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Abstract An ELISA based on a recombinant Theileria
annulata surface protein (TaSP) was evaluated for
detection of antibodies in sera from cattle exposed to
tropical theileriosis in Sudan. The reference positive
samples, used in this study, were from Theileria-infected
populations and consisted of 80 cattle from an endemic
area in Khartoum State, with high antibody titers in the
indirect ﬂuorescent antibody test (IFAT). The reference
negative samples were taken from non-exposed populations and consisted of 120 cattle maintained under strict
tick control at a commercial farm in Sudan. The cut-oﬀ
value determined by Two-Graph Receiver-Operating
Characteristic (TG-ROC) curves was set at 31.6%, based
on the positive reference samples. Further diagnostic
validation was performed, which consisted of the measurement of the area under the ROC (AUC) and by valid
range proportion (VRP), which was 0.97 and 0.98 for the
cut-oﬀ, respectively. There were no cross-reactions with
antibodies raised against Babesia spp. It is concluded
that the TaSP ELISA is a useful test for the diagnosis of
T. annulata infection in cattle under ﬁeld conditions.
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Introduction
Theileria annulata is a protozoan parasite, which causes
tropical theileriosis, a disease transmitted by several tick
species of the genus Hyalomma (Dolan 1989). It is endemic in the area around the Mediterranean, the Middle
East and reaches the southern parts of Asia (Brown
1990). Currently, the disease is kept under control by
acaricides and attenuated vaccines (Boulter et al. 1998).
Diagnosis of the disease depends on the detection of
piroplasms and/or schizonts in blood smears and lymph
node biopsy smears, respectively (Norval 1992). The
parasite can also be detected in cattle by tick vector with
species-speciﬁc PCR (d’Oliveira et al. 1995; De Kok
et al. 1993) and the indirect ﬂuorescent antibody test
(IFAT) (Pipano and Cahana 1969). Both techniques are
laborious and impractical for large-scale epidemiological
surveys. Moreover, cross-reactions among several Theileria species have been observed with IFAT (Kiltz et al.
1986). In contrary, the enzyme-linked immunosorbent
assay (ELISA) is easy to perform, inexpensive, reproducible and would be useful for monitoring tropical
theileriosis and facilitating the study of its epidemiology.
Previous eﬀorts to develop an ELISA for T. annulata
were based on puriﬁed schizont or piroplasms antigens
(Manuja et al. 2000). It is diﬃcult, however, to standardize antigens puriﬁed from parasite crude material,
and there is also the requirement of experimental animals for parasite production. These problems have been
circumvented by the use of several recombinant parasite
antigens in ELISA, of which the merozoite rhoptry
antigen Tams-1 and a sporozoite antigen SPAG-1 has
been developed and used (Gubbels et al. 2000; Ilhan
et al. 1998; Williamson et al. 1989). However, the
sensitivity of SPAG-1 has not been determined, while
the sensitivity and speciﬁcity of Tams-1 was determined
using the two-graph receiver-operating characteristic
(TG-ROC) (Gubbels et al. 2000). More recently, another
protein, T. annulata surface protein (TaSP), has been
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identiﬁed (Schnittger et al. 2002). This gene is present as
a single copy within the parasite genome and transcribed
in the sporozoite and schizont stages. It codes for a
protein of about 315 amino acids and has a predicted
molecular weight of 36 kDa. Recently, Bakheit et al.
(2004) applied this antigen in an indirect ELISA for the
diagnosis of tropical theileriosis.
Comparison of the dichotomized test results with
the true status of individual yields the operating characteristic sensitivity and speciﬁcity. It is well recognized
that sensitivity and speciﬁcity are inversely related
depending on the choice of the cut-oﬀ value (Martin
1984), which can be derived by diﬀerent methods such
as the Gaussian distribution method, the receiveroperating characteristic curves (ROC) (Greiner et al.
1995) and the TG-ROC (Greiner 1995) etc. The
TG-ROC considers both sensitivity and speciﬁcity and
allows the direct selection of the cut-oﬀ from the plot.
The eﬃciency (Galen 1986), Youden’s index (Youden
1950) and the likelihood ratio (LR) (Smith 1991) are
used for further characterization of the cut-oﬀ value in
TG-ROC.
This study aims at calculating the cut-oﬀ values for
the TaSP ELISA by the TG-ROC for diagnosis of
tropical theileriosis under ﬁeld conditions, comparing
these values with those determined by conventional
methods (Gaussian method and ROC) and evaluating
the performance on the TaSP ELISA for the diagnosis
of the cattle naturally infected with T. annulata under
Sudan ﬁeld conditions.

