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Five diagnostic tests based on enzyme-linked immunosorbent assay (ELISA) technology for bovine paratu-
berculosis were evaluated by using individual serum or milk samples from 359 dairy cattle in seven paratu-
berculosis-free herds and 2,094 dairy cattle in seven Mycobacterium paratuberculosis-infected dairy herds. Three
independent laboratories using three different culture procedures completed fecal cultures for M. paratuber-
culosis on these cattle and found 417 cows to be shedding M. paratuberculosis in their feces. An animal that was
fecal culture positive for M. paratuberculosis by any of the three laboratories was considered a confirmed case
of infection. The specificity of three ELISAs (two on serum and one on milk) was =99.8%. The specificity of the
remaining two ELISAs, both done on serum, was 94.9 and 84.7%. Four of the five ELISAs evaluated produced
similar sensitivity in detecting fecal culture-positive cattle (27.8 to 28.9%). Serum ELISA “D” had the lowest
specificity (84.7%) and the highest sensitivity (44.5%), but if the cutoff value defining a positive test was
changed from 125 to 250% (of the positive control) the sensitivity and specificity, 31.8 and 97.5%, respectively,
were comparable to those of the other four assays. If the case definition for M. paratuberculosis infection was
based on the culture results of a single laboratory instead of the combined results of three laboratories, ELISA
sensitivity estimates were 45.7 to 50.0%. With the exception of ELISA D, assay agreement was high (kappa 0.66
to 0.85) for categorical assay interpretations (positive or negative), but linear regression of quantitative results
showed low correlation coefficients (r> = 0.40 to 0.68) due to the fact that ELISA results for some cows were
high in one assay but low in another assay. Likelihood ratio analysis showed a direct relationship between the
magnitude of ELISA result and the odds of a cow shedding M. paratuberculosis in its feces. If used judiciously
and interpreted quantitatively, these ELISAs are useful tools in support of paratuberculosis control programs

in dairy herds.

Johne’s disease, caused by Mycobacterium paratuberculosis
(also known as Mycobacterium avium subsp. paratuberculosis),
has become a prevalent infectious disease problem for dairy
cattle herds in most developed countries (23). Control pro-
grams require changes in herd management to limit opportu-
nities for infection transmission to young stock coupled with
diagnostic testing to identify the infected, or at least the most
infectious, adult cattle (19). Because susceptibility of cattle to
M. paratuberculosis is age dependent (8, 12), herd management
changes focus on birthing and rearing methods of heifer calves
destined to become members of the adult milking herd (19).

When within-herd infection rates are high, it is not econom-
ically feasible to cull (remove for slaughter) all test-positive
cows. The net cost to cull and replace a Holstein dairy cow for
a dairy producer is at least US$1,000 at today’s cattle prices.
Consequently, it is necessary to adopt testing strategies that
provide both diagnostic and prognostic information. The
owner needs to know which cows are most infectious and are
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not likely to survive another lactation; these cows need to be
removed from the herd. It also would be helpful to know which
infected cows are least infectious and are capable of sustaining
another lactation and generating farm income.

Veterinary diagnostics for food animals are more strongly
affected by end user economics than diagnostics for human
diseases: there are no third-party payers, and profit margins in
animal agriculture are small. Consequently, the most accurate
and informative test results must be provided to the end users
at the least cost. The diagnostic technology fulfilling this need
is often based on antibody detection using enzyme-linked im-
munosorbent assay (ELISA) technology because of its low cost
and high-throughput potential through automation. Several
new ELISA kits for bovine paratuberculosis based on serum
antibody detection have become available, and some compa-
nies have adopted this technology for milk samples. The pur-
pose of the present study was to evaluate the sensitivity and
specificity of five such assays.

MATERIALS AND METHODS

Dairy cattle herds. Dairy cattle from 14 herds were included in the study. All
herds were comprised of Holstein cattle, except one that had Jerseys. The
uninfected population was comprised of 359 adult cattle from seven Minnesota
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TABLE 1. Study herd characteristics

No. of

Risk assessment % Fecal culture

Herd and ID code” lactati Breed Husbandry RHA®? . Ly
actating cows score' positive’
Noninfected herds
M 68 Holstein Tie stall 26,861 29 0.0
N 43 Holstein Stanchion 23,000 69 0.0
(0] 48 Holstein Tie stall 26,500 40 0.0
P 50 Holstein Tie stall 23,500 46 0.0
Q 37 Holstein Stanchion 22,000 74 0.0
R 56 Holstein Stanchion 22,000 78 0.0
S 57 Holstein Stanchion 25,300 53 0.0
M. paratuberculosis-infected
herds
B 404 Holstein Freestall 24,060 35 27.5¢
C 88 Holstein Stanchion 24,835 43 14.8%
E 308 Holstein Freestall 23,900 48 22.78
F 261 Jersey Stanchion 9,135 34 9.24
G 203 Holstein Freestall 21,810 34 32.5¢
J 750 Holstein Freestall 26,350 21 20.88
K 80 Holstein Stanchion 22,820 26 9.54

“ 1D, identification. Noninfected herds were all in Minnesota; infected herds were all in Wisconsin.

