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ABSTRACT

A STUDY OF THE EPIDEMIOLOGY OF THEILERIOSIS
ON SMALLHOLDER DAIRY FARMS IN KIAMBU DISTRICT, KENYA

Christopher John O'Callaghan Advisor:
University of Guelph, 1998 Dr. J.J. McDermott

This thesis descmbes a one year longitudinal study of East Coast fever
(ECF)/Theileria parva infection on 90 smallholder dairy farms, randomly selected from dairy
co-operative societies in Kiambu District, Central Highlands, Kenya. A total of 535 animals
were examined monthly, providing 370.3 animal years of observation, 82.3 years contributed
by calves less than one year of age.

Serological samples were assessed for T parva-specific antibodies by a standardised
and quantified ELISA, allowing identification of primary and secondary infections from
serological profiles. In total, 54.5% of all samples tested positive. The overall rate of
secondary infections in mature cattle of 18.4% was significantly lower (p<0.001) than the
rate of seroconversion (primary infections) of 49.8% observed in calves.

While infection pressure was higher for calves, ECF disease risk was not. Although
the crude mortality rate was higher (p<0.001) in calves (30.4%) than in mature cattle (6.3%),
the ECF-specific morbidity and mortality rates were not different (7.3% versus 5.6% and
1.2% versus 1.7%, respectively). Theserelatively low ECF risks were associated with lower
intensity of tick control practices than previously reported, particularly for calves.

Risks of T. parva infection/ECF were homogeneous across agro-ecological zone

(AEZ) with the most important differences by grazing management system. Generalised



linear multi-level mixed models of measures of antibody activity and dichotomous
(positive/negative) status both demonstrated significantly different age-profiles by grazing
management system, but not by AEZ. Cattle kept under semi-/full-pasture grazing
management both tested positive earlier and had higher levels of antibody activity than those
housed in zero-grazing units. Strong farm clustering was observed for all outcome measures,
but variability was greatest within semi-/full-pasture grazing systems.

Continued intensification of the smallholder dairy sector is expected to further
depress the low level of challenge experienced by zero-grazing units such that disease control
efforts are likely to be based on a risk-aversion rather than disease-reduction strategy.
However, the more heterogeneous risk in grazing systems on highland margins demonstrates

that these farms are likely to experience the greatest benefits of ECF control programmes.
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CHAPTER 1

INTRODUCTION

1.1 The Study

The study described in this thesis was concerned with better understanding the
epidemiology of East Coast fever and Theileria parva infection. The objectives were
designed from two perspectives; 1) furthering the understanding of how productivity can be
improved in a specific region and production system and ii) improving the general

understanding of 7. parva transmission dynamics in a defined system.

1.2 The Production System

Demand for animal products in developing countries is expected to increase
substantially from the very low levels of consumption, relative to the developed world
(Delgado, Crosson and Courbois, 1997). The predicted increase is due to a combination of
rapid population growth, urbanization and rising incomes (Winrock, 1992; De Haan,
Steinfeld and Blackburn, 1997). The International Food Policy Research Institute estimates
that by the year 2010 per capita milk consumption in the developing world will have
increased by 20% from 1995 levels (IFPRI, 1995). In the case of sub-Saharan Affrica,
demand for milk has continually exceeded local supply. Based on the trend in total regional
dairy production over the previous three decades, Mbogoh (19843, 1984b) predicted that the
deficit for milk would exceed 10 million tonnes of whole-milk equivalents by the year 2000.
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This situation has arisen despite substantial potential for dairy development noted in many
of the countries of sub-Saharan Africa (ILCA, 1979, 1981; Walsheeral., 1991). The current
consensus is that dairy development, research and extension efforts are best targeted to the
smallholder sector (Walshe, 1987; KARI, 1990; Sansoucy, 1995). The reasons most
commonly cited for this rationale include the potential for improvement in productivity, the
predominance of smallholdings in the most suitable dairy production zones, the large social
benefits from supporting small-scale agriculture, and the sustainability of small-scale
farming systems (Brumby and Scholtens, 1986; Ehui er al., 1998).

Kenya is one of the few countries that has managed to successfully support
smallholder dairy development (Brumby and Gryseels, 1985; Walshe et al., 1991) and
estimates of the contribution of smallholder dairy farmers to the total milk production vary
from 60-90% (Mbogoh, 1984a, 1984b; Goldson and Ndeda, 1985; Kenya, 1986; Ministry
of Livestock Development, 1989). Smallholder dairy farming in Kenya is practised as a
component of subsistence agriculture and smallholders also grow food and cash crops.
Farms tend to be located in the highland and peri-urban areas and are generally small,
varying in size from two to five acres, with farmers keeping between one and ten milking
cows. However, individual cow productivity remains low (Omore, McDermott and Arimi,
1994) and most of the gain in production in the smallholder sector has been a result of an
expansion of the land resources and livestock committed to dairy production (Walshe et al.,
1991). Over 90% of the dairy farms in Kenya are owned by smaltholder farmers who keep
approximately 80% of the total estimated dairy herd in Kenya of three million cattle
(Ministry of Livestock Development, 1989; Ministry of Agriculture, Livestock Development
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and Marketing, 1996). These farmers are subject to a number of pressures, including rapid
population growth, limited land resources and cultural traditions with strong attachments to
land ownership, which have necessitated a shift to more intensive dairy production methods
(Rendel and Nestel, 1983; Simpson, 1984; Von Massow, 1989; Walshe et al., 1991). In
consequence, between 65-80% of dairy cattle on smallholder farms are stall-fed for the
greater part of the year (Goldsen and Ndeda, 1985; Gitau et al., 1994c).

It is clear that the relatively easy gains in production made to-date cannot continue
(Christiansen, 1989). Further development of the dairy industry is conditional on
identification of opportunities for increased productivity and the limitations which prevent
capitalising on them. In the case of smallholders, the major constraints have been identified
as diseases, poor management, inadequate nutrition and lack of farm inputs (ILRAD, 1984;
Goldson and Ndeda, 1985; Van Schaik ez al., 1996). Among those diseases which afflict
smallholder dairy systems the most important are the parasitic tick-borne diseases (TBD)
which result in substantial production losses (Mukhebi, Perry and Kruska, 1992; Winrock,
1992), in particular East Coast fever (ECF) caused by infection with Theileria parva

(ILRAD, 1984).

1.3 Epidemiology of Theileria parva

Recent developments in the understanding of TBD epidemiology have focussed
attention on the theory of endemic stability (Perry et al., 1992) whereby early infection
during a period of neonatal disease resistance results in the development of immunity in the
cattle population in the absence of overt clinical disease (Norval, Perry and Young, 1992).
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Under this scenario, the impact of disease is naturally limited and costly control efforts can
be minimised. O'Callaghan ez al. (1998) provided the theoretical underpinnings for endemic
stability and confirmed that the pattern of disease in endemically unstable areas is expected
to be non-linear across vector challenge (Perry and Young, 1995), suggesting that
management practices and environmental factors are likely to have significant effect on the
development of endemic stability. The recognition of the potential for endemic stability and
the inability to find a single method to otherwise successfully control TBD has lead to the
call for integrated strategies for disease control (Young, Groocock and Kariuki, 1988; Perry
and Young, 1995). Animproved understanding of'the factors affecting endemic stability and
the inter-relationships of management practices and disease dynamics in areas of potential
endemic instability requires further elaboration. In the case of T. parva, the continued
elaboration of the bovine immune response (Morrison and McKeever, 1998) and the
discovery and development of novel vaccines (McKeever and Morrison, 1998) continue to
raise questions regarding how these might best be integrated into the most efficient and
sustainable combination of control measures. The answers will not be universal but will
almost certainly be specific to different ecosystems, climatic zones, farming systems, breeds
and types of cattle at risk. It is therefore vital that appropriately designed and structured
epidemiological studies are conducted to derive information on the distribution and patterns
of important tick-borne diseases which continue to limit the development of livestock
production sectors such as smallholder dairying in the high potential highland areas of
Kenya.

Kiambu District, located in the Central Province of Kenya, is considered
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representative of the highland ecosystem in which ECF occurs and provides a range of

grazing and dairy management practices for comparison. The smallholder dairy production

system in Kiambu represents the probable future trends for other highland areas; increased

intensification and better input and output markets. It was therefore a natural choice for a

study of the impact and potential determinants of the epidemiology of ECF.

1.4 Objectives

In this context, a longitudinal prospective study was designed and executed, the

specific objectives of which were developed as follows:

1.

To determine the distribution of potential risk factors, at both farm and animal levels,
hypothesized to be associated with the occurrence of ECF and to characterise the
demographics of smallholder dairy production.

To evaluate the impact of ECF as assessed by measures of the rates of observed
morbidity and mortality and to investigate the distribution of these measures across
the risk factors identified above.

To investigate the rates of 7. parva infection, as distinguished from the development
of clinical disease, with a view to better understanding the dynamics of transmission
and its inter-relationship with management and environmental factors.

To characterise the current epidemiological state of ECF with respect to endemic
stability/instability for combinations of determinants identified above.

To utilise the results of the study to define appropriate target populations for ECF
control strategies, both now and in the future.
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The dynamic state of the smallholder dairy sector, with changing management and
disease control practices, means that the current study will provide a baseline assessment of
the epidemiology of ECF. It is hoped that, in combination with future studies of ECF, the
inter-relationship between the transmission dynamics of T. parva and the design and impact

of current and potential disease control strategies may be better elucidated.



CHAPTER 2

BACKGROUND AND REVIEW OF LITERATURE

2.1 Theileriosis/East Coast Fever

Norval, Perry and Young (1992) provide a thorough and comprehensive review of
all aspects of the epidemiology of theileriosis in Africa. This chapter highlights salient
features of the literature pertinent to the subject of this thesis.

Theileriosis refers to infections caused by several species of protozoan parasites of
the genus Theileria. In sub-Saharan eastern, central and southem Africa the most important
species is Theileria parva, the causative agent of the clinical syndrome in cattle known as
East Coast fever (ECF). Theileria parva is transmitted transtadially by Ixodid ticks, the
principal vector species being Rhipicephalus appendiculatus, commonly known as the
African brown ear tick (Lawrence et al., 1994).

Economic losses attributable to theileriosis include i) direct production losses through
morbidity and mortality (Minjauw et al., 1998a, 1998b) and reduced productivity (Rumberia
etal.,1993; Pegram et al., 1996; Minjauw et al., 1998c), ii) indirect production losses, where
disease is perceived as a constraint to the ability to improve livestock production and genetic
potential (Callow, 1983) and iii) costs incurred for disease control, research, training and
extension services (Mukhebi ez al., 1992). Miller, Pino and McKelvey (1977) estimated an
annual ECF mortality figure of approximately one million cattle in Kenya, Tanzania and
Uganda, while Young et al. (1988) estimated that Kenya alone spent approximately US$ 10
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million of foreign reserves in 1987 through the importation of acaricides and theileriacidal

drugs and the provision of dipping and curative services.

