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Abstract : To evaluate the diagnostic accuracy of two commercial ELISA tests (Allied- and CSL-ELISA)
for the diagnosis of Mycobacterium paratuberculosis in cattle, Meta-analysis using English language
papers published during 1990-2001 was performed. Diagnostic odds ratios (DOR) were analyzed using
regression analysis together with summary receiver operating characteristic (ROC) curves. The difference
in diagnostic performance between the two ELISA systems was evaluated by using linear regression.
Publication bias was assessed by funnel plot and linear regression. The pooled sensitivity and specificity
were 44% (95% CI, 38 to 51) and 98% (95% CI, 96 to 99) for the random-effect model. The DOR between
studies was heterogeneous. The area under the fitted ROC curve (AUC) was 0.72 for the unweighted and
0.77 for the weighted model. Maximum joint sensitivity and specificity for the unweighted and weighted model
from their summary ROC curve were 70% and 75%, respectively. Based on the fitted model, at a specificity
of 95%, sensitivity was estimated to be 52% for the unweighted and 57% for the weighted model. From
the final multivariable model study characteristic, the country was the only significant variable with an
explained component variance of 13.3%. There were no significant differences in discriminatory power,
sensitivity, and specificity between the two ELISA tests. The overall diagnostic accuracy of two
commercial ELISA tests was moderate, as judged by the AUC, maximum joint sensitivity and specificity,
and estimates from the fitted model and clinical usefulness of the tests for screening program is limited
because of low sensitivity and heterogeneous of DOR. It is, therefore, recommended to use ELISA tests
as a parallel testing with other diagnostic tests together to increase test sensitivity in the screening program.
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Introduction

The Enzyme Linked Immune System Assay (ELISA)
as well as some other diagnostic tests (i.e., agar gel
immunodiffusion) is used to detect humoral antibodies
against Mycobacterium avium paratuberculosis, the agent
for bovine paratuberculosis (PTB). The sensitivity and
specificity of the ELISA tests have been reported [15,
21-22, 27]. These published articles, however, presented
somewhat conflicting results in both diagnostic indices.
In the screening program, the sensitivity of a diagnostic
test is of great importance, and generally, the use of
serology in the diagnosis of PTB is considered of
limited value mainly due to low sensitivity. The wide
ranges of reported diagnostic indices may be due partly
to differences in study size and variations in the

subject’s characteristics, prevalence of disease in a
specific region or region of the country in which the
study was conducted, variation in the within-herd
prevalence, clinical stages of animals studied, or random
variation. To author’s knowledge, no published report
thus far has attempted to explain the difference in both
indices for PTB diagnostic ELISA performance taking
into account all published literature. 

Statistical methods for evaluating diagnostic tests by
meta-analysis have been developed [14, 16]. Meta-analysis
can be used to summarize the overall diagnostic accuracy
of tests after combining or integrating the results of several
independent studies, to increase statistical power of a
statistical test, and to assess the conclusions from studies
through improvement of the estimates of effect size
from various studies. As an outcome measure for meta-
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analysis of diagnostic test data, receiver operating
characteristic (ROC) curve, which plots sensitivity against
1-specificity, has been applied [10, 23].

The objective of this meta-analysis was to determine the
overall diagnostic accuracy of two commercial ELISAs
(Allied- and CSL-ELISA) using a summary ROC curve,
specifically, “what is the overall discriminatory power of
ELISA in diagnosing PTB?”. In addition, this study
was aimed at updating or summarizing the available
evidence and giving researchers further insights into the
diagnostic value of the ELISA for the detection of
PTB, taking into account some of the potential sources
of heterogeneity between studies. 