® RHA, rolling herd average in pounds of milk per cow per year.

¢ Risk assessment score based on Johne’s disease assessment forms used in Minnesota. The Minnesota and Wisconsin herds were scored by different veterinarians.
4 Based on isolation of M. paratuberculosis by any one of three laboratories on aliquots of the same fecal sample collected at the same time as were the blood and
milk samples. Superscript capital letters denote significant differences among herds; different letters indicate significant differences (P < 0.05).

dairy herds designated status level 4 according to the criteria of the U.S. Vol-
untary Bovine Johne’s Disease Herd Status Program (35). Seven known M.
paratuberculosis-infected Wisconsin herds, comprised of 2,094 adult cattle, were
used to find cases of bovine paratuberculosis. These herds had no previous
history of systematically testing for paratuberculosis or removal of test-positive
cattle. The infected and noninfected herds were similar in many respects, includ-
ing their standardized risk assessment scores for M. paratuberculosis infection
transmission (Table 1).

Sample collection and processing. Blood, milk, and fecal samples were col-
lected simultaneously in most herds. For large herds, the work load required
sample collection to be scheduled on different days; however, all samples within
the herd were collected within 1 month. Blood was collected by tail vein veni-
puncture using anticoagulant-free Vacutainer tubes and needles Becton-Dickin-
son, Franklin Lakes, NJ). Milk was collected in 30-ml plastic vials during the
regular milking process through the cooperation of the routine milk testing
technician. Fecal samples were collected from the rectum by using disposable
plastic examination gloves and transferred to Whirlpak plastic bags (Ft. Atkin-
son, WI). All samples were labeled and transported with refrigerant to a central
laboratory for processing within 24 h of collection. On arrival, fecal samples were
immediately divided into aliquots into four separate containers, packaged for
shipment with refrigerant, and transported to cooperating laboratories so that
the samples arrived within 48 h of collection. Milk samples were refrigerated and
sent to the testing laboratory within 1 week. Blood samples were centrifuged, and
the sera were harvested and then frozen until tested.

Fecal culture. Fecal samples were tested fresh (not after freezing) for M.
paratuberculosis by culture independently by three laboratories using different
protocols. The University of Wisconsin laboratory decontaminated samples with
1% hexadecyl cetylpyridinium chloride (HPC) for 24 h, concentrated samples by
filtration, and cultured the processed samples in modified BACTEC 12B media
as previously described (5). The University of Minnesota laboratory decontam-
inated samples by using 0.75% HPC for 24 h, concentrated the samples by
sedimentation for 72 h, and inoculated the processed samples onto four Her-
rold’s egg yolk (HEY) agar slants containing mycobactin-J and antibiotics (BD
Diagnostic Systems, Sparks, MD) as previously described (37). The University of
Pennsylvania laboratory used 0.75% HPC for decontamination, double incuba-
tion, and centrifugation to concentrate samples and then inoculated one tube of
the same commercial HEY medium as used by the Minnesota laboratory and
three tubes of HEY without antibiotics but containing mycobactin-J (39). All M.
paratuberculosis isolates were confirmed by PCR for IS900 and/or mycobactin
dependency testing (2, 36). The fourth aliquot of feces was used for evaluation
of a new direct PCR-based assay for M. paratuberculosis (to be reported in a
separate publication).

All laboratories provided a score (0 to 4) to categorize the number of M.

paratuberculosis organisms per gram of fecal sample tested. The laboratories
using HEY converted the average number of M. paratuberculosis colonies seen
per slant to scores as follows: 0, none; 1, 1 to 9 colonies; 2, 10 to 49 colonies; 3,
50 to 99 colonies; and 4, =100 colonies. BACTEC readings in weeks to positive
were converted to scores as follows: 0, no M. paratuberculosis isolated after 12
weeks incubation; 1, >8 weeks; 2, 6.1 to 8 weeks; 3, 4.1 to 6 weeks; 4, =4 weeks.
This system is based on previous studies showing a direct relationship between
the time to detection and the number of M. paratuberculosis inoculated into the
BACTEC vial (22). The mean score for the three laboratories was used to classify
each animal’s fecal shedding rate.