Materials and methods
Study design
The validation of TaSP ELISA was carried out using
IFAT as a reference test. One hundred and twenty serum
samples were collected from animals reared under closed
zero grazing system in the Arab Company, Sudan. The
sera yielded negative test results in the IFAT and were
used as the negative reference in the validation study.
Eighty serum samples with IFAT positive results were
used as a positive reference. These sera were collected
from cattle in Kuku area, Sudan, where the disease is
known to be endemic (Elhaj and Hamid 2003).
IFAT
The procedures that were essentially followed in materials preparation and running of the test were described
previously (FAO 1984). T. annulata schizont antigen
slides were prepared from culture at low passage (<20),
which was initiated from infected blood from calf#382
which had been experimentally infected by application
of infective H. anatolicum ticks collected from an endemic area in northern Sudan (EL Gahli and El Hussein
1995). The sera were serially twofold diluted from 1:10

to 1:10,240 in PBS and incubated for 30 min at 37°C
after application onto slides. The slides were washed
once quickly in PBS, followed by two washes in PBS of
15 min each on rocking platform. Fluorescein isothiocynate-conjugated rabbit anti-bovine total IgG (Nordic)
was diluted 1:100 in PBS, added onto the slides, incubated for 30 min at 37°C and washed as described
above. The slides were examined using a ﬂuorescence
microscope (Olympus BH-2, Japan).
ELISA
The recombinant T. annulata surface protein ‘‘TaSP’’
(Schnittger el al. 2002) was used in the test. It was diluted
(1 lg/ml) in carbonate–bicarbonate coating buﬀer and
immobilized onto 96-well ELISA plates (Nunc, Denmark) by incubation for 1 h at 37°C. The plates were
then washed and incubated for 1 h at 37°C with blocking
buﬀer (PBS pH 7.2, supplemented with Tween-20
(0.05%) and skimmed milk (1%) (PBSTM). The plates
were washed three times with PBS supplemented with
Tween-20 (BPST). Sera were added at the dilution of
1:500 in PBSTM and incubated for 1 h at 37°C. All
samples were tested in duplicates in the same plate. Plates
were washed three times with PBST and the conjugate
(rabbit-anti-bovine antibodies conjugated with horseradish peroxidase) diluted at 1:10,000 in PBSTM was
added and the plates were again incubated for 1 h at
37°C. The plates were washed three times with PBST.
Thereafter, a substrate/chromogene (hydrogen peroxide
(H2O2)/tetramethyl benzidine (TMB) solution was added
to each well. Color development was allowed for 20 min
after which the reaction was stopped using 1 M phosphoric acid. Absorbance was measured at 450 nm using
an ELISA reader (Labsystem, Multiskan, RC). Each
plate contained one positive and one negative reference
serum sample, and each one was applied into four wells
of the plate. The median OD values of the control sera as
well as the mean OD of the duplicate test sera were calculated and the results were expressed as a percentage
positive (PP) value of the reference positive control.
Cut-oﬀ determination
The cut-oﬀ was determined for the TaSP ELISA using
the Gaussian method, the conventional ROC and
TG-ROC analysis. The Computational Methods for
Diagnostic Tests (CMDT) software (http://www1.
vetmed.fu-berlin.de/mgreiner/) was used to determine
the cut-oﬀ using TG-ROC. In this method, the speciﬁcity and sensitivity were plotted against the cut-oﬀ and
the point of intersection of the two curves was taken as
the value of the cut-oﬀ where both sensitivity and
speciﬁcity have equal values. Two alternative cut-oﬀ
values, which were the lower and the upper limits of
the intermediate range (IR) were deﬁned at an accuracy
level of 90 and 95%. In the Gaussian method, the
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ELISA cut-oﬀ value was calculated as the mean plus two
standard deviation of the negative reference sample. As
a measure of the discriminatory power of the test, the
area under the ROC (AUC) was calculated using both
the non-parametric and parametric approaches. The
former is based on the non-parametric Mann–Whitney
test and the latter utilizes the parameters of symmetry B
and separation A. Both parameters were estimated using
iterative and maximum likelihood in ROCKit software.
For further optimization of the determined cut-oﬀ using
the TG-ROC approach, Youden’s index, LR index
and valid range proportion (VRP) were calculated. The
cut-oﬀ was calculated for both the crude optical density
(OD) values and for the percentage positivity (PP)
values.