Materials and Methods

Literature search and criteria for article selection
An electronic database produced by the National

Library of Medicine (MEDLINE) was searched for
relevant articles using paratuberculosis, Johne’s disease,
cattle, dairy cattle, dairy cows, diagnosis, serology,
ELISA, and diagnostic performance as keywords. Also
examined were reference lists of identified articles to
procure additional studies. To prevent selection bias of
articles for analysis, two criteria were predefined.
Criteria for inclusion included: 1) original studies
published during 1990-2001, 2) clinical studies using

either one of two ELISA tests (Allied ELISA (Allied
Laboratories) or the CSL ELISA (IDEXX)), 3) studies
satisfying the sample size criteria (see sample size), 4)
if not field-derived samples, studies used more than
200 reference standard or repository specimens of
being microbiologically proven PTB cases, and 5) studies
reporting both sensitivity and specificity. Criteria for
exclusion included: 1) reviews, abstracts, editorials, letters
and comments, 2) studies not performed on cattle, 3)
studies which focused on experimental challenge, 4) studies
that did not use culture method for PTB confirmation, 5)
samples other than sera (i.e., milk), 6) non-English studies,
7) studies unable to derive the true positive and true
negative from the data that were given, 8) unpublished
data and conference proceedings, and 9) diagnostic
methods other than the two commercial ELISA tests. 

Using the above-mentioned inclusion and exclusion
criteria, studies were selected during the review by
checking the titles and abstracts downloaded from
MEDLINE. Those studies that were unclear whether
they were eligible or for which disagreements persisted,
were retrieved and the final decision was made based
on the review of the full article.

Sample size
Sample size was considered in the selection of

eligible studies. The sample size criteria were based on

Table 1. Diagnostic accuracy of commercial ELISA for the detection of paratuberculosis (PTB) in cattle

PTB status

First author
(year, country)

Sensitivity
(95% CI)

Specificity
(95% CI)

Diagnostic odds ratio
(95% CI)ELISA + -

Cox (1991, Australia)a

Collins (1991, USA)
Ridge (1991, USA)a

Yokomizo (1991, Japan)a

Sockett (1992, USA)
Sockett (1992, USA)
Collins (1994, USA)
Sweeney (1995, USA)
Whitlock (2000, USA)
Muskens (2000, Netherlands)
Dargatz (2001, USA)

CSL
Allied
CSL
CSL
CSL
Allied
CSL
CSL
CSL
CSL
CSL

170
150
150
156
177
177
177
408
107
339
590

997
196

 1000
 3880

196
196
196
485
315

1396
723

0.73 (0.66, 0.80)
0.47 (0.39, 0.56)
0.47 (0.39, 0.55)
0.68 (0.61, 0.75)
0.45 (0.37, 0.52)
0.59 (0.51, 0.66)
0.51 (0.44, 0.59)
0.45 (0.40, 0.50)
0.23 (0.16, 0.33)
0.35 (0.30, 0.40)
0.50 (0.46, 0.54)

0.99 (0.96, 1.00)
0.99 (0.96, 1.00)
1.00 (1.00, 1.00)
1.00 (1.00, 1.00)
0.99 (0.96, 1.00)
0.95 (0.91, 0.98)
0.95 (0.91, 0.97)
0.99 (0.98, 1.00)
0.95 (0.92, 0.97)
0.99 (0.98, 1.00)
0.97 (0.95, 0.98)

1341.1 (321.6, 5592.7)
87.2 (20.9, 364.1)
448.5 (108.0, 1862.6)
1643.0 (642.2, 4203.3)
78.2 (18.8, 324.9)
29.6 (14.2, 61.6)
19.7 (9.8, 39.7)
98.8 (36.2, 269.4)
5.7 (2.9, 11.2)
60.8 (33.0, 112.0)
30.4 (19.5, 47.5)

Pooled estimate after excluding 3 outliers [4, 19, 28]

Random-effect ND 0.98 (0.96, 0.99) ND

Fixed-effect ND 0.97 (0.97, 0.98) ND

x2 of heterogeneity 23.1 (df=7, P=0.002) 0.5 (df=7, P=0.99) 203.2 (df=7, P<0.001)*

*Test statistic was computed after adjusting for covariates, using by PROC CATMOD in SAS.
aStudies were excluded from the further analysis because of outlier effect.
ND=Not determined; because of heterogeneities among studies no pooled estimate was calculated.
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the reported sensitivity (range, 0.23-0.73; Table 1) and
specificity (range, 0.95-1.0; Table 1) of ELISA tests.
Single binomial parameter calculations were used to
determine minimum required sample size [12]. Sample
size was 69 for sensitivity and 35 for specificity, assuming
a 90% of specificity. Therefore, studies with 69 or more
animals with disease and 35 or more animals without
disease were required to be included in meta-analysis. 