Antibody detection-based assays. Four commercial ELISA Kkits, designated A,
B, C and D, were evaluated for M. paratuberculosis serum antibody detection. All
kits are self-contained having all necessary reagents, positive and negative con-
trol sera, and interpretation criteria. Kits A (HerdCheck M. paratuberculosis
ELISA; IDEXX Laboratories, Inc., Westbrook, ME), B (ParaCheck; CSL/Bio-
cor, Omaha, NE), and D (SERELISA ParaTB; Synbiotic Corp., San Diego, CA)
are licensed by the U.S. Department of Agriculture (USDA). Kit C is produced
in France (ELISA Paratuberculosis; Institut Pourquier, Montpellier, France).
All antibody assays, except D, use a serum absorption step to remove antibodies
that cross-react with Mycobacterium phlei a procedure that Yokomizo et al.
demonstrated to increase M. paratuberculosis ELISA specificity (41, 42). All
serum antibody assays were performed by University of Wisconsin laboratories
according to manufacturers’ instructions and interpreted as prescribed by the kit
insert. The testing laboratories were blinded to fecal culture results.

A fifth ELISA (E) was based on detection of M. paratuberculosis antibody in
milk samples. This in-house assay is not sold as a diagnostic kit but rather is
offered as a service by a Michigan laboratory (Antel BioSystems, Inc., Lansing,
MI). Milk ELISA results were provided by the testing laboratory without knowl-
edge of the animal or herd M. paratuberculosis-infection status. Fewer cows were
tested by ELISA on milk than on serum because not all cows in herds were
lactating on the day of sampling.

Data analysis. The case definition of a noninfected cow was any cow resident
in any one of the seven Johne’s disease program level 4 herds (35). The absence
of M. paratuberculosis infection in these herds was confirmed by fecal culture of
all adult cattle in each of the seven herds by all three participating laboratories.
Assay specificity estimates were based on tests done on these cattle, ie., all
positive ELISA tests on cattle in these herds were considered to be false-positive
tests.

The case definition of an infected cow was isolation of M. paratuberculosis from
a fecal sample by any one of the three laboratories. The antibody detection-based
ELISAs were compared for their ability to detect the cattle that were fecal
culture positive at the time of sample collection. This is not a measure of true
assay sensitivity based on comparison to an accepted “gold standard” because
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TABLE 2. Specificity of antibody detection tests
Neg/total (%)“
Herd
Test A Test B Test C Test D Test E

M 65/67 (97.0)* 66/67 (98.5) 67/67 (100.0) 60/67 (89.6)* 66/67 (98.5)
N 41/42 (97.6)* 42/42 (100.0) 42/42 (100.0) 37/42 (88.1)™! 42/42 (100.0)
(6] 42/50 (84.0)%< 50750 (100.0) 50/50 (100.0) 31/50 (62.0)<> 48/48 (100.0)
P 49/50 (98.0)* 50/50 (100.0) 50/50 (100.0) 45/50 (90.0)* 50/50 (100.0)
Q 36/37 (97.3)* 37/37 (100.0) 37/37 (100.0) 25/37 (67.6)"* 37/37 (100.0)
R 56/56 (100.0)* 56/56 (100.0) 56/56 (100.0) 53/56 (94.6)* 56/56 (100.0)
S 53/57 (93.0)% 57/57 (100.0) 57/57 (100.0) 53/57 (93.0)™! 52/52 (100.0)
Combined 17/359 (95.26)* 358/359 (99.72) 359/359 (100.00) 349/359 (84.91)° 351/352 (99.72)

“ Neg/total, number testing negative/total number tested (i.e., the specificity). Superscript letters A, B, and C indicate statistical comparisons among herds (within
column). Different letters indicate significant differences in specificity (P < 0.05). Superscript numbers 1, 2, and 3 indicate statistical comparisons among test herds
(within rows). Values without numerical superscripts are not significantly different, and different numbers indicate significant differences in specificity (P < 0.05). The
percent ranges for tests A, B, C, D, and E are 84 to 100.0, 98.5 to 100.0, 100.0, 62.0 to 94.9, and 98.5 to 100.0, respectively.