2.2 Theileria parva Life Cycle

The life cycle of T. parva in cattle and in the ixodid tick R. appendiculatus is
complex but well elucidated. Theileria sporozoites are injected with the saliva of the feeding
tick and rapidly enter lymphoid cells of the host through a sequential process of attachment
and internalisation (Shaw, 1996, 1997). Each sporozoite then grows into a schizont and the
host lymphocyte becomes transformed (Ole-Moi Yoi, 1989), a process which can be reversed
by theileriacidal drug treatment (Pinder et al., 1981). Lymphoblastogenesis and clonal
expansion of infected cells, including concurrent schizont division, occurs at a rapid rate
giving rise to a 10-fold increase in infected cells every three days or less (Irvin, Ocama and
Spooner, 1982). The proliferation and concomitant destruction of overgrown and infiltrated
lymphoid tissue gives rise to the main pathogenic effects of ECF (Jarrett, Crighton and Pirie,
1969; Radley et al., 1974). Theileria parva schizonts begin developing into merozoites 12-
14 days after infection, thereby destroying the host cell and releasing the merozoites which
in turn penetrate erythrocytes and develop into piroplasms.

Feeding ticks ingest and lyse infected erythrocytes resulting in the release of
piroplasms in the tick gut. There, further development into the sexual stages known as
micro- and macro-gametes takes place (Mehlhorn and Schein, 1984). Syngamy of gametes
produces a zygote which enters the gut epithelium, begins to grow and, at a variable time
after tick repletion, transforms to a kinete (Mehlhorn, Schein and Warneke, 1978). The
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kinete itself grows and develops into a motile stage, a process which appears to be
synchronized and perhaps controlled by moulting of the tick (Young and Leitch, 1980).
Post-moulting, granular e cells in the tick salivary glands are available for infection and are
believed to become infected by chance as kinetes migrate (Fawcett, Biischer and Doxsey,
1982a; Fawcett, Doxsey and Biischer, 1982b; Fawcett, Young and Leitch, 1985). On entry
into the e cell, the kinete rounds up into a sporont. In general, tick feeding begins the process
of sporogony (Fawcett et al., 1982b, 1985), although this has been observed in a proportion
of infected acini without feeding (Young, Leitch and Mutugi, 1984). Sporonts increase in
size to sporoblasts and at a variable time, around 3-4 days after commencing feeding,
sporozoites are ready for emission from the salivary gland acinus. Approximately 50,000

T. parva sporozoites are found per infected acinar cell in the adult tick (Fawcett et al., 1985).

2.3 Rhipicephalus appendiculatus - Life Cycle, Distribution, Dynamics & Infection

All ixodid ticks have four stages of development: egg, larva, nymph and aduit.
Rhipicephalus appendiculatus is an obligate three host tick. Thatis, both the larva-to-nymph
and nymph-to-adult moults occur off the host and unfed larvae, nymphs and adults must all
find separate hosts (Norval er al., 1992). Rhipicephalus appendiculatus is a relatively
sedentary species of tick with very limited potential for migration under its own locomotion
(Rechav, 1979). Rather, all stages of the tick have been observed to ascend vegetation and
wait to attach to passing hosts (Short and Norval, 1981). Daily diurnal rhythms of
detachment, observed in engorged larvae, nymphs and adults (Minshull, 1982), usually
ensure that ticks end up in appropriate microhabitats to enable them to moult and survive
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(Short et al., 1989a, 1989b). In consequence, the host density, activity and coverage of the
habitat as well as the longevity of the questing stages are crucial to the establishment and
maintenance of the tick population (Sutherst, Wharton and Utech, 1978). In addition, as a
three-host tick, R. appendiculatus is particularly susceptible to unfavourable environmental
conditions and it is important that microclimatic conditions such as temperature, humidity
and vegetation cover be suitable if the tick population is to survive. Thus, open grazing
management systems where cattle move freely on pasture are much more likely to favour
completion of the R. appendiculatus life-cycle than zero-grazing units, where, although cattle
density is high, the environment is universally unsuitable for ticks.

Rhipicephalus appendiculatus is distributed throughout eastern, central and southern
Africa. However, the distribution is not continuous, but rather is dependent on favourable
climate and vegetation and the presence of suitable hosts (Norval et al., 1992). Lessard et
al. (1990) provide a review of the use of geographical information systems in assessing the
distribution of the vectors of T. parva and Perry et al. (1990a) demonstrated a very close
association between measures of ecological suitability, determined from a climate matching
model (Sutherst and Maywald, 1985), and the recorded tick distribution in Kenya. Broadly
speaking, R. appendiculatus is present in the Lake Victoria Basin in Western Kenya, the
Central Highlands and the Coastal Lowlands.

In areas characterised by seasonal differences in temperature, rainfall, humidity and
day-length, a distinct seasonality is observed in the activity and abundance of R.
appendiculatus. In particular, unfed adult ticks remain inactive, in a state of behavioural
diapause, when unsuitable conditions prevail (Short et al., 1989a, Pegram and Banda, 1990).
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This may be so pronounced that it results in ticks passing through only one generation per
year (Short and Norval, 1981; Rechav, 1982; Pegram et al., 1986). However, most of these
observations have been made in southern Africa. In the equatorial region of eastern Africa,
where day-length is virtually constant throughout the year and a prolonged dry season is
absent, diapause does not occur (Branagan, 1973 a, 1973b, 1978) and larvae, nymphs and
adults are usually present simultaneously on hosts throughout the year (Smith, 1969; Kaiser,
Sutherst and Bourne, 1982; Matthysse and Colbo, 1987; Kaiser et al., 1988). This is the
situation in the Central Kenyan Highlands, where two rainy seasons occur annually.
However, in other climatically extreme areas of Kenya, such as the Coastal Lowlands,
seasonality has been observed (Newson, 1978; Newson and Punyua, 1978).

The simultaneous presence of all stages of R. appendiculatus has profound
implications to the epidemiology of ECF in that transmission of T. parva can occur from
both carrier cattle and from those undergoing clinical disease (Norval et al., 1991). In areas
in which a pronounced diapause occurs, emerging adult ticks induce acute ECF in the
population of cattle which have remained susceptible since the previous season, but
subsequent larval and nymphal stages then feed predominantly on surviving carriers. Since
there is no transovarial transfer of infection in R. appendiculatus, virtually all infections in
post-moulting nymph and adult ticks have been derived from carrier hosts. While 7. parva
infection in vector ticks can be transmitted transtadially through either the larva-to-nymph
or nymph-to-adult moulting process, both the source of infection and the instar affect the
prevalence and distribution of intensity of infection in subsequent ticks. Ochanda et al.
(1996) demonstrated that infections derived from ticks feeding on acutely infected hosts
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resulted in a high prevalence of infections in the subsequent instar and that these infected
ticks were distinguished by large numbers of infected salivary gland acini. In contrast, ticks
feeding on carrier cattle were infected less often and with lower intensity infections. This
pattern was consistent between nymphs and adult ticks (infected as larvae and nymphs

respectively), but with overall greater prevalence and intensity in adults versus nymphs.

2.4 The Host - Infection, Immunity and Dynamics

Although Young et al. (1983a) demonstrated that sporozoites from one infected adult
tick salivary gland cell are sufficient to infect and kill Friesian cattle, the severity of T. parva
infections has been observed to be dependent on the dose of sporozoites inoculated (Jarret
et al., 1969; Radley et al., 1974; Dolan et al., 1984; Purnell et al., 1973; Morrison et al.,
1981), the virulence and pathogenicity of the stock of T. parva (Bamett and Brocklesby,
1966; Norval et al., 1992) and the breed/type of the host (Young, 1981; Moll ez al., 1986).
Historically, indigenous Zebu breeds have been considered more resistant than exotic
Taurine breeds (Guilbride and Opwaka, 1969) which were restricted from “African” areas
(i.e. out with areas occupied by white settlers) in Kenya for many years (Swynnerton, 1986).
However, this perception is based predominantly on anecdotal information (Norval et al.,
1992).

From the earliest outbreaks of theileriosis in animals moved from disease free to
endemic areas, scientists recognized that the animals which survived the epidemic were
subsequently immune to rechallenge. The use of these “salted” animals in endemic areas
became accepted practice (Lawrence, 1992). Elucidating the bovine immune response to T.
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parva infection has been, and continues to be, the focus of considerable research efforts, with
reviews of progress appearing regularly in the recent literature (Morrison et al., 1989;
McKeever and Morrison, 1990; Morrison, Taracha and McKeever, 1995a; Morrison and
McKeever, 1998). It is now accepted that protection against ECF is a result of cell-mediated
immunity, specifically that class I major histocompatibility complex (MHC) restricted
CD8(+) cytotoxic T-lymphocytes (CTL) act in conjunction with CD4(+) helper T cells to
recognize and kill lymphocytes containing T. parva schizonts (Taracha, Awino and
McKeever, 1997). Further, antigenic diversity of the parasite and “competition” between
parasite epitopes for induction of CTL responses are likely to account for the differences in
parasite strain cross-protective properties (Morrison, 1996a, 1996b). This accounts for
disease breakthroughs by antigenically different strains of ECF observed under heterologous
challenge. With respect to humoral immunity, anti-schizont antibody has not been
demonstrated to play a role iu the protection against disease (Muhammed, Lauerman and
Johnson, 1975; Emery, 1981), although the observation by Musoke ez al. (1992) that serum
from repeatedly challenged animals neutralized the infectivity of sporozoites for cattle,
provided the basis for the development of a novel subunit vaccine (McKeever and Morrison,
1998).

Although the Cape buffalo (Cyncercus caffer) is generally considered the definitive
host of T parva (Lawrence, 1992), it is clear that both parasite and vector populations can
be maintained in the bovine host in the absence of alternative hosts (Norval et al., 1992).
This phenomenon may be explained by the finding of a long-term T. parva carrier state in
cattle (Young et al., 1986; Kariuki et al., 1995) and the very high prevalence of such carriers
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in cattle populations in the field in Kenya (Young et al., 1986; Kariuki, 1990; Watt, Kiara
and Sporagano, 1998). The theory behind this empirical observation was explored in a
mathematical model of T. parva transmission developed by Medley, Perry and Young
(1993). It was demonstrated that there was a non-linear relationship between level of vector
challenge and proportion of hosts infected, such that at all but the lowest rates of tick

attachment, the majority of cattle were previously infected carriers.

2.5 Epidemiological States of Theileriosis - Endemic Stability

Over years of empirical observation and field experience in the epidemiology of tick-
borne diseases, researchers developed the important concept of endemic stability (Perry et
al., 1992). Endemic stability was considered to exist where the incidence rate and mortality
from clinical disease were low and restricted to younger age groups but where antibody
prevalence and relative level of tick challenge were concomitantly high (Norval et al., 1992;
Perry et al., 1992; Perry and Young, 1995). In the case of T. parva, endemic stability was
associated with the early infection of calves of resistant breeds under continuocus R.
appendiculatus challenge (Yeoman, 1966; Moll, Lohding and Young, 1984; Moll et al.,
1986; Norval et al., 1992). Although specific to another tick-borne disease (Heartwater -
Cowdria ruminantium infection), recent theoretical modelling work by O’Callaghan et al.
(1998) confirms that endemic stability is indeed due principally to the protection of calves
against disease by either innate or maternally-derived factors. Perhaps more importantly,
however, the hypothetical patterns of disease incidence, case-fatality proportion and antibody
prevalence (as a surrogate measure of prior infection), described by Perry and Young (1995)
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across a range of epidemiological states, are shown to be due to a non-linear relationship
between the severity of disease at the population level and the level of vector challenge, such
that, those areas defined to be endemically unstable may be characterised by low or high
incidence of disease (Mukhebi et al., 1998). An understanding of the transmission dynamics
of T. parva and of the resulting relationships between the epidemiological states of
theileriosis is vital to designing and assessing disease control strategies (O’Callaghan ez a/.,

1998).