Data extraction and summary ROC curve
The extracted data from each study included the rates

of true-positive (TP) or sensitivity, false-negative (FN),
or 1-sensitivity, true-negative (TN) or specificity, and
false-positive (FP) or 1-specificity according to standard
definitions. If absolute numbers were not available from
the original papers, the author derived the numbers
using sensitivity and specificity and rounded-off to the
nearest integers. The 95% confidence intervals (CIs) of
the TP and TN for individual studies are calculated
according to Diamond’s formula [7].

Spearman correlation was used to examine whether
monotonically increasing the relationship between TP
and FP is present [14]. The statistical homogeneity of
TP and FP across studies was tested by usual x2 test
of independency with k-1 degree of freedom (k=
number of studies). When the relationships are
determined to be correlated (>0.5) or homogeneous
(i.e., x2 test was not significant), statistical pooling was
performed using the sum of test positives and false
negatives for pooled sensitivity and the sum of test
negatives and false positives for pooled specificity. Both
fixed-effect model (FEM) and random-effect model
(REM) [6, 16] were used to obtain combined estimates.

Simply averaging sensitivity and false positive from
various studies would not represent correctly the
diagnostic performance because of heterogeneity across
studies. Thus, a summary ROC (SROC) curve was
constructed using the data combined from different
studies. Both weighted and unweighted regression models
were fitted. The weights were proportional to the inverse
of the variance of difference between logit TP and logit
FP of each study, representing the within-study variation.
This approach means sample size of each study was
taken into account by weighting each observation.
Although the validity of this weighing is still under
debate for meta-analysis of diagnostic studies [13], this
approach has widely been used by many investigators
[25]. In this study the results of the two methods were

presented together for comparison purpose. In both
models, the following logit-difference-sum model [13]
was used: D=a+bS, where D is the difference between
logit TP and logit FP and is a measure of discriminatory
power (i.e., how well the test discriminates between the
two populations of diseased and non-diseased animals).
S is the sum of the two transforms and is a measure
of the threshold for classifying a test as positive, which
has a value of 0 when sensitivity equals specificity. The
regression slope, b, represents the variation of diagnostic
discrimination of the test across the individual studies
due to threshold differences. If b=0 or is near zero, the
odds ratio is constant across studies and the resulting
SROC curve is nearly symmetrical. The intercept, a, can
be interpreted as the overall log odds ratio combined
over studies. The higher the intercept the closer the curve
will be to the upper-left corner. Once the intercept and
slope are estimated by the regression analysis, data were
back-transformed into an SROC curve to get predicted
sensitivity (TPR) for a given FP, according to the
following formula [13]:

TPR 

The area under the ROC curve (AUC) was computed
as an overall measure of diagnostic accuracy of the test.

Measure of diagnostic performance
The diagnostic odds ratio (DOR), a quantitative

measure of the power of the test to discriminate diseased
from non-diseased [26], was calculated for each
individual study. The DOR calculates the ratio of the
odds of a positive ELISA result in the animals with
PTB and the odds of positive ELISA test result in the
non-PTB animals: (TP/FN)/(FP/TN). A DOR of 1 means
no discriminative power at all, and a DOR of greater
than 1 indicates that the odds of a positive ELISA test
result are higher in the PTB-diseased population.
Heterogeneities of DORs were tested using the logistic
regression, adjusting for covariates (PROC CATMOD,
SAS Institute).

Based on the common ROC curve from each individual
study, also defined were the Q-statistic (Q*), maximum
joint sensitivity and specificity that is intersected by a
diagonal line that runs from the top left corner to the
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bottom right corner of the ROC curve [18]. This point,
at which sensitivity and specificity are equal, is the
maximum attainable value of sensitivity and specificity
for ELISA. This index is interpreted similar to the
AUC and calculated by using the formula [6]: Q*=
(1+e−A/2)−1, where A is the summary log DOR. 