Results
The overlap between positive and negative reference
samples was explored using scatter plot (Fig. 1) and the
data were screened for normality using D–Kolmogorov–
Smirnov test. The deviation from normality was indicated by both D–komolograv test and the TG-ROC
software (P>0.05). A descriptive statistical summary of
reference samples used in the validation is shown in Table 1 and Fig. 2. The cut-oﬀ and relevant sensitivity and
speciﬁcity of TaSP derived using the Gaussian method
and the non-parametric approach in the TG-ROC for
both OD and PP values are shown in Table 2. In comparison to the ROC, a high cut-oﬀ (PP=36.5) and
speciﬁcity were obtained with the Gaussian method.
However, modality in the reference samples lead to the
violation of the assumption underlying the implementation of the Gaussian method.

Fig. 1 Scatter plot of ELISA
percentage positivity (PP) test
results illustrating the overlap
between positive and negative
populations. A total of 80 and
120 sera obtained from animals
exposed and unexposed to T.
annulata, respectively, were
tested

PP

The deviation of the data from normality was taken
seriously and only the non-parametric and semi-parametric approaches were used for selection of the cut-oﬀ
in the conventional ROC. High estimates of the AUC as
calculated by the non-parametric and the semi-parametric approaches were obtained (data not shown).
They indicate a good performance of TaSP, provided
that the AUC of a perfect test that fully discriminate
between positive and negative samples equal one.
According to the Gaussian method the cut-oﬀ value
using PP values was found to be 36.5 with 98.3 speciﬁcity and 92.5 sensitivity. Using the crude OD values the
cut-oﬀ was found to be 0.53 with 98.3 speciﬁcity and
92.5 sensitivity.
According to TG-ROC, the cut-oﬀ was found to be
31.6 (Fig. 3) and both the sensitivity and the speciﬁcity
were 93.5 using PP values (Table 3). The cut-oﬀ using
OD values was found to be 0.46 and the speciﬁcity and
sensitivity were 93.5. Since a probable deviation from
normality was indicated by TG-ROC, only the nonparametric approach was considered in the cut-oﬀ
determination. However, when the cut-oﬀ was determined in the conventional ROC using the ROCKit
software, normality of the data was assumed.
The performance of the test as measured by the AUC
of the ROC plots was 0.98 (Fig. 4). The VRP was
approximately 1.0 (0.97) and the IR was four using the
upper limit, 95th percentile of the PP of the infected
population, and zero using the lower limit, 5th (Table 3).
The eﬃciency of the test, measured by eﬃciency and
Youden’s index, which are displayed as functions of the
cut-oﬀ value is shown in Fig. 5. An overlay of
the parametric vectors Se* and Sp* to the observed
cumulative frequency distributions (CFDs) is shown in
Fig. 6 and the scatter plot of the non-parametric (Se and
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Fig. 2 Descriptive indices for
the results of TaSP ELISA
percentage positivity (PP
values) for positive and negative
reference population of cattle.
The left graph shows the
frequency of PP for negative
sera and right graph shows PP
for positive sera, while the box
and whisker reﬂect the
dispersion of PP for negative
and positive sera

Negative

Positive

158.812

1.36936

Table 1 Descriptive indices for the results of TaSP ELISA for
infected and non-infected reference populations of cattlea

Mean
Median
SD
Minimum
Maximum

Percent of positive cattle sera

1.0

Infected (80)

Non-infected (120)

0.8

74.38
66.13
35.42
19.44
158.81

16.76
14.94
9.85
1.36
40.07

Se
Sp

Se,Sp

Measurement

SPELISA

a

Results are expressed as percentage of an internal positive control.
The number of animals in each group is indicated in parentheses

0.6

IR*
IR

0.4
0.2
0.0
0

1

Results

cut-oﬀ
Sensitivity
Speciﬁcity

Gaussian method

TG-ROC

OD

PP

OD

PP

0.53
92.5
98.3

36.5
92.5
98.3

0.46
93.3
93.3

31.6
93.5
93.5

Sp) versus the parametric (Se* and Sp*) parameters is
demonstrated in Fig. 7.