2.6 Diagnosis of East Coast Fever / Theileria parva Infection

Throughout most of Africa, the diagnosis of ECF continues to be predominantly
based on the presence of what are considered to be characteristic clinical signs, including
pyrexia, lymphadenopathy, pulmonary oedema, subcutaneous oedema, petechiation of mucus
membranes, diarrhoea, lachrymation and corneal opacity (Norval et al., 1992). Lack of
ancillary supporting facilities for laboratory diagnosis and absence of reliable field diagnostic
tests means that the majority of passive reports of ECF are based on clinical diagnosis alone.
Even the relatively simple procedures of lymph node biopsy smears or thin blood films are
rarely utilised and in any case may only serve to demonstrate that the animal is a previously
infected carrier, while the ability to differentiate Theileria species on microscopic
morphology alone is highly dependent on the skill of the operator (FAO, 1984).

The most widely used serum antibody assay for T. parva has been the indirect
fluorescent antibody (IFA) test using crude schizont antigen (Burridge and Kimber, 1972;
Goddeeris et al., 1982). Unfortunately, the assay is relatively slow and labour intensive,
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requires a subjective assessment of the degree of fluorescence and exhibits cross-reactivity
with other Theileria species (Burridge and Kimber, 1972; Burridge et al., 1974a; Burridge,
Brown and Kimber, 1974b; Williamson, Lesan and Awich, 1990).

A recently developed enzyme-linked immunosorbent assay (ELISA) using a
recombinant polymorphic immunodominant molecule specific to T. parva (Toyeetal., 1991,
1996) has demonstrated a sensitivity in excess of 99% and a specificity of between 94% and
98% in experimental and field sera (Katende et al., 1998).

Other molecular diagnostic tools for the detection of parasite DNA and RNA in both
vectors and hosts have been developed, including DNA probes ( Allsopp et al., 1993; Shayan
et al., 1998) and polymerase chain reactions (PCR) (Bishop et al., 1992; Bishop, Sohanpal

and Morzario, 1993; Watt et al., 1997, 1998).

2.7 Vector Control

The principal method of controlling East Coast fever in Kenya has, and continues to
be, the application of acaricides to cattle by plunge dipping or spraying (back-pack or spray-
race). These methods attempt to i) reduce vector:host contact, thereby reducing the
opportunity for transmission of the parasite, and ii) to directly kill the tick and prevent
successful completion of the tick life-cycle, thereby reducing the vector population (Norval
et al., 1992). More recently, acaricides have also been applied mixed in a petroleum jelly-
base, in systemic spot-on or pour-on preparations, and in slow-release devices such as
impregnated ear and tail-tags (Young et al., 1985a, Young, DeCastro and Kiza-Aura, 1985b;
Rechav, 1987).
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The history of dipping in Kenya has been reviewed by Ngulo (1975) and Keating
(1983). In general, it has failed to control the spread and intensity of ECF and is never likely
to achieve its original goal of vector eradication (Young ez al., 1988). In keeping with other
parts of Africa and elsewhere, improper or ineffective application of acaricides resulted in
severe problems with acaricide resistance in ticks in Kenya (Crampton and Gichanga, 1979;
Chema, 1984), such that the Veterinary Department eventually assumed control over which
products could be used (Kenya, 1976). Nevertheless, escalating costs have eroded the
government’s ability to finance and maintain its policy of subsidised and monitored tick
control, a fact which has been reflected in a deteriorating infrastructure and a shift among
smallholder dairy farmers to alternate control methods (Gitau ez al., 1994¢, 1997).

Alternative methods of controlling the vector such as quarantine of animals, pasture
spelling, restrictions of livestock movement, rotational burning of pastures and planting of
tick-killing or repelling plants have all been utilised in the past with varying results. In
addition, newer technologies, including selection for tick-resistance in hosts, development
of tick vaccines, use of pheromones in tick-decoys and manipulation of hybrid sterility
between closely related tick-species are under investigation (Norval et al., 1992).

In the case of smallholder dairy farms, the shift toward intensive management with
cattle confined to zero-grazing units, where the only possibility for vector contact is through
the introduction of tick-infested fodder, has helped to reduce the incidence of tick-borne
diseases in general (Maloo et al., 1994; Gitau, 1998). However this is likely to result in the
maintenance of a susceptible population with a concomitant shift of primary infection to
older age groups (O’Callaghan et al., 1998).
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2.8 ECF Chemotherapy

Neitz (1953) demonstrated that early and prolonged treatment with chlortetracycline
prevented the development of ECF following infection with T. parva and Brocklesby and
Bailey (1962) utilised concurrent application of 7. parva infected ticks and oral tetracycline
as a technique for immunisation. These results formed the basis for the “infection and
treatment” method of immunisation, however, certain stocks of 7. parva broke through the
protective chemoprophylaxis such that it was necessary to establish an immunizing dose
which would not overcome the oxytetracycline regimen (Mutugi et al., 1988). Spooner
(1990) subsequently demonstrated that oxytetracycline acts by slowing down the division
of schizonts and their host cells and thus exerts only a limited suppressive effect in the early
stages of infection.

It was not until the 1980’s that three therapeutic agents were developed and registered
for the treatment of theileriosis, namely parvaquone (Clexon®) and buparvaquone
(Butalex®) (Wellcome Pharmaceutical, United Kingdom), and halofuginone (Terit®,
Hoechst Pharmaceutical, Germany). Successful field trials of parvaquone (Chema er al.,
1986) and halofuginone (Chema et al., 1987) were conducted in Kenya. However, Dolan
(1986a, 1986b) also demonstrated a high prevalence of carriage of 7. parva in cattle treated
with these drugs. While all three compounds are efficacious in the treatment of ECF, this
depends on an early diagnosis and administration of a full therapeutic dose (McHardy, 1989).
Unfortunately, the prohibitively high cost of these drugs has resulted in their limited use by

smallholder farmers.
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2.9 Immunisation against ECF

In a logical extension to the observations made concerning the acquisition of solid
immunity in recovered animals post-natural infection, scientists began to experiment with
methods of immunisation. Early efforts, involving transfer of a suspension of splenic and
lymph node cells from 7. parva-infected cattle (Theiler, 1911a, 1911b), resulted in a
considerable proportion of lethal infections, while some animals did not acquire immunity.
Although Neitz (1953) and Brocklesby and Bailey (1962) demonstrated the protective effect
of tetracycline administration, it was not until a method of producing stabilites of sporozoites
was developed (Cunningham et al., 1973) which allowed cattle to be infected with a
predetermined dose, that the “infection and treatment” method of immunisation using
chemoprophylaxis became feasible (Brown et al., 1977; Radley, 1978). Subsequently,
parvaquone (Dolan et al., 1984; Dolan, 1986b; Young et al., 1990) and buparvaquone
(McHardy and Wekesa, 1985; McHardy, 1989; Mutugi et al., 1988, 1991; Young er al.,
1990) were also evaluated in infection and treatment immunisation and a variety of field
studies were conducted in Kenya (Dolan, 1985; Morzaria et al., 1988; Young et al., 1990;
Young et al., 1992). However, there are several problems with the “infection and treatment”
method of immunisation including breakthrough of heterologous strains, severe clinical
reactions on immunisation, the need to ensure a cold chain for delivery of product, the
potential for vaccine contamination spreading other organisms, and the potential for long-
term carriers created by vaccination to introduce new strains of 7. parva directly and through
sexual recombination with endemic strains (Morzaria, 1996).

In consequence, efforts have continued to develop new sub-unit vaccines based on
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important antigens of T. parva, as determined from studies of the bovine immunological
response (Morrison, Taracha and McKeever, 1995b; Musoke et al., 1996; McKeever and
Morrison, 1998). This research has identified two candidate antigens, the p-67 surface
antigen found on the T. parva sporozoite (Musoke et al., 1992; Musoke, Nene and Morzaria,
1993; Nene er al., 1992, 1996) and the unique polymorphic immunodominant molecule
(PIM) found on both sporozoites and intracellular schizonts of 7. parva (Toye et al., 1991,

1996) and recently exploited as a diagnostic antigen (Katende et al., 1998).

2.10 Integrated Strategies for Controlling Tick-borne Diseases

The failure to find a single strategy to successfully control ECF and other tick-borne
diseases has prompted the call for integration of the available technologies to provide an
economically viable and sustainable system, robust to breakdowns of individual control
methods (Young et al., 1988; Perry and Young, 1995). In the context of sub-Saharan Africa,
such integrated control strategies are likely to be complex and highly variable as they must
take into account specific ecosystems and climatic zones, co-distributions of different tick-
borme diseases and their vectors, the diversity of farming systems and land-use patterns, the
distribution of different breeds and types of cattle at risk and the presence of alternate hosts
for both vectors and parasites (Norval et al., 1992). Decisions regarding which combinations
of methods and levels of intensity of control will minimise the risk of disease outbreaks and
maximize the economic returns are unlikely to be straightforward, given the likely
complexity of their interactions. While it is possible to devise field trials or case studies for
particular combinations of factors (Dolan, 1985; Young, 1985; Tatchel et al., 1986; Young
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et al., 1986; Kaiser et al., 1988), the use of predictive models of the dynamics of disease
transmission (Medley et al., 1993; O’Callaghan et al., 1998) which integrate vector (Floyd,
Maywald and Sutherst, 1987a, 1987b) and host population dynamics are likely to prove
essential tools in the study of epidemiological patterns of tick-borne diseases and thus help
to determine optimum control combinations in the large variety of disease circumstances

encountered.

2.11 The Epidemiology and Impact of ECF in Kenya

Much has been made of the importance and severity of ECF in sub-Saharan Africa
and estimates of its economic impact, although varying widely, are inevitably substantial.
De Haan and Bekure (1991) suggested that approximately half of all cattle deaths in sub-
Saharan Africa were the result of diseases transmitted by external parasites, most importantly
ticks. Miller et al. (1977) estimated a regional ECF mortality of one million cattle annually
in Kenya, Tanzania and Uganda while Mukhebi ef al. (1992) followed this with an estimate
of annual mortality due to theileriosis across eastern, central and southern Africa of 1.1
million cattle, equivalent to a cost of US$ 168 million per year. In general these broad brush
estimates are distinguished by being based on passive surveillance data recorded at regional
or country levels, and hence tend to make the implicit assumption that the distribution of
ECF is homogeneous across production systems and agro-ecological zones. However, a
variety of surveys and more focussed studies on the epidemiology of ECF conducted in
Kenya using both active and passive sampling have demonstrated that the distribution is not
homogeneous.
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The largest of these was a national cross-sectional serological survey in which
approximately 18,000 cattle were sampled using a purposive selection technique. Twenty
clusters, containing approximately 25 animals each, drawn from 4 - 5 herds chosen in close
proximity, were sampled in each of 36 districts and samples tested using the indirect
haemagglutination (THA) test (FAO, 1975). The study showed variation in the prevalence
of antibodies by district, with highest prevalence rates observed in the Lake Victoria Basin
in Western Kenya (61%-100%) and intermediate rates in the Central Highlands (21-60%).
Although the approximate age of the animals was recorded (as “aged adult”, “young adult”,
“immature” and “calf”) no attempt was made to provide a statistical representation of all age
classes, making interpretation of the observed trend for increasing seroprevalence with age
difficult. Nevertheless, the study provided a general picture of the relative distribution of the
infection in the country at the time, although potential differences within any one district
were obscured.