Comparison of Allied- and CSL-ELISA
The null hypothesis was examined so that there would

be no difference in diagnostic performances between the
two ELISA tests, by using a dummy variable in the
regression model with the term S. The resulting model
is D=a+bS×S+be×E, where E is a dummy variable
indicating the type of ELISA (E=0 for CSL and E=1
for Allied-ELISA), bS and be regression slopes for S
and E, respectively.

Potential sources of heterogeneity and meta-regres-
sion

The presence of overall heterogeneity of the dataset
was assessed by x2 test. This statistic is approximately
distributed as x2 distribution on k-1 df (k=number of
studies) under the null hypothesis [1]. Also investigated
was the extent to which the results of the current meta-
analysis may have been biased as a result of the selective
inclusion of articles with positive findings (publication
and selection bias) using funnel plots. This plot was
constructed by plotting the natural logarithm of the
individual summary odds ratio (ln DOR) against sample
size [24]. From this plot, large studies tend to lie in
a narrow band at the top of the scatter plot, while the
smaller studies, with more variation in results, fan out
over a larger area at the bottom, indicating that for
studies with no publication bias (i.e., studies included
both positive and negative results), the points will be
symmetrically distributed around the overall effect.
Linear regression was used to test the hypothesis that
a funnel plot is symmetrical [11]. To take into account
the sources of variability in DOR between studies (i.e.,
if heterogeneity of DOR is significant), an evaluation
was made of the relationship between each source of
variation as independent variables (year of publication
[entered the integer year when papers were published],
country in which the study was performed [USA=0 vs
other countries=1], type of ELISA [CSL-ELISA=0 vs
Allied-ELISA=1], type of sample [repository=1 vs
field=1]) and logarithmic DOR as a dependent variable
in the multivariable meta-regression. A test was employed

for blocks of regression coefficient [8] to test the null
hypothesis that the number of p study characteristics
explains a significant amount of variation in DOR and to
test whether an additionally included study characteristic
explains any additional variation in DOR when a block
of p-1 study characteristic has already been entered in
the regression model. Test statistics, Qchange for the two
hypothesis tests were compared with x2 distribution of
df = p and df =1, respectively. The components of
variance (i.e., how much of the variance in the study
is due to random error) explained by each covariate were
estimated using REM (PROC MIXED, SAS Institute).
Values of P<0.05 were considered significant and
statistical software programs (The SAS system version
8.2, SAS Institute Inc, Cary, NC and Meta-test version
0.6, New England Medical Center, Boston) were used
to perform all analyses.

Results

For the 11 studies retrieved, (9 studies for CSL-ELISA
[3-5, 17, 19, 21-22, 27-28] and 2 for Allied-ELISA
[2, 20]) the homogeneity test was highly significant for
sensitivities (x2 = 44.6; 10 df ; P<0.0001) but was not
significant for specificities (x2=0.96; 10 df ; P = 0.99).
The spearman correlation between the TP and FP was
0.05 (P=0.88). The heterogeneity of sensitivity was due
to its great variation in ranges of 23-73% (Table 1).
Three studies [4, 19, 28] were outliers with a DOR
range of 448.5-1643.0, compared with DORs ranging
from 5.7 to 98.8 for the other 8 studies (6 studies for
CSL-ELISA [3, 5, 17, 21-22, 27] and 2 for Allied-ELISA
[2, 20]). These outliers were further confirmed by plotting
the ratio of the logarithmic DOR and its standard error
on the y-axis against the reciprocal of its standard error
on the x-axis (so-called Galbraith plot), and the resultant
SROC curve for 8 studies were shifted upward, compared
with when all 11 studies were included. When 3 outliers
were excluded, the homogeneity was rejected for
sensitivities (x2 = 23.1; 7 df ; P=0.002), but not for
specificities (x2 = 0.5; 7 df ; P=0.99). For eight studies,
the logit-difference-sum weighted model had an estimated
intercept of 2.2 (SE=1.72) and estimated slope -0.41
(SE=0.36). The resulting fitted model is: D=2.2−0.41×S,
which corresponds to logit TP=1.54+0.42×logit FP.
The hypothesis of a constant odds ratio was not rejected
because the slope was not significantly different from
zero (t=-1.12; P=0.31), indicating a common log-odds
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ratio was 2.17. A constant odds ratio suggests that the
outcome of all studies can be represented by point on
a single symmetric logistic ROC curve. The spearman
correlation between the TP and FP was 0.55 (P=0.16),
suggesting that it was appropriate to combine results using
SROC analysis. The DOR was not homogeneous (x2=
203.2; 7 df ; P<0.001), suggesting DORs were still too
heterogeneous to be combined.