2
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cut-off
[PP]

Table 2 Cut-oﬀ values determined by diﬀerent methods with their
corresponding sensitivity and speciﬁcity

Fig. 3 TG-ROC analysis of the SP. Ta ELISA results for cattle
sera naturally infected with T. annulata. The intermediate range
(IR) is determined by the cut-oﬀ values at 95% sensitivity (Se) and
95% speciﬁcity (Sp). * The accuracy level is shown as horizontal line

similar considerations as in parameter estimation apply.
The sample size has to be large enough to minimize the
stochastic uncertainty in the cut-oﬀ selection (Metz
1998). Moreover, the reference population has to be
representative of the target population (Greiner et al.
1994). We conducted this study with the minimal
number of positive and negative samples required for a
meaningful analysis. The latter precondition is very

Discussion
The main aim of this study was ﬁrstly to determine cutoﬀ values by TG-ROC analysis. Secondly, to compare
them with those obtained by previously used methods
and lastly to evaluate the performance of TaSP ELISA
for the diagnosis of T. annulata infection in the cattle
naturally infected under Sudanese ﬁeld conditions.
There is a number of critical points that have to be
put into consideration when it is planned to establish a
cut-oﬀ value. The selection of a cut-oﬀ value is not an
estimation in the statistical sense (for example, no
conﬁdence interval is given for the cut-oﬀ). However,

Table 3 Analysis of the TG-ROC results at 95 and 90% conﬁdence
interval (CI)
Measure

Theta 0
D0
IR
Upper limit
Lower limit
VRP

Non-parametric
95% CI

90% CI

0.935
32 (29, 36)
4 (0, 19)
32 (30, 93)
28 (19, 39)
0.973

0.935
32 (29, 36)
0
30 (28, 32)
39 (26, 43)
1.0
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0.9

0.8

0.7

TPF

0.6

0.5

0.4

0.3

0.2

0.1

0
0

0.2

0.4

FPF

0.6

0.8

1

a=2.30 b=0.43 Az=0.9826 TaSP-ELISA for Theileria annulata serology

Fig. 4 Conventional binormal ROC curves

diﬃcult to realize for ELISA tests designed for the
screening of tropical infectious disease. Control sera
from animals in regions where tropical theileriosis is not
endemic are guaranteed to be disease free but might not
Fig. 5 Youden’s index (J) and
eﬃciency (Ef) of the SP. Ta
ELISA as a function of the
selected cut-oﬀ value for cattle
sera naturally infected with T.
annulata. (Ef and J are
summary measures for Se and
Sp; the latter being independent
on prevalence)

be representative of the target population. On the other
hand, negative sera from animals in regions where
tropical theileriosis is endemic cannot be guaranteed to
be disease free (Voller et al. 1977).
Central to any serological assay is the determination
of the diagnostic cut-oﬀ value. The establishment of a
reliable cut-oﬀ value is essential for a serological test to
be useful in diﬀerentiating infected from non-infected
animals (Mboloi et al. 1999). The assembly of the reference population used for the calculation of a cut-oﬀ
value is a critical procedure. Jacobson (1996) suggested
the use of at least 300 known positive and 1000 known
negative samples in order to compensate for various
factors that may inﬂuence the diagnostic sensitivity and
speciﬁcity. These numbers are very diﬃcult to obtain
under practical conditions. The selection of IFA test
positive and IFA negative samples as positive and negative controls, respectively, follows the logic of assuming
IFA test as reference test (Ilhan et al. 1998). However,
control sera from cattle exposed to T. annulata infection
are guaranteed to have antibodies against T. annulata,
and thus represent the target positive populations. The
use of IFA test as a reference and gold standard test
supported this assumption.
By using the Gaussian method (Wright et al. 1993),
the cut-oﬀ was set at 36.5 and 0.53 using the PP values
and crude OD values, respectively. This method is
assumed to be leading to a speciﬁcity of 97.5% (BarajasRojias et al. 1993); however, this assumption is true only
for normally distributed test variables (Greiner et al.
1994), since the ELISA results in the present study were
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Fig. 6 The observed nonparametric values, Se and Sp,
overlaid with the parametric
estimates Se* and Sp*
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Fig. 7 Linear correlation analysis of Se against Se* (upper) and Sp
against Sp* (lower)