In a retrospective study of all ECF cases recorded by the Kenyan Veterinary
Department over the years 1969-1987, Kariuki (1990) showed an increase in the annual
number of cases from 1981 onwards. Kyule (1989) focussed his attention on the period of
1976-1986 and demonstrated an overall higher, but stable incidence of ECF in government
designated “Tick Control Project” districts, but of an annually increasing incidence in non-
project districts. Unfortunately, both studies were based on data derived from passive
surveillance such that it is impossible to assess how much the potential for differential rates
of misclassification bias, as disease diagnosis and available chemotherapeutic agents
improved over time, may account for the trends observed. This effect is further compounded
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in the case of Kyule (1989) where estimates of incidence were derived from reported cattle
population numbers. Similar concerns occur with interpretation of the results of the study
of Mulei and Rege (1989), where cases of ECF reported to the Ambulatory Clinic of the
University of Nairobi’s Department of Clinical Studies and assumed cattle populations were
used to demonstrate a changing annual incidence of ECF in Kiambu District.

More focussed cross-sectional serological surveys have also been conducted on a
smaller scale in Kenya. Young er al.(1986) and Morzaria, Musoke and Latif (1988)
conducted studies in endemic areas of high challenge and demonstrated near 100%
seroprevalence in mature animals and a high degree of passive transfer to newborn calves.
In a step forward in study design, Deem et al. (1993) undertook a cross-sectional serological
survey in the Coastal Lowland region but where selection was stratified by agro-ecological
zone. This study was able to demonstrate differences in antibody prevalence rates to 7.
parva across agro-ecological zones which consequently led to speculation on how control
efforts might best be focussed. In another cross-sectional serological survey, using a two-
stage random selection procedure stratified on sublocations (which are the smallest
administrative subdivisions in Kenya) and dairy co-operative societies/cattle diptank
registers, Gitau et al. (1997) made a similar observation of differing seroprevalence to T.
parva by agro-ecological zone in smallholder dairy farms of the Central Highlands and were
also able to show simultaneous differences between grazing management systems.

Although prospective studies offer the advantage of being able to provide additional
and more accurate information on incidence rates of morbidity and mortality, the logistics
and costs associated with longitudinal monitoring usually constrain the size and geographic
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representation of these studies. Nevertheless, the studies of Moll et al. (1984, 1986), which
involved intensive monitoring of a relatively small cohort of calves in an endemic area of
high challenge, provided the basis for quantifying the transmission dynamics of T parva
(Medley et ;zl., 1993). More recently, prospective studies of the epidemiology of ECF have
focussed on the high potential smallholder dairy farming systems in both Coastal Lowland
(Maloo et al, 1994) and Central Highland (Gitau, 1998) regions of Kenya. These studies
have demonstrated that production losses due to ECF are highly variable across combinations
of such factors as agro-ecological zone and grazing management system. Perhaps more
importantly, however, they have provided a valid and robust picture of the epidemiology of
ECF in an important production sector, which will ultimately allow more efficient and

appropriate targeting of tick-borme disease control efforts.
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CHAPTER 3

STUDY DESIGN AND DESCRIPTIVE DEMOGRAPHICS

3.1 Introduction

This study was conducted as a subsection of the larger integrated Smallholder Dairy
Development Research Project (Gitau et al., 1994c). The overall objective of the larger
project was to obtain an accurate assessment of health and production constraints to the
smallholder dairy industry in Kenya.

In this context, the assertions that cattle diseases are one of the major constraints to
increased smallholder dairy production (ILRAD, 1983; Perry et al, 1984; Goldson and
Ndeda, 1985) and that the tick-borne parasitic diseases theileriosis, babesiosis and
anaplasmosis, are the most important infectious diseases of cattle in Kenya (ILCA, 1981;
ILRAD, 1983; Brumby and Sholtens, 1986; Young et al, 1988), necessitated their
incorporation in further investigation, with particular reference to determining their
importance relative to other potential constraints. In this chapter, the design of the
longitudinal observational study as it applies to monitoring of East Coast fever is described.

In Kenya, the growth of large urban centres and increased population pressures in
fertile rural areas provided an increased demand (and price) for dairy products while
concomitantly requiring further intensification of smallholder agriculture, particularly in
peri-urban areas (Lahloukassi, Rey and Faye, 1994). Large scale farmers were able to
transport, process and market milk through a central body, the Kenya Cooperative
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Creameries (KCC). However, the traditional smaliholders, who practised dairying as a
component of a subsistence level mixed farming system, were able to increase milk
production to match demand, but their access to expanding markets was limited by their
geographical location and capital costs of adequate transportation. In response to demand,
cooperative societies of smallholder farmers were formed according to existing
administrative boundaries to provide a link in the milk collection and transportation system.
Under the system in place during the period of the study, farmers continued to produce milk
to meet personal and local demands but were then able to deliver excess miik daily to a
conveniently located collection station where the milk was weighed, recorded, pooled with
that of other local producers and transported to the local dairy society, usually found in an
adjacent small urban centre. Here, unprocessed milk was available for direct sale by the
society. Excess was temporarily stored and transported daily to the nearest KCC processing
plant. Farmers "sold" their excess milk directly to the dairy society and were charged a small
administrative fee per litre. During the period of the study, strict rules were in place
governing the processing and sale of milk and milk-based value added products, which
restricted the dairy societies to selling excess directly to the KCC. There was also a
hierarchy of pricing and both the farmers and the societies received higher prices for locally
purchased milk than for their excess, such that the majority of the milk (58%) produced by
smallholders was sold locally (Ombui ez al., 1995). More recent liberalization of government
policies are likely to result in an increased role in the processing and production of milk and

milk products for the dairy societies themselves.
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3.2 Methods and Materials for Longitudinal Study
3.2.1 Study Population

The population of interest consisted of smallholder dairy farmers of the central
Kenyan highlands. Smallholder dairying in this area was considered to be experiencing
significant constraint due to the presence of theileriosis. Kiambu District, a triangular shaped
area of 2448 km? (193,500 ha, of which approximately 75% is considered suitable for
agriculture), situated just north and west of the capital city Nairobi, was chosen as a
representative fertile highland area of high dairy potential (Figure 3.1). The vast majority
of farmers in Kiambu district are smallholders, occupying an area of 94 820 ha and
practising mixed agriculture including dairying, livestock production and food and cash
crops. With an estimated total population of just over one million in 1992 (based on a 1989
census figure of 914,412 persons and an approximate annual growth rate of 3.3%), Kiambu
district had a population density of over 400 persons/km? (Central Bureau of Statistics,
1989). There were fifteen active dairy societies in Kiambu district and approxithately 75-
80% of the total milk marketed was produced by smallholder farmers owning fewer than ten
milking cows (Ministry of Livestock Development, 1989). In 1991, 30 604 781 kg of milk
was received by dairy societies in Kiambu district, of which 16 603 388 kg was sold to the
KCC and 13 844 907 kg sold locally, earning farmers a total of Kshs. 120,079,967 (Ministry
of Livestock Development, 1992).

Geographically, the area is spread over altitudes between 1200 metres (to the east and
south bordering Nairobi) and 2000 metres above sea level (to the west bordering the Great
Rift Valley) and incorporates various agro-ecological zones (Figure 3.2). Two distinct rainy
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seasons occur annually. The long rains cover mid March to June while the short rains occur
from mid October to December. Higher altitude zones are characterized by cooler
temperatures, higher rainfall, larger farms, and a wider variety of crops than lower altitude
zones. Annual average rainfall varies between 600 and 2500 mm (German Agricultural

Team, 1982). Total average rainfall over the one year period of the study was 970 mm.

3.2.2 Sampling Frame/Selection of Study Farms

Since both dairy cooperative society and farm differences were of interest, study
farms were selected by means of a two-stage stratified random sampling process. From a list
of the fifteen dairy societies operating in the Kiambu District (Table 3.1), six societies were
randomly selected (one dairy society, Sigona, was excluded from the sampling frame
because of its very small membership). Owing to the fact that dairy societies were originally
formed along existing divisional administrative boundaries there is little geographical
overlap between societies, such that, selection by society provided a crude geographical
stratification as well. The six selected dairy societies included Chania, Kiambaa, Kikuyu,
Lari, Limuru and Nderi (Figures 3.1 and 3.2). Managers of the selected societies were
approached with letters of support provided by the Kiambu District Veterinary Officer
(Ministry of Livestock Development) and the district representative of the Ministry of
Cooperative Development.

Each dairy society was visited personally and the manager was asked to provide a list
of all active members of that society. Active membership was defined as a member who was
presently producing milk and consequently had an active account on the society’s payroll.
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Previous members who were not presently providing milk to the society were to be excluded.
One society selected, Lari Dairy Farmers' Cooperative Society, could not differentiate active
producers from those retired or not presently producing and so provided a list of all previous
members. Dairy society co-operation was exemplary with 100% participation.

Individual farms were randomly selected in the second stage of sampling. From each
of the six dairy society members lists, fifteen farms were randomly selected. A contingency
list of five farms per society was additionally selected to serve as replacement farms in cases
of non-response from any of the originally sampled farms. All randomization procedures
were performed using a table of random numbers. Letters of introduction, briefly describing
the study and requesting participation, were distributed to the first fifteen farmers selected
from each of the six dairy societies. Subsequent to the delivery of these letters, the farms
were visited. If the farmer was active and willing to participate, the farm was enrolled in the
study; if not, a replacement farm was selected in order from the five contingency farms. The
societies selected, the number of farmers and collection routes, the amount of milk received
daily and the proportion sold locally are presented in Table 3.1.

The overall sample size of ninety farms was based on logistical, more so than
statistical, considerations. Ninety farms was considered to be the practical maximum that
could be visited during a month of field-visits. The potential power of this sample design
could not be estimated a priori, since little information concerning prevalence and no

information on the distribution of management practices existed.
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3.2.3 Data Collection

Each of the 90 farms was visited once every month for 12 months. The first visit was
conducted in July 1991 and the last in June 1992. Farm visits were conducted on a regular
rotating pattern from Monday to Thursday of each week such that, after the initial visits, a
fixed inter-visit interval of approximately 30 days (1 month) was maintained for individual
farms.

Two four-wheel drive vehicles were required to transport the two teams of personnel
and equipment to the farms. The teams were composed of the author, five other veterinarians
and one or two technicians. Farm location and introductory visits were conducted in
conjunction with an official from the local dairy society or the divisional animal production
officer from the Ministry of Livestock Development.