The intercept (coefficient=1.7; P=0.26) and the slope
(coefficient=-0.46; P=0.20) for unweighted regression
model were similar to those of weighted model. The
resulting AUC was 0.72 for unweighted model and 0.77
for weighted model (Fig. 1). Based on eight studies, the
maximum joint sensitivity and specificity rate for ELISA
in the unweighted model was 70%, and the corresponding
estimates for the weighted model was 75%.

For the model to compare diagnostic performance
between the two ELISA tests, the estimated values for
the regression parameters were as follows: a=0.98,
bs=-0.61, and be=0.78. The coefficient slope was not
significantly different from zero (two-tailed t-test=1.03;
P=0.35), indicating no significant difference in dis-
criminatory power between the two tests. Table 2
compares TPR for the two tests for given FP.

An inverted funnel plot and regression analysis did
not suggest evidence of publication bias (regression

coefficient for intercept=2.03; two-tailed t-test=0.81;
P=0.45).

The null hypothesis that year of publication, type of
sample and type of ELISA study characteristics are not
related to DOR after controlling for the country
characteristic was not rejected (Qchange=1.19; 3 df ; P=
0.55). Thus, based on the final multivariable model the
study characteristic country explained a significant
amount of variation (13.3%) in DOR (Qchange=6.6; 1 df;
P=0.01) and the other covariates were not significant. 

From the fitted model, at a specificity of 95%,
sensitivity was estimated to be 52% for unweighted
model and 57% for weighted model (Table 3).

Discussion

A summary was made of the discriminatory
performance of ELISA in diagnosing PTB through the
use of an SROC curve for diagnostic meta-analysis, DOR,
and maximum joint sensitivity and specificity. Summary
ROC curves, like conventional ROC curves, graphically
represent sets of sensitivity and specificity rates for a

Fig. 1. Weighted- and unweighted summary receiver operating
characteristic (SROC) curve for diagnostic accuracy of the 8
pooled studies [2-3, 5, 17, 20-22, 27]. The dot size of the study
on the graph is proportional to the square root of the size in the
disease and non-disease arms of the study.

Table 2. Predicted sensitivity (TPR) of CSL- and Allied-
ELISA from eight studies for a given false-
positive (FP) in regression modela including the
term (S), difference between logit TP and logit FP

TPR for ELISA  TPR for ELISA

FP CSL Allied FP CSL Allied

0.005
0.01
0.02
0.03

0.34
0.38
0.42
0.44

0.45
0.50
0.54
0.56

0.05
0.10
0.15
0.20

0.47
0.52
0.55
0.57

0.59
0.64
0.66
0.68

aThe regression model: D=0.98−0.61×S+0.78×(type of
ELISA), where D=sum between logit TP and logit FP.

Table 3. Predicted sensitivity of ELISA at a given ranges
of specificity from eight studies, using weighted
and unweighted fitted model

Specificity Weighted model Unweighted model

0.95
0.85
0.75
0.65
0.55
0.45
0.35
0.25

0.57
0.69
0.75
0.78
0.81
0.84
0.86
0.88

0.52
0.63
0.68
0.71
0.74
0.77
0.79
0.82
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diagnostic test as the threshold of a positive value for
a test is varied. The difference between conventional
ROC curves and SROC curves is that the former
summarizes the performance of a test in a single study
population and the latter describes a single set of
operating characteristics for a test across multiple
studies.

