attempts at modelling parasite abundance data using the negative
binomial distribution to describe the error variance. In a comparison of methods (Wilson
et al., 1996), it was demonstrated that by using classical linear modelling techniques, there
was a high probability of errors and even with general linear modelling techniques there
was sometimes failure to detect heterogeneities in the data.Pacala and Dobson (1988)also
suggested that the patterns that emerge with non-linear maximum likelihood models could
differ markedly from more conventional techniques, particularly when sample sizes are
small. Using the maximum likelihood techniques described in this paper, with the negative
binomial distribution to describe the error variance in the data, is the mathematically most
robust analysis of the data. Such a robust mathematical approach to the modelling ofE.
granulosus is essential because of the levels of aggregation of parasites within the host.
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Using conventional regression analysis can lead to significant errors. This is illustrated by
comparing the present results with a rerun of the analysis using least-squares regression to
estimate the parameterh. Although two of the three populations of animals gave good agree-
ments for the estimate ofh with least-squares analysis and maximum likelihood analysis
(i.e. the parameter determined by least-squares regression was within the 95% confidence
limits of the maximum likelihood value reported inTables 2 and 4), in one population there
was a significant variation in results (the least-squares value was outside the 95% maximum
likelihood confidence limits). Least-squares analysis estimatedh to be 1.456 cysts per year
in sheep from South Kazakhstan and Jambyl Oblasts. Despite having a large sample size
of 2152 sheep, this was a significant over-estimate when compared to the estimate of 1.239
cysts per year using the maximum likelihood methods described in this paper. This demon-
strates that even with a very large data set, the use of parametric methods when analysing
parasite abundance data can lead to significant errors compared to using a maximum likeli-
hood model where the error variance is explicitly defined. In previous reports of modelling
the age-related abundance ofE. granulosus in intermediate hosts, onlyTorgerson et al.
(1998)accounted for the error variance, in that case by using Poisson regression with an
adjustment for over dispersion by using a scale parameter in the analysis. Other studies
(Roberts et al., 1986; Ming et al., 1992; Cabrera et al., 1996; Lahmar et al., 1999; Dueger
and Gilman, 2001) appear to have used parametric regression techniques, thus their results
could have significant errors in the estimated infection pressure to the sheep population.

The negative binomial constant in the sheep and cattle was less than 1. The reason for
this extreme distribution is due, partly at least, to the aggregation of the infectious stages.
Eggs are likely to be concentrated around areas where dogs have defecated, thus even if
the infection process is random, an infectious insult may contain a large number of eggs
thus resulting in considerable aggregation of cysts in sheep. The negative binomial constant
k also varied significantly with age in the sheep population; the youngest sheep having
the smallest value ofk and hence the most aggregated infections. This is consistent with
the results ofShaw et al. (1998), who reported an increase in the value of the negative
binomial constant with increasing prevalence in populations of parasites in wildlife. In the
present study the oldest sheep, with the highest value ofk, also had the highest prevalence
of infection.

The analysis assumes that the parasite is in an equilibrium steady state in the host pop-
ulations. Since the human incidence of disease has been increasing this could suggest that
the parasite may not be in such a steady state. The increase in human incidence was first
detectable in 1996 and there is evidence (unpublished) that the rate of increase of human
incidence is now slowing. Changes in reported human incidence occur some years after
any change in transmission between animals. The sheep population, though decreased sub-
stantially since the collapse of the Soviet Union (Torgerson et al., 2002) appears to have
stabilised since 1997 which would have given an opportunity for a new steady state to es-
tablish. However, it is possible that a new steady state is not yet in place and this would lead
to greater uncertainty in the parameters of the model. However, if a new steady state had
not yet established there might be evidence from the data itself. Thus, the older sheep might
have had less exposure over a lifetime as infection pressure is increasing. This would result
in a depression of the age abundance curve in the old age classes. There was no evidence of
this in sheep, or indeed, in cattle, which tend to be long-lived animals. Assuming that the
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parasite population is now in a steady state the results reported provide valuable information
with regard to the base line infection pressure in livestock. Such information can be used to
simulate a control programme (Torgerson, 2003) which is potentially useful for planning
such a programme.

5. Conclusions

In conclusion this report, by using the models ofRoberts et al. (1986, 1987), has suggested
that there is high infection pressure ofE. granulosus to livestock in Kazakhstan. The linear
increase in abundance of hydatid cysts with age is consistent with negligible regulation of
the parasite population by intermediate host immunity.
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