During the first visit a comprehensive initial farm-survey questionnaire was
administered by one of the veterinarians conversant in Kikuyu (the local language).
Questions covered a broad spectrum of topics including farm management, disease control
and prevention practices, health history, nutrition, housing, and farm demographics. With
respect to tick-borne diseases, questions were designed to include those characteristics
considered to a) have a plausible biological association with the level of exposure of the
vector and host and consequently subsequent parasite challenge; b) be associated with
potential iatrogenic means of infection; or c) affect the level of immunity to tick-borne
diseases. At the farm level, these included such factors as grazing system, method and
frequency of tick control and any differences by age of animal or season of year, type of
housing, actual or potential contact of dairy animals with other livestock or wildlife, use and
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type of bedding, disinfection of housing areas, separation of calves from adults, timing and
delivery of colostrum and age and method of dehorning. The complete Initial Farm Survey
is included as Appendix 1.1.

In addition, an individual-animal questionnaire was administered for each bovid on
the farm, collecting data on individual animal variables such as age, breed, sex, disease
history, disease prevention practices administered to individual animals, production levels,
reproductive performance, and the findings of a complete physical examination. Counts of
'standard ticks' according to the method of Norval ez al. (1992) were conducted on each
animal at every visit. The milk production of each lactating cow on the day prior to the visit
wasrecorded. As partof the physical examination, all calves were weighed at every visit (up
to a size corresponding to approximately 80 kg body weight) using an Avery AKL 150
suspension scale (Avery Kenya Ltd. Factory Street, Nairobi, Kenya). A calf was defined to
be any bovid less than 12 months of age. For each animal, serum was separated from blood
collected in plain vacutainers and whole blood was collected in EDTA coated vacutainers
(Becton Dickson and Company, Rutherford, New Jersey). Samples were chilled for
transport.

At each of the subsequent monthly visits, a shorter follow-up adult or calfsurvey was
administered, in which health and production events (disease diagnosis and treatment,
calving, oestrus, calf weights, etc) and management events (timing of last treatment for ticks)
occurring in the past month were recorded for every bovid which had been present on the
farm at the previous visit. With respect to animals initially classified as calves, once they
reached 12 months of age these animals were considered to be adults and follow-up adult
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surveys were prepared at all subsequent observations. To improve diagnosis and recording
of disease events between monthly visits, farmers were reimbursed chemotherapeutic costs
and veterinary consultation fees when they provided written records of disease diagnosis and
treatment details by the local veterinary staff. An initial adult or calf questionnaire (as
appropriate) was administered for all new cattle that joined the farm through birth, purchase
or as gifts. A follow-up adult or calf survey form was recorded for any animal withdrawn
from the farm through death, slaughter or sale, detailing the reason and date of withdrawal.
If the farmer had not recorded the exact date of withdrawal, it was estimated as closely as
possible by relating it to the other events over the month since the previous visit. This
principle was applied to other events as well (such as estimation of birth dates on the initial
survey). Dates had to be estimated in this way for approximately 10% of farmers. Initial and
follow-up adult and calf questionnaires are included as Appendices 1.2 through 1.5.

During the final monthly visit, an economics questionnaire covering both the farming
operation and household income and expenditures was interviewer-administered. A detailed
account of each farm commodity sector (e.g. dairy, poultry, coffee, maize) listing all inputs
and their costs and outputs and their prices were tabulated.

All questionnaires were structured to maximize the number of closed form
(categorical) questions to ease administration, minimize variation and improve precision.
Variation because of interviewer bias was minimized by the use of one person to conduct all
initial interviews. Data on the type of management practice (for example, type of animal

housing) were verified by physical inspection of the farm at the time of the interview.
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3.2.4 Laboratory Analysis

Complete blood counts [red (RBC) and white (WBC) blood cell count, mean
corpuscular volume (MCYV), haemoglobin concentration (HB) and calculated
microhaematocrit (MCT)] were performed on EDTA samples using a Model ZM Coulter-
Counter (Coulter Electronics, France). Packed cell volume (PCV) was estimated using a
Clay Adams microhaematocrit centrifuge and reader (Becton Dickson and Company,
Rutherford, New Jersey). Total Protein (TP) determination was made using a clinical
refractometer. Thin film smears were made fresh and stained daily with giemsa stain for use
in white blood cell differential counts and parasite screening examinations.

Sera were screened for antibodies specifically directed against 7. parva by a recently
developed enzyme-linked immunosorbent assay (ELISA) but where the unique schizont
antigen protein utilised (Toye et al., 1991, 1996) was chromatographically separated and
purified from cell-culture schizont lysate rather than by means of later developed

recombinant technologies (Katende ez a/., 1998).

3.2.5 Data Storage and Handling

Laboratory results, farm management and individual animal data were entered and
stored in separate database files in Dbase (DBASE IV Plus, Ashton Tate, Torrance,
California, USA). Data files were then screened for proper coding, missing and out of range

results and any errors in data entry were corrected.
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3.2.6 Data Analysis - Descriptive Statistics
Descriptive statistics were calculated using SAS statistical software (SAS® System

for Windows™, Version 6.12, SAS Institute Inc., Cary, North Carolina, USA).

3.3 Results
Detailed methods and results are contained in specific chapters. Results are reported

herein with respect to response rate, demography and data availability.

3.3.1 Response Rate

Voluntary enrollment rate among eligible farms was 98% (88/90). Of the 90 farms
originally randomly selected from dairy co-operative society membership lists, 8 (5 from
Lari Society) could not participate due to a variety of reasons including recent sale or death
of animals, retirement and movement out of the district, while two actually refused to
participate. All 10 of these farms were replaced from contingency lists such that the target
number of 90 farms post initial visit was achieved.

A total of 10 farmers actively withdrew their participation over the course of the
study, for a voluntary withdrawal rate of 11% (10/90) after one year. Thirty-one animals (26
adults, 5 calves) were undergoing observation on these farms at the time of exclusion.
Although the rate of withdrawal followed no discernable pattern, the majority of the farmers
that actively withdrew (8/10) cited "excessive" blood sampling as the predominant reason.
In addition, there were two passive exclusions when one farmer sold his only cow and a lone
adult cow present on another farm died. Neither farmer replaced the animal lost, resulting
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in an attrition rate of 2% (2/90). Thus, the overall farm participation rate was calculated as

87% (78/90) with the loss to observation due to farmer withdrawal of 31 animals (Table 3.2).

3.3.2 Farm Demographics

Demographic data collected at the level of the farm are summarized in Tables 3.3 and
3.4. Detailed presentation by geographical stratification based on dairy cooperative society
membership is presented in Appendix 2 with appropriate measures of association.

Both the mean farm size and the mean number of dairy animals present on the farm
were relatively low at 4.6 acres and 4.4 cattle (3.6 adults, 0.8 calves) respectively.
Significant differences were noted using multi-comparison methods between dairy
cooperative societies (refer to Appendix 2). Further, the median farm size of three acres and
median number of three dairy animals indicate a right skewed distribution toward smaller
farms with fewer cattle. The smallest farm consisted of 0.25 acres. At the same time, these
farms were supporting 2 mean family size of 6.5 members with 2 maximum of 15. Number
of family members was significantly different according to dairy cooperative society
(Fisher's Exact Test p<0.01).

The mean number of years spent dairy farming was 14.8 years (median of 14.5 years)
with no significant differences between dairy cooperative societies. Four farmers (4.4%) had
been dairy farming for less than one year. Some 3.3% (3/90) of farmers indicated that
dairying was the sole on-farm practice while the vast majority of farmers (94.4% = 85/90)
grew subsistence crops such as maize (the dietary staple) and other vegetables. Most farmers
(82.2%=74/90) indicated they raised other livestock including sheep (46.7% =42/90), goats
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(16.7% = 15/90), chickens (55.6% = 50/90), swine (4.4% = 4/90) and donkeys (13.3% =
12/90). The main cash-crop grown by farmers was coffee (15.6% = 14/90), while one
farmer also grew tea and two marketed pyrethrum. Off farm employment was relatively rare,
with 6.7% (5/90) of farm owners employed off of the farm in a part-time capacity and 17.8%

(16/90) employed in a full-time non-farm-related job.

3.3.3 Distribution of Farm Factors

The distribution of possible determinants of tick-bome diseases measured at the farm
level are summarized in Tables 3.5, 3.6 and 3.7. Detailed information presented by
geographical stratification on dairy cooperative society is again presented in Appendix 2 with
appropriate measures of association.

The majority of farmers (92.2% = 83/90) practised some form of tick control. This
was nearly evenly split between acaricide dipping (41.1% = 37/90) and spraying by means
of ahand pump/pressure operated spraying unit (48.9% =44/90). The method of tick control
was associated with dairy cooperative society (Fisher's Exact Test p<0.006). Only 2 farmers
indicated that they used hand applied (i.e. paint brush/sponge) acaricide solutions and both
did so on an irregular basis according to tick burden. Seven farmers (7.8%) practised no tick
control, while 5 of the remaining 83 farms which utilized acaricide (6.0%) reported that they
did not treat calves. Of the 78 farmers who did treat their calves for ticks, the mean age at
first treatment was 4.8 months with a median age of 4 months and a maximum of 24 months.
There were no significant differences in age at first treatment between dairy cooperative
societies. Eighty-two out of 83 (98.8%) farmers who practised tick control stated they were
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attempting to control theileriosis, anaplasmosis and babesiosis, while 36 of these same 83
farmers (43.4%) suggested they were also attempting to control cowdriosis.

The most intensive tick control regimen of one acaricide treatment per week was also
the most popular, reportedly being practised by 62.2% (56/90) of farmers, while 21.1%
(19/90) reportedly treated every second week; 3.3% (3/90) on a monthly basis and the
remainder less frequently (5/90 = 5.6%) or not at all (7/90 = 7.8%). No farmers reported
ever treating more frequently than once per week and frequency of tick control was not
significantly associated with dairy cooperative society (Fisher’s Test of Association
p<0.388).

With respect to grazing practice, 47.8% (43/90) of farmers operated a full zero
grazing system while 18.9% (17/90) practised semi-zero grazing and the remaining 33.3%
(30/90) grazed their animals on pastures. Grazing system was significantly associated with
dairy cooperative society (Chi-Square Test of Association p<0.001).

Less than half (41.1% = 37/90) of farmers reported that no permanent housing or
shelter was available to the animals. When available, the physical type of housing for adult
animals was quite varied. Broadly summarized, the type of housing was approximately
equally divided between that with dirt flooring and that with concrete flooring and that
enclosed with walls versus an open shelter. Again, presence/type of housing was
significantly associated (p<0.001) with dairy cooperative society based on the Chi-Square
Test of Association. While the majority of farmers (64.4% = 58/90) reported not using
bedding for adults, the remainder were split between cut grass (15.6% = 14/90) and wood
shavings (20.0% = 18/90), a practice also associated with dairy cooperative society
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(p<0.001).
No farmers (0/90) indicated that their animals ever came into contact with wildlife

species, while 18.9% (17/90) indicated contact between their dairy animals and other
livestock on the farm with the potential of mechanically transmitting ticks. Eighty-three of
90 (92.2%) farmers practised some form of dehorning of their cattle. Of'these 83, one farmer
indicated that he used a completely bloodless method (elastic bands). Similarly, most
farmers indicated that they dehorned during a period when the horns had become large and
significantly vascularized; 46.7% (42/90) stated that they dehorned animals at 5 months of
age or older.