infected cattle shedding M. paratuberculosis in their feces when sampled (or
shedding but not detected by any of the three cultures) obviously were not
counted as cases. For simplicity, however, although the sensitivity estimates
reported in the present study are “relative sensitivity” estimates, i.e., relative to
fecal culture, we use the term “sensitivity” throughout this study. No prior studies
have used M. paratuberculosis culture results for the same sample from multiple
independent laboratories to increase the chances of identifying cases of infection.
Consequently, to gauge the effect this more rigorous case definition had on assay
sensitivity estimates, we also report estimates based on a single laboratory’s fecal
culture results, namely, those from the University of Minnesota. This laboratory
was chosen because it used the culture method most commonly cited in prior
publications in which fecal culture was used as the reference test for serological
test evaluation and because this method had a M. paratuberculosis detection rate
in between those of the other two laboratories that performed fecal culture. The
rate of positive ELISAs for culture-positive cows was also calculated by the level
of M. paratuberculosis shedding by using the mean fecal shedding score.

Sensitivity and specificity differences among herds were determined by using
the Z-statistic for comparison of independent proportions (25). Agreement be-
tween pairs of assays was evaluated by McNemar’s chi-square analysis and kappa
calculation (25, 28). In similar pairwise fashion, linear regression was performed,
and r? values were reported as measures of the correlation in magnitude of
quantitative test results (GraphPad InStat, version 3.00; GraphPad Software, San
Diego, CA). Differences were considered significant at P < 0.05.

The likelihood ratio (LR) was determined for each of five ELISA result
interpretation ranges for each of the five assays (30). The test manufacturer’s
cutoff for a positive test was used as the lower limit for one of the five test
interpretation ranges. The LR was calculated as follows: LR = (percent infected
cows with results in the range)/(percentage of noninfected cows with results in
the range). Post-test M. paratuberculosis infection probabilities were calculated
for each of five assay interpretation levels and six within-herd infection rates
ranging from 1 to 30% by standard methods (30).

RESULTS

Fecal culture results confirmed that all program level 4 herds
were not infected with M. paratuberculosis. For the seven in-
fected dairy herds, the prevalence of M. paratuberculosis infec-
tions ranged from 9.2 to 32.5% (Table 1). There was no
apparent relationship between herd infection rate, risk assess-
ment score, or herd production level.

Diagnostic specificity among the five ELISAs evaluated
ranged from 84.7% (95% CI: 82.9 to 86.5%) for assay D to
100% for assay C (Table 2). The three highest specificity as-
says—B, C, and E—had zero to two false-positive tests among
the cattle tested, and assay specificities were not significantly
different. The specificity of assays A and D varied significantly
among herds ranging from 84.0 to 100% for assay A and 62.0
to 94.6% for assay D.

Among the 2,094 cattle tested, 417 (19.9%) were found to be
infected with M. paratuberculosis by fecal culture. Mean fecal
shedding rates among these infected cows were computed
from the scores provided by the three fecal culture testing
laboratories. The distribution of shedding rates among the
culture-positive cows shows a preponderance of cows (45%) in
the very low shedding category (Fig. 1).

The ability of the ELISAs to detect culture-positive cows
shedding at any level was not different for four of the five
assays (27.95 to 28.92%; Table 3). Assay D’s sensitivity was
higher (44.5%; P < 0.05). When culture results from only the
Minnesota laboratory were used to define cases of infection,
assay sensitivities ranged from 45.7 to 62.7% (data not shown).

There was a direct relationship between the level of fecal
shedding of M. paratuberculosis and the percentage of positive
assays (Table 3). Positive ELISAs were found for 6.9 to 28.6%
(mean, 13.3%) of cows with low numbers of M. paratuberculo-
sis in their feces (fecal scores > 0 to 1). At progressively higher
fecal culture scores, the mean percentages of positive antibody
assays for all five assays were 27.3, 54.9, and 78.4%, respec-
tively.

With the exception of assay D, categorical result interpreta-

No. cows
i I %

as 10 15
Average Fecal Shedding Rate

20 25 30 35 490

FIG. 1. Number and percentage of cows at each level of fecal
shedding based on their average fecal shedding score for 443 M. para-
tuberculosis-infected cows among seven infected herds.
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TABLE 3. Percentage of cattle testing antibody positive compared to fecal culture results among the seven M. paratuberculosis infected