tested for normality and showed signiﬁcant skewness
(P< 0.05). Thus, this method was not considered for
further investigations. A new approach to deﬁne test
cut-oﬀ values and performance has been proposed
(Greiner 1995). The new approach utilizes the conventional ROC principle modiﬁed in such a way that the
test sensitivity and speciﬁcity can be read directly from
these plots. The modiﬁed ROC plot is known as a TGROC. By using this method the cut-oﬀ was set at 31.6
and 0.46 using the PP values and OD values, respectively, and both sensitivity and speciﬁcity were 93.5. On
the basis of the OIE recommendation (Norval 1992), the
cut-oﬀ obtained by this method using PP only was
considered to be suitable for ﬁeld investigations.
Diagnostic performance was evaluated by assessing
the area under the ROC (AUC) and VRP, which were
found to be 0.98 and 0.973, respectively. The closer to 1
the indices are, the better the test performance is

(Mboloi et al. 1999). In this study, the VRP was 0.973
(Table 3), indicating a high performance of this ELISA
in identifying the animals according to their true health
state. Moreover, the AUC is a quantitative, descriptive
expression of how close the ROC curve is to the perfect
one (AUC=1.0) (Greiner et al. 1995). The TaSP ELISA
showed a high performance because the index AUC was
0.98 (Fig. 4). The IR, which deﬁnes results that are
neither positive nor negative, was zero using 90%
accuracy level (AL) and four using 95% AL. In an ideal
test, the AUC and VRP would be 1.0 and the IR would
be zero (Greiner et al. 2000). In this study, these
parameters were close to those of an ideal test. However,
the IR used to describe non-positive and non-negative
test results was 4, in cases where the AL is 95%, because
the lower limit of the IR is greater than the upper limit.
In this study, the IR using 90% accuracy level was zero;
hence, over 90% of cattle were correctly diagnosed. The
interpretation of intermediate test results depends on the
speciﬁc diagnostic purpose of the test (Mboloi et al.
1999). Because of the ambiguity of borderline results, it
is appropriate to consider only one cut-oﬀ value and
indicate the test parameters (Se, Sp and LR) for a given
cut-oﬀ value selected for an epidemiological situation
(Greiner et al. 2000). In clinical diagnosis, the values that
fall between the IR limit would require testing by a
conﬁrmatory assay or re-testing for the detection of
seroconversion (Kiltz et al. 1986; Simel et al. 1987).
Previously, the cut-oﬀ value using TG-ROC for
Tams1 ELISA was set at 10.6 PP leading to a sensitivity
and speciﬁcity of 87% with an IR of between 10.2 and
11.8 PP using a 95% accuracy level (Gubbels et al.
2000). This cut-oﬀ was determined for sera collected
from experimentally infected calves with IFA test positive sera before 3 months of post-inoculation. In the
second group (IFA test positive sera after 3 months of
post-inoculation) the cut-oﬀ was set at 12.7 PP leading
to 100% sensitivity and speciﬁcity (Gubbels et al. 2000).
There is a large disagreement between these results and
the results obtained in the present study. This disagreement may be mainly due to the sera used in each study,
whereas in the previous study they used experimental
sera, which sometimes produce overoptimistic estimate
of accuracy (Mboloi et al. 1999). In the present study
sera collected from the ﬁeld were used. In addition, the
antigens tested in the two studies were recombinant
proteins, although they had originated from diﬀerent
stages of parasite life cycle. Gubbels et al. (2000) tested
Tams1 antigen, which was derived from the merozoite,
whereas in the present study we tested TaSP antigen,
which was derived from the surface protein of macroschizont stage (Schnittger et al. 2002).
Further validation of the test precision needs to be
done according to the ISO 5725-1986 international
procedure and authenticated by interlaboratory
comparisons of the ELISA results. In this study, we have
attempted to calculate cut-oﬀ values for TaSP ELISA by
using sera from cattle exposed and unexposed to T.
annulata under ﬁeld conditions using IFA test as a ref-
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erence. Moreover, a study on the determination of the
cut-oﬀ for TaSP ELISA in the absence of gold standard
is going on in order to further validate the TaSP ELISA.
It will be of great interest to repeat this study using
known positive and negative experimental sera to check
whether the cut-oﬀ value obtained from experimental
sera is applicable to the situation in the ﬁeld.
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