With respect to separation of calf and dam and method of delivery of first colostrum
there was a nearly equal division with 47.8% (43/90) of farmers separating animals
immediately postpartum or within 4 hours. This was also reflected by the proportion of
those that allowed free-choice suckling (52.2% =47/90) and those who pail (44.4% = 40/9C)
or bottle (3.3% = 3/90) fed. Regardless of method, 96.7% (87/90) of farmers indicated that
the delivery of first colostrum was within 6 hours of birth and 61.1% (55/90) stated that it
was prior to two hours post-partum.

Calfhousing was more common than adult housing with 6.7% (6/90) of farms having
no calf housing facilities. The remainder were housed either in groups or as individuals on
dirt or concrete. Four farmers housed their calves in their own dwelling, while three farmers
had individual calf pens with raised wooden floors. Similarly, more farmers (95.5% = 86/90)
provided bedding for their calves; this was divided between cut grass (52.2% = 47/90) and
wood shavings (43.3% =39/90) as per the aduits. As for mature cattle, the presence/type of
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housing of calves and the use/type of bedding of calves were both significantly associated
with dairy cooperative society (p<0.001 and p=0.006 respectively). Calf housing was
cleaned relatively frequently with 6.7% (6/90) of farms cleaning daily and 46.7% (42/90)
cleaning at least twice per week; 26.7% (24/90) of farmers indicated that they cleaned out

the calf housing area monthly or less frequently.

3.3.4 Longitudinal Data Available

A total of 535 animals were identified during the one year period of observation.
Initial adult surveys were obtained for 334 animals. Of these, 315 were present on the 90
sampled farms at the time of the initial visit, while 19 additional adult animals joined 11
farms over the study period as they were purchased or received as gifts. With respect to
calves, 72 initial surveys were obtained for calves present on 42 farms at the time of the
initial visit, while a further 129 initial surveys were prepared during the remaining rounds
of study visits for calves born on 66 farms. A total of 201 initial calf surveys were
completed for calves on 77 farms. On 13 farms (14.4%), no calf was observed. Table 3.8
provides the distribution of initial and follow-up adult and calf surveys prepared during the
12 monthly rounds of farm visits.

Of the 334 animals initially identified as adults, 211 of the 315 (67%) present at the
time of the initial farm visit were followed for the complete 12 month period. One-hundred
and six were lost to follow-up over the course of the study and 17 of the 19 which were
enrolled after the initial farm visit, were present at the final farm visit. Similarly, for the 201
animals initially categorized as calves, 57% (41/72) of those present on initial inspection
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were still present at final observation, while 96 calves which were born after the initial farm
visit were also present at the completion of the study, although 15 of these calves were
initially observed at the final farm visit. Of the 6< calves lost to follow-up, 31 of these were
calves present at the initial inspection and 6 of these losses occurred after the animals had
reach 12 months of age and had subsequently been reclassified as adults. Of the remaining
33 calf losses which were enrolled after the initial farm visit, 10 were calves lost before an
mitial examination could be conducted.

Thus a total of 170 animals were lost to follow-up and 283 animals were observed
for only a portion of the study period. Table 3.9 provides the distribution of number of
observations recorded for all animals enrolled in the study. Table 3.10 indicates the
disposition of the 10 calves lost to follow-up prior to an initial examination and Table 3.11
indicates the disposition of those 160 animals lost after an initial survey had been prepared

for each.

3.3.5 Calculation of Period of Observation

Although specific dates were recorded, wherever possible, for additions and losses
of animals, the design of the study and the nature of timing of farm management practices
(both with repetitive and relatively static monthly events), suggested that the procedure for
calculation of total period of animal observation from longitudinal survey records could be
simplified for further analysis. Thus, the following rationale was adopted: Since the inter-
visit interval for individual farms was almost universally fixed and equivalent at 30 days,
follow-up surveys completed for adults and calves which were actually examined at both
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visits, were assumed to contribute 1 animal month of observation. Further, owing to the fact
that initial animal surveys gathered retrospective individual animal information on a variety
of areas such as health and application of disease prevention practices, they were also
considered to cover a period at least equivalent to 1 animal month. It was anticipated that
the retrospective accuracy for this period would be high, avoiding the potential for recall
bias. Finally, the timing of animal additions (88% of which were from births of calves) and
losses/withdrawals was assumed to be random, occurring across the monthly inter-visit
interval with a mean period of observation equivalent to 15 days. Thus animals for which
an initial animal survey was recorded after the initial farm visit, and for animals where
follow-up surveys which indicated a loss to follow-up, each contributed an additional one-
half animal month of observation. However, with respect to the 10 calves which were bormn
and subsequently lost to follow-up before an initial examination could be conducted, these
animals contributed no additional period of observation.

Under these assumptions, the collected data provided a total of 4444 animal months
(370.33 animal years) of observation composed of 3456.5 months contributed by adult
animals and 987.5 months from calves. Further details of the calculated contributions by

source and within each age group are presented in Table 3.12.
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Table 3.1: Fifteen smaltholder Dairy Cooperative Societies operating in Kiambu District in
July, 1991 and their corresponding demographic indices.

Dairy Approximate Number of A""g’a’i‘li;m“’ ‘;ﬁ";‘;‘f’
Cm;"e Numberof Active  Collection Milk Intake of Intake

(kg) Sold Locally
Limuru' 4000 9 20000 67
Githunguri 4000 10 16500 25
Kiriita 2000 10 9000 34
Ndumberi 1600 7 11000 81
Kiganjo 1200 15 6000 70
Chania' 1100 43 3500 14
Gatamaiyu 900 5 2000 25
Nderi' 750 6 3006 80
Kabete 600 10 3000 80
Kiambaa' 550 14 2300 75
Kikuyu' 550 7 2086 90
Kamaihia 470 13 8000 12
Kinale 460 3 1200 33
Lari' 200 1 900 100
Sigona 35 1 640 80

! - Dairy Cooperative Society randomly selected for participation in study
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Table 3.2: Disposition of 12 of 90 enrolled farms which were not participating in a
longitudinal study conducted in Kiambu District from July 1991 - June 1992 at the time of
the final round of farm visits. The round of observation (visit number) at which they
announced their withdrawal or were reported lost from the study and the numbers of adults
and calves present on the farm at the time of withdrawal/loss to follow-up are indicated.

Dairy Round # Adults  # Calves Reason
Farm Cooperative of Present Present For

Society Withdrawal Exclusion
t Chania 3 2 0 Voluntary withdrawal
2 Chania 7 1 0 Voluntary withdrawal
3 Kiambaa 4 1 1 Voluntary withdrawal
4 Kikuyu 3 7 1 Voluntary withdrawal
5 Lari 6 2 1 Voluntary withdrawal
6 Lari 6 1 1] Voluntary withdrawal
7 Lari 9 3 1 Voluntary withdrawal
8 Lari 11 4 0 Voluntary withdrawal
9 Limuru 6 2 0 Voluntary withdrawal
10 Nderi 9 3 1 Voluntary withdrawal
11 Limuru 4 1 0 Sold only cow
12 Chania 10 1 0 Only cow died

Totals (26+2) 5 33 Animals

! - With respect to disposition of individual animals, 26 of these 28 adults were considered to have been
excluded due to voluntary farm withdrawal while the remaining two animals were classified as lost to follow-
up due to sale and death respectively.
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Table 3.3: Distribution of agro-ecological zone classification for 90 smallholder dairy farms
enrolled in a longitudinal study conducted in Kiambu District from July 1991 - June 1992.

Agro-Ecological Zone' Number of Farms Percentage
(0=90)
UH1 6 6.7
UH2 15 16.7
LH1 2 22
LH2 23 25.6
LH3 13 144
UM1 2 22
UM2 22 244
UM 3 7 7.8
Total 90 100.0

'See text for description and Figure 3.2 for distribution. Where “UM” refers to Upper Midland zones, “LH”
refers to Lower Highland zones and “UH” refers to Upper Highland zones.



Table 3.4: Demographic statistics for farm-level continuous variables of 90 smallholder
dairy farms enrolled in a longitudinal study conducted in Kiambu District from July 1991 -
June 1992.

Mean Median Min - Max SD
Farm size (acres) 4.6 3 025-25 4.7
Number of dairy cattle 44 3 1-24 4.1
Number of years dairy farming 14.8 14.5 0'-34 9.2
Number of family members 6.5 3 1-15 32
Age (months) at first tick control treatment 48 4 1-24 30

for treated calves

! - “0" recorded for those practising dairy farming less than one full year
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Table 3.5: Demographic statistics for grazing management and tick control practices
reported on initial survey of 90 smallholder dairy farms enrolled in a longitudinal study
conducted in Kiambu District from July 1991 - June 1992.

Number of Farms Percentage
(n=90)
Grazing System
Full/Pasture grazing 30 33.3
Semi-zero grazing 17 18.9
Zero-grazing 43 47.8
Dairy Cattle Contact Other Livestock With 17 189
Tick-Transmitting Potential
Tick Control Method
Dipping 37 41.1
Spraying 44 48.9
Hand application 2 2.2
None practised 7 7.8
Tick Control Fl_'equency (n=83)!
<1 week 56 67.5°
>1 week to <2 weeks 19 22.9°
> 2 weeks 8 9.6
Frequency altered by season 9 10.8°
Only aduits treated for ticks 5 6.0°

! - based on n=83 farms reporting tick control being practised



Table 3.6: Demographic statistics for adult and calf housing management reported on initial
survey of 90 smallholder dairy farms enrolled in a longitudinal study conducted in Kiambu
District from July 1991 - June 1992.

Number of Farms Percentage
(n=90)
Housing of Mature Animals
No housing available 37 41.1
Enclosed housing + Dirt floor 8 8.9
Enclosed housing + Concrete floor 19 21.1
Open housing + Dirt floor 7 7.8
Open housing + Concrete floor 19 21.1
Bedding of Mature Animals
No bedding provided 58 64.4
Grass bedding 14 15.6
Wood shavings I8 20.0
Calf Housing
Housed in owner’s house 4 44
Free or tethered outdoors 6 6.7
Grouped + Concrete floor 11 12.2
Grouped + Dirt floor 41 45.6
Individually + Concrete floor 6 6.7
Individually + Dirt floor 19 21.1
Individually in raised pens 3 33
Calf Bedding
No bedding 4 44
Grass bedding 47 522
Wood shavings 39 433
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Table 3.7: Demographic statistics for calf feeding and rearing management reported on
initial survey of 90 smaltholder dairy farms enrolled in a longitudinal study conducted in
Kiambu District from July 1991 - June 1992.

Number of Farms Percentage

(n=90)
Calf/Dam Separation
Calves Immediately Separated From Dams 37 41.1
Calves with Dams <4 Hours Post-Partum 6 6.7
Calves with Dams 4-24 Hours Post-Partum 42 46.7
Calves with Dams 24-72 Hours Post-Partum 3 3.3
Calves with Dams >72 Hours Post-Partum 2 22
Colostrum Feeding Method
Colostrum Free Choice 47 52.2
Colostrum by Nursing Bottle 3 33
Colostrum by Pail Feeding 40 444
Timing of First Colostral Feed
Colostrum <2 Hours Post-Partum 55 61.1
Colostrum 2-6 Hours Post-Partum 32 35.6
Colostrum 6-12 Hours Post-Partum 2 22
Colostrum 12-24 Hours Post-Partum 1 1.1
Reported Calf Tick-Borne Disease Death Within 12 Months 3 33
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Table 3.8: Number and distribution of initial and follow-up adult and calf surveys recorded
during a longitudinal study conducted in Kiambu District from July 1991 - June 1992,
presented by round of observation (visit number) at which they were obtained.