The sensitivities were not homogeneous even after
excluding three outlier studies and thus differences among
estimates of TP are unlikely to be due to random variation
alone. If correlation is poor and the TP and FP are both
homogeneous, then random binomial variation is one
explanation for the differences among studies [14]. The
author also explained that when estimates of TP and
FP are poorly correlated and heterogeneous neither a
summary ROC curve nor point estimates are appropriate.
In this study, the estimates of sensitivities were not
homogeneous but the medium correlation for the eight
studies (coefficient=0.55; P=0.16) were found in between
TP and FP, suggesting that it was appropriate to
combine results using SROC analysis. 

The maximum joint sensitivity and specificity was
75% for weighted model and 70% for the unweighted
model. This point is an overall measure of the
discriminatory power of a test (i.e., a perfect test would
have a maximum joint sensitivity and specificity of 100%
because of FP=TP=0). This point does not indicate the
only, or even the best combination of sensitivity and
specificity for a particular clinical setting. The AUC
was 0.77 for the weighted model, indicating a relatively
good discriminatory power of the ELISA tests. However,
no significant difference in discriminatory power was
detected between the Allied- and CSL-ELISA tests. In
addition, as shown in Table 1, the sensitivity and
specificity of the Allied-ELISA were almost identical
to those of the CSL-ELISA. Overall, the two ELISAs
showed a low sensitivity but high specificity. The lower
sensitivities of the two ELISAs may be the inherent
characteristics of the test, but the differences in clinical
setting between studies may contribute this in part;
because animals that shed the organism in their feces
are regarded as being in advanced stage of clinical
course and, thus are more likely to be serologically
positive [21]. This means that as the percentage of
nonshedders in a herd increase, the sensitivity of the
test will probably decrease. The low sensitivity also
suggests that ELISA test alone, particularly in herds
with a high prevalence of PTB, may not be appropriate

for use in diseases control such as a test-and-slaughter
program, even though serological tests may be most
convenient screening tests. 

When outlier studies were excluded, only two countries
(USA and Netherlands) were included for variance
estimate. The variables of country and year of publication
explained 13.3% and 13.2% of the between studies
variance, respectively. The explained variance was only
45.1% when all four covariates were included, representing
further covariates that need to be explored to explain
the heterogeneity of DORs. This was also confirmed
in the final multivariable FEM: The statistic Qchange for
the error term was 32.5 with 6 df (P<0.001), indicating
that extra-variation in DOR estimates cannot be explained
using a few study characteristics. 

This study has some limitations, some of which are
inherent in meta-analysis. First, in the current study, the
spectrum of disease (i.e., fecal shedders and non-
shedders, clinical and subclinical stages of PTB) was
not considered because of few relevant studies. Secondly,
an evaluation was made of the year of publication as
a source of variation on DOR but there may be many
potential sources of variability such as a English-language
bias [9]. Some other covariates (i.e., age of animals
studied, prevalence of PTB in study area) were not
considered in this study, because information on these
covariates was not available across all studies. Thirdly,
the current literature search method focusing only
MEDLINE may not cover all potentially eligible
studies. Thus, it is possible that these conclusions are
not entirely representative of the diagnostic accuracy
of the ELISA for the detection of PTB.

Studies were included in which the fecal culture
method was employed as a gold standard for PTB
confirmation. However, because this method has some
known disadvantages such as poor sensitivity, long
incubation time, frequent contamination, cost, and
variability in technique and media preparation [27],
information bias may be created inherently when
reporting sensitivity of an ELISA in comparison to fecal
culture method. In addition, an ELISA is not beneficial
for use in animals less than two years of age because
ELISAs typically have not been validated in young
animals that are in the early stages of infection [15, 22].
Therefore, future studies should be directed to assess
the correlation between level of fecal shedding and
ELISA result to give researchers some hints about the
potential use of an ELISA as a method of diagnosing
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PTB-infected cattle for control purposes.
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