dairy herds
Pos/total (%)” Neg/total (%)?
Fecal shedding score”
Test A Test B Test C Test D Test E
0 92/1,459 (6.31)* 42/1,457 (2.88)? 21/1,454 (1.44)! 323/1,450 (22.28)* 50/1,355 (3.69)*
0.1-1.0 29/229 (9.61)1 22/229 (9.61)* 16/229 (6.99)1 50/175 (28.57)2 23/197 (11.68)"
1.1-2.0 12/68 (17.65)* 16/68 (23.53)* 13/68 (19.12)* 25/50 (50.00)* 17/65 (26.15)*
2.1-3.0 23/36 (63.89)1 20/36 (55.56)" 20/36 (55.56)1 14/25 (56.00)* 13/30 (43.33)1
3.1-4.0 63/82 (76.83)" 60/82 (73.17)* 67/82 (81.71)! 45/51 (88.24)? 52/72 (72.22)!
All shedders combined 120/415 (28.92)* 118/415 (28.43)* 116/415 (27.95)* 134/301 (44.52)? 105/364 (28.85)*

“ That is, the mean fecal shedding score range. Animals were only included in the “0” category if all three fecal culture tests were done and found to be negative.
b Pos/total and Neg/total, number positive and number negative/total number tested, respectively. Superscript numbers 1, 2, 3, and 4 indicate statistical comparisons
among tests for each fecal score (within rows). Different numbers indicate significant differences in the percentages of positive tests (P < 0.05).

tion agreement among the assays was generally high: >86% of
assays were in agreement when the sample was classified as
positive or negative, no differences were noted by x? analysis,
and kappa values were 0.66 to 0.85 (Table 4). Assay D was
different from all other assays due to its higher sensitivity
(44.5%) and lower specificity (84.7%), resulting in kappa val-
ues of 0.47 to 0.59 in pairwise analysis between ELISA D and
each of the other four assays.

Although assay agreement was relatively high by categorical
assay interpretation, a comparison of quantitative optical den-
sity results showed greater disparity. Scatter plots show that
some samples had very high antibody levels according to one
assay but very low antibody levels by a different assay (Fig. 2).
Linear regression produced 7* values ranging from 0.384 to
0.821 (Table 4).

For all five ELISAs the magnitude of the result was related
to the likelihood that the tested animal was fecal culture pos-
itive (Table 5). For assays B, C, and E the LR (the odds of
being fecal culture positive) for animals with results in the
category just below the manufacturer’s recommended ELISA
cutoff was >3.2. For ELISA C, if the assay cutoff was lowered
from 70 to 40 a modest increase in test sensitivity would result
without affecting test specificity for the animals evaluated in
the present study. If the cutoff for ELISA D was changed from
the recommended value of 125 to 250% (percent the positive
control), the sensitivity and specificity, 31.8 and 97.5%, respec-
tively, were comparable to those of the other four assays. For

TABLE 4. Pairwise comparison of antibody detection-based tests
for paratuberculosis on fecal culture-positive cows

Tests No. of % X2 Kappa Lincar
compared samples Agreement value” statistic rigressmn

value

Avs B 415 90.6 0.026 0.77 0.583
Avs C 415 94.0 0.360 0.85 0.821
AvsD 300 80.4 40.700* 0.59 0.677
Avs E 347 86.2 0.750 0.66 0.558
Bvs C 415 92.3 0.125 0.81 0.589
Bvs D 300 77.4 36.760* 0.53 0.503
BvsE 347 87.3 1.455 0.68 0.384
CvsD 300 76.0 17.050* 0.49 0.753
Cvs E 347 87.6 0.581 0.69 0.509
DvsE 256 74.6 34.909* 0.47 0.397

@ McNemar’s x value for correlated proportions. *, significant difference (P <
0.001).

ELISA A there was no significant difference between the rate
of positive results among dairy cattle in the paratuberculosis-
free herds and those that were fecal culture negative in the M.
paratuberculosis-infected herds. Both ELISA A and D had the
lowest specificity in herd O, being 84.0 and 62.0%, respectively.

For illustrative purposes, the post-test probabilities of M.
paratuberculosis infection were calculated for one of the assays,
ELISA B, at all five levels of interpretation and for within-herd
infection prevalence ranging from 5 to 30% (Table 6). At the
manufacturer’s recommended cutoff of =0.100, the post-test
probability of M. paratuberculosis infection was >90% when
the within-herd prevalence was >10%. At the highest level of
ELISA B result (i.e., =0.500) the post-test probability of in-
fection was >90% when the within-herd prevalence was >5%.

DISCUSSION

Bovine paratuberculosis is a chronic and infectious myco-
bacterial infection of the gastrointestinal tract (13). At least
22% of U.S. dairy herds are infected with M. paratuberculosis
(38). Consolidation of the U.S. dairy industry and the ongoing
practice of buying cattle without regard for the M. paratuber-