Round Initial Follow-up Initial Follow-up
of Adult Adult Calf Calf
Observation Surveys Surveys Surveys Surveys
I 315 - 72 -
2 4 315 12 72
3 0 307 8 76
4 3 302 14 77
5 4 295 15 82
6 3 291 10 83
7 2 287 12 81
8 1 282 8 81
9 0 285 9 78
10 2 277 12 78
11 0 277 14 85
12 0 270 15 87
Totals 334 3188 201 880
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Table 3.9: Frequency distribution of total number of observations per animal obtained
during a longitudinal study conducted in Kiambu District from July 1991 - June 1992, and
subdivided on the basis of the classification of the animal with respect to age (0-12 months
of age = calf, > 12 months = adult) at the time of initial observation.

Number Initial Initial
of Adults Calves
Observations
ngn - 10"
1 0 15°
2 15 23
3 11 14
4 13 17
5 13 13
6 15 16
7 16 12
8 6 10
9 14 13
10 3 9
11 13 7
12 215° 42*
Totals 334 201

! - 10 Calves lost to follow-up prior to initial examination.

*- 15 Calves born between round 11 and round 12 visit, i.e. with initial calf survey only at Round 12.

*-40f215 Adults lost to follow-up between round 11 and round 12 visit, i.e. where round 12 follow-up adult
survey form is a withdrawal form.

*- 1 of 42 Calves lost to follow-up between round 11 and round 12 visit, i.e. where round 12 follow-up calf
survey form is a withdrawal form.
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Table 3.10: Disposition of 10 calves lost to follow-up prior to initial examination during a
longitudinal study conducted in Kiambu District from July 1991 - June 1992.

Reason for Loss Number
Slaughtered for consumption 3
Given away as gift 1
Stillborm 1
Dystocia 1
Died Trampled by dam 1
Atresia coli 1
Sudden/Unexplained 2
Total 10
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Table 3.11: Disposition of 160 animals with an initial observation/examination and which
were subsequently lost to follow-up during a longitudinal study conducted in Kiambu
District from July 1991 - June 1992. Losses are subdivided on the basis of the classification
of the animal with respect to age (0-12 months of age = calf, > 12 months = adult) at the time
of loss to follow-up.

Reason for Loss to Follow-up Adults Calves Total
Sold/Given as gift 55 (52+3)" 23 78
Death 18 (17 +1)! 19 37
Farm withdrawal 26 (25 +1)! 5 31
Consumed for meat 3(2+1) 1 4
{ Owner Change 4 0 4
Excluded
Dangerous Bull 3 0 3
Unspecified 3 0 3
Total 112 (106+6)" 48 160

! - 6 animals which were lost to follow-up as adults were initially examined while still categorized as calves
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Table 3.12: Calculation of period of animal observation from surveys recorded during a
longitudinal study conducted in Kiambu District from July 1991 - June 1992, subdivided on
the basis of the classification of the animal with respect to age (0-12 months of age = calf,
> 12 months = adult) at the time of each observation/survey:

a) Adult Animals
Period of Animal Observation Contributed
Source/Survey Number
Months Years
Initial observation 315 315 26.25
atround 1 visit
Initial observation 19 9.5 0.792
at other round
Follow-up 3076 3076 256.333
observation
Loss to follow-up observation 112 56 4.667
Total 3456.5 288.04!
b) Calves:
Period of Animal Observation Contributed
Source/Survey Number
Months Years
Initial obscrvafig 7 7 6
atround 1 visit
Initial observation = 10 0 0
loss to follow-up
Initial observation 119 59.5 4.958
at other round
Follow-up 832 832 69.33
observation
Loss to follow-up observation 48 24 2
Total 987.5 82.29!

.Total period of observation = 4444 months or 370.33 years
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Figure 3.1: Map of Kiambu District, Kenya showing broad agro-ecological classifications
and locations of 6 dairy cooperative societies participating in a longitudinal study conducted
from July 1991 - June 1992.
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Figure 3.2: Map of Kiambu District, Kenya showing discrete agro-ecological zones and
locations of 90 smallholder dairy farms participating in a longitudinal study conducted from
July 1991 - June 1992.
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CHAPTER 4

SEROLOGICAL ANALYSES

4.1 Introduction

Decisions on how to interpret serological test results and contend with missing data
occur in all studies which record serological responses. Often it appears that these decisions
are determined informally and the basis for them are rarely discussed. Nevertheless, these
decisions may have an important impact on the interpretation of the study results.

Predominantly, results of serological assays have been interpreted as dichotomous
“positive” or “negative” outcomes, and much attention is often focussed on the determination
of an appropriate test cut-off level (Wright ez al., 1993). However, for longitudinal studies,
akey feature is how to standardise and quantify results across time so that temporal patterns
in antibody titres or profiles of serological test results can be compared to determine
seroconversion or other events of interest. Further, in the analysis of longitudinal studies,
most statistical software, while allowing for right or left censoring of observations, requires
otherwise complete data for each subject over time. Thus, for animals with single missing
values, the missing observation either needs to be estimated or all data on that animal are
lost.

In this chapter the sources and impact of errors in the interpretation of serological
data from basic principles will be presented. Methods for standardising and quantifying
serological results over time, which were applied to the T. parva schizont antibody ELISA
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test results, will be presented and their influence on the interpretation of results explored.

4.2 Available Data

A total of 4433 sampling opportunities arose over the period of the study, where
“sampling opportunity” is defined as an observation at which the study animals were
available for examination and hence excludes withdrawal or loss to follow-up observations.
For this study, these figures are composed of 334 initial and 3076 follow-up adult and 191
initial and 832 follow-up calf observations (see Table 3.12).

At the time of the monthly physical examination, a blood sample was collected from
each animal for subsequent serological analysis. Where possible, a total of approximately 10
- 15 ml of whole blood was collected in two plain vacutainers (Becton Dickson and
Company, Rutherford, New Jersey, USA). Each vacutainer was individually labelled with
aunique code comprising the dairy co-operative society number, farm identification number,
animal name and date of collection. Samples were chilled immediately after collection and
transported to the laboratory daily.

On arrival in the laboratory, the vacutainers were allowed to stand at room
temperature until maximum clot retraction had occurred. Final separation was achieved by
centrifugation. Separated serum was then pipetted into between 2 - 4 cryopreservation vials
per animal, each aliquot containing approximately 1 - 2 ml of serum. Cryo-preservation vials
were labelled with the same unique code as the original sample from which the serum was
derived. Aliquots of serum were then frozen and stored at -20°C.

Serum were stored and screened by month of collection, a single aliquot from each
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animal sampled during a given month of farm visits being removed from storage, thawed and

stored at 4°C immediately prior to screening.

4.3 Potential Sources of Errors and Their Detection

With respect to the collection, coding and handling of serological samples prior to
and during testing and the subsequent handling and analysis of test results, two types of
errors may occur; errors of omission - where a result is missing and untraceable, and what

may be termed errors of translocation - where a value is recorded, but it is erroneous.

4.3.1 Errors of Omission

Errors of omission may be the result of failure to collect a sample, the physical loss
or destruction of a sample, or as the result of a unidirectional error of translocation at the
point of labelling of the original sample or sub-sample such that the result generated was
recorded elsewhere. Fortunately, when they occur, errors of omission are easily recognised
as missing observations.

A total of 4433 serum sampling opportunities arose during the study. In total, there
were 29 recorded animal examinations (0.65% = 29/4433) for which no corresponding serum
sample was screened initially or found on retrospective investigation. Table 4.1 presents the
number and distribution of present and missing serum samples by age-class of the animals
and sample collection opportunity. Of these 29 “missing” samples, nine (all calves) involved
the initial examination, two cases (both adult) coincided with the final sampling opportunity,
while 18 other missing serum samples (14 adults/4 calves) had both a previous and a
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subsequent monthly screening test result. The implications for estimating missing values
with respect to the temporal relationship between missing samples and tested samples for the
same animal will be discussed subsequently.

With regard to initial examinations of calves, in 9 of 191 cases (4.71%) farmers
objected to blood collection from very young stock, usually calves only hours or days post-
partum. However, for all of these calves, routine sampling was conducted at all subsequent
examinations. In the 16 cases of missing results for adult animals, one case was a result of
a farmer who consented to physical examination ofhis sole animal, but objected to collection
of a blood sample. This farmer voluntarily withdrew from the study at the subsequent farm
visit. The other 15 adult missing value cases and the 4 calf missing value cases which
occurred during follow-up visits all had blood samples reportedly collected but not screened
serologically. The apparent loss of these samples can be explained principally due to
breakage of vacutainers during transport or centrifugation. Unfortunately, no formal record
was made of these losses during the study. However, although both vacutainers and freezing
tubes were labelled with a unique date and sorting code combination, the potential for “loss”
of longitudinally collected samples due to mislabeling (see section 4.3.2 Errors of

Translocation) must also be acknowledged.

4.3.2 Errors of Translocation

In the context of this study, errors of translocation may occur at three distinct steps
in the process of sample collection, processing and analysis. First, at the point of animal
identification. The error may involve a failure to accurately identify an animal, or
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alternatively to erroneously mislabel the collected sample. Second, at the time of sample
processing, where separated serum was transferred from the original vacutainer to freezing
tube, a mislabeling or transfer error may occur. Third, during the actual serological analysis
and subsequent data entry, errors in transferring information on freezing tubes to laboratory
templates or typographical data entry errors were possible.

Unlike errors of omission, by their nature errors of translocation are often difficuit
to detect. Whilst every effort was made to minimize the potential for mislabeling errors, it
was impossible to document such occurrences directly. Instead, it was necessary to
retrospectively examine longitudinal patterns of serological screening test results in an
attempt to identify anomalous individual values which are deemed to be “outliers”
(inconsistent with the trend observed). For example, where an appropriately standardised
and quantified assay has been utilised, a negative test result in the midst of 1 1 strong positive
outcomes (Figure 4.1 A), or vice versa (Figure 4.1 B), would strongly suggest that the lone
outlying result occurred either due to mislabeling or data-entry error. While the data-entry
errors were easily corrected when identified, this was not true for anomalies which were
attributed to mislabeling of samples. A total of 14 such aberrant unexplained screening

results were identified (14/4404 = 0.32%).
4.4 Strategies for Minimizing Errors and Their Impact
Efforts to minimise the potential impact of errors on subsequent analyses were both

pro-active in terms of prevention of errors and reactive, in the form of data correction.
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4.4.1 Prevention of Errors

A set of cross-referencing and checking procedures was established to minimise the
opportunities for both errors of omission and translocation.

Interviewers on each monthly farm visit were accompanied by a list of all bovids
present on the farm at the previous visit. This form provided both the unique farm
identification number and the individual animal’s identification (name or number), gender,
physical description, reproductive status/stage of gestation, and in the case of calves, their
previous weight. Pairs of veterinarians, working from copies of this list, labelled vacutainers
with a unique code comprising the dairy co-operative society number, farm identification
number, animal identification and date of collection using indelible ink markers at the time
of sample collection. Where two vacutainers of blood were collected for one animal, these
were secured together for transport to the laboratory. This protocol was intended to ensure,
particularly in the early stages of the study before examiners became familiar with individual
livestock, that errors in animal identification and failure to collect samples from all animals
present were minimized. Further, on two farms where farm labourers were unable to
consistently identify individual animals by name, numbered ear-tags were inserted and the
animals identified accordingly.

The collection of annotated copies of farm-visit lists, documenting animal removals
and additions noted during the farm visit, was made available to laboratory technicians at the
time of serum separation to ensure that smudged or partially illegible labels could be
interpreted and correctly reproduced on the freezing tubes. Unfortunately, the potential for
transfer of serum from the original vacutainers to incorrectly labelled freezing tubes was
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entirely dependent on technician competence and vigilance.
Finally, to guarantee that all samples available from a given round of farm visits were
actually screened, microtitre plate templates were created from copies of farm-visit lists at

the time of thawing and organization of samples for serological screening.

4.4.2 Correction of Errors

To maintain continuity of longitudinal data, it was deemed necessary to impute all
missing serological results. The alternative, leaving the values as missing, would result in
the omission of entire sets of longitudinal observations for 29 individual animals (29/535 =
5.4%) from subsequent statistical analyses. While a number of imputation methods,
including simple deterministic approaches, regression predictions, hot deck procedures, etc.
are available, owing to the very small numbers of observations involved and the nature of
antibody dynamics, a simple method was adopted. Missing samples which occurred at an
initial or final sampling opportunity were allocated the value of the subsequent or previous
screening result, while missing samples occurring within the period of animal observation
were assigned a value equal to the mean of the previous and subsequent screening results.
Although such a crude algorithm for generating missing values may result in both a reduction
in overall variance and a bias toward the mean, the fact that the imputations were performed
for so small a proportion of observations (0.65% = 29/4433) suggests that any such effect
would be virtually negligible. This is particularly true when we realize that, in the absence
of seroconversion or an anamnestic humoral immune response, the dynamics of antibody
decay ensure that adjacent observations, even at monthly intervals, result in serial test results
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that are strongly correlated (see section 7.6.1 Variance Components). In addition, this
method of imputation was very unlikely to either create or obscure instances of
seroconversions or sero-events (see section 5.4.2 Definitions of Seroconversion and “Sero-
Event™).

The impact of the 14 aberrant “outlier” observations, considered to have resulted
from mislabeling errors, was considered to be minimal in that their very small frequency
(0.32% = 14/4404) would resuit in only trivial differences in the observed variation. In
addition, unless occurring in the final month of an individual’s observation, a single isolated
error of translocation was unlikely to affect the interpretation of the longitudinal serological
profile (see section 5.4.2.2 Sero-Event Classification Criteria) and then only if the error
resulted in a distinct increase in OD value. As outliers (either high or low), were only
identifiable on the basis of their inconsistency with the overall longitudinal profile, their rate
of occurrence, although considered low, cannot be estimated. Thus, rather than attempt to
adjust or correct only the apparent errors of translocation, suspected outliers were left
unchanged and included in subsequent analyses, to acknowledge this relatively small source

of error as a source of test variation.

4.5 Enzyme-Linked Immunosorbent Assay (ELISA)

A simple, indirect, antibody-capture enzyme-linked immunosorbent assay (ELISA)
was utilized to screen all serum samples for T. parva-specific antibodies (Katende et al.,
1998).

Specific target antigen consisted of Theileria parva schizont antigen p8S, referred to
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as the polymorphic immunodominant molecule (PIM) (Toye et al., 1991, 1996). Atthetime
of sample analysis, the 85 kilodalton protein was chromatographically extracted and purified
from cell-culture schizont lysate (Katende, personal communication). Subsequently, this
antigen was produced by means of recombinant technology, when it was confirmed to be
superior to other T. parva antigens in its ability to detect antibodies in the sera of
experimentally infected cattle, providing an overall test sensitivity of >99% with a
concomitant specificity of between 94% and 98%, based on a range of sera from
experimentally infected cattle and field sera from endemic and 7. parva-free areas as applied
in an optimized and standardised ELISA protocol (Katende et al., 1998).

Specific antibodies in bovine test sera were detected using a trivalent conjugate. This
comprised three individual anti-bovine immunoglobulin conjugates (Igs) prepared by
conjugation of horse radish peroxidase R 3.0 (HRP, Serva) to goat anti-bovine Ig, according

to the method described previously by Katende et al. (1990).

4.5.1 Assay Protocol

Nunc Polysorb 96 MicroWell plates (Nalge Nunc International, Roskilde, Denmark)
were utilized in all ELISA assays. Plates were coated at a concentration of 100 ng/well by
the addition of 100 pul/well of PIM antigen solution diluted to a concentration of 1.0 pg/ml
in 0.01 M Dulbecco’s phosphate buffered saline (DPBS), pH 7.4, and incubated either
overnight at 4°C, or for one hour at room temperature.

Excess antigen solution was then discarded and the uncoated binding sites on the
walls of the MicroWells were blocked by the addition of 300 ul/well of a 1% casein solution
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in DPBS followed by incubation for 2 hours at 37°C. Blocking solution was then removed
and the plates washed a minimum of 5 times with 0.15 M sodium chloride (normal saline)
containing 0.1% Tween 20. Plates were then sealed and stored at -20°C for future use.
Shortly prior to use, plates were removed from storage and allowed to return to room
temperature.

Test and control sera were diluted to a final working dilution of 1:50 by the addition
of 5 pul of serum to 245 ul of a 5% skimmed milk solution prepared in DPBS with 0.1%
Tween 20. Serum dilutions were mixed thoroughly and 100 pl transferred to the wells of an
antigen-coated MicroWell plate in two replicates (i.e. 100 pul/well). In addition, a pair of
conjugate control wells (i.e. containing only 5% skimmed milk solution) were also present
on each plate (Figure 4.2). Antibody:antigen binding was facilitated by intermittent gentle
agitation of each plate on a micro-agitator (Heidolph, France), approximately every 15
minutes during the course of a 1 hour, room temperature incubation.

Unbound antibodies were removed from the plates by extensive washing which
involved a series of 10 rinses with normal saline and 0.1% Tween 20 followed by a 15
minute soaking interval. The washing protocol was performed twice for each plate before
the addition of 100 pl/well of a trivalent anti-bovine immunoglobulin horseradish peroxidase
(HRP) conjugate diluted to 1:3000 in DPBS containing 0.1% Tween 20 and 2.5% skimmed
milk (Katende ez al., 1990). Plates were again incubated for one hour at room temperature
under a protocol of intermittent agitation and then washed as previously described.

A colourimetric reaction was initiated by the addition of 100ul/well of sodium citrate
buffer, pH 4.0, containing 1% hydrogen peroxide as substrate and 40 mM 2,2'-azino-bis 3-
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ethylbenz-thiazoline-6-sulphuric acid diammonium salt (ABTS) as chromogen. Afier the
addition of the substrate:chromogen solution, plates were incubated in the dark and were
subjected to periodic gentle agitation, as previously described, to ensure maximum
enzymatic exposure and hence optimal colour development. Beginning at approximately 10
- 15 minutes post substrate:chromogen addition, the light absorbance, in units of optical
density (OD) at a wavelength of 414 nm, was determined using a Titertek Multiscan
MCC340 spectrophotometer (Titertek Instruments Inc., Huntsville, Alabama, USA).
Subsequently, multiple OD readings per plate were made over time of colour development
at intervals of between approximately 10 to 15 minutes until the OD reading for the strongest

positives observed on each set of plates reached a plateau.

4.5.2 Control and Standardisation Reference Sera

Control sera consisted of aliquots of pooled sera from one positive reactor (C9) and
three negative animals (BJ202, BJ212 and BJ28). Aliquots were maintained at -80°C and
were thawed to room temperature immediately prior to use. Animal C9 was originally
infected twice by 7. parva (Muguga stock); being initially immunized by infection and
treatment and subsequently challenged by application of ticks infected with the same strain.
Serum collected from C9 with an antibody titre greater than 1:5000, as determined by the
indirect fluorescent antibody test (IFAT) (Goodeeris er al., 1982), was considered to be the
laboratory standard reference serum for anti-T. parva antibodies. Animals BJ202 and BJ212
were uninfected control animals, while BJ28 had been experimentally infected with Babesia
bigemina organisms only. All animals were otherwise maintained in tick-free isolation.
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In addition to two replicate wells for the conjugate control, each 96 MicroWell plate
contained duplicate samples of all 4 control sera. Figure 4.2 provides an example template

indicating the position of samples on each plate.

4.6 Assay Standardisation

For the purposes of this study, the primary interest in enzyme immunoassays is
assessing the presence and possibly quantifying the level of specific antibody generated by
an immunological response in a given subject. However, in order for the test results to be
meaningfully interpreted the assay itself should be not only highly sensitive and specific,
both immunologically and epidemiologically, but also repeatable. An assay must be
optimized for validity and reliability and standardized for consistency within and between
laboratories (Wright er al., 1993). Wherever possible, potential sources of variation should
be minimized within the assay protocol, accounted for by subsequent adjustment methods,
or at the very least detected by a set of quality-control criteria, so that all results produced
by asingle assay can be directly comparable. It is particularly important in the case of large-
scale longitudinal serological studies where the large numbers of samples which must be
screened will require testing to be carried out over prolonged periods and consequently under
a potential variety of laboratory conditions. In addition, for such studies, maintaining the
uniformity of the quantification of the assay is vital since the goal may be to evaluate, not
only dichotomous test assessments of positive/negative or time to seroconversion, but also
to compare and contrast amounts of antigen-specific antibodies or to examine patterns of
antibody levels over time.
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Although the enzyme immunoassay protocol described by Katende et al. (1998) for
the recombinant antigen ELISA is essentially identical (with only minor modifications) to
that utilized and described herein, at the time of screening of the samples this assay had been
optimised for the detection of 7. parva specific antibodies, but standardization efforts had
concentrated solely on minimizing intra-plate variation. Correction for inter-plate variation
was by subtraction of conjugate control OD's of individual plates. Inter-plate variation was
assessed on a daily basis by direct comparison of OD values of control sera and, over a
broader time-scale, by examining repeatability of the dichotomous assessment (i.e.
positive/negative) of test samples from known positive and negative reactors. No attempt
was made to obtain quantitative data from the assay.

To obtain the maximum information from this assay in the analysis of longitudinally
collected serum samples, it was necessary to interpret on a quantitative, rather than a
dichotomous, scale. There are a variety of methods of expressing the results of serological
activity amplification assays in at least a semi-quantitative manner (Wright, Kelly and Gall,
1987; Wright et al., 1993). These methods all require the generation of some type of
standardised reference criteria (e.g. a standard reference or conversion curve) and therefore
rely on the repeatability of individual test outcomes (Tijssen, 1985). Thus it was essential to
ensure that inter-plate variation was minimized for meaningful comparisons to be made
across plates over the range of sampling times.

Broadly speaking, inter-plate variation is a consequence of any and all factors which
affect the performance of an ELISA and which may vary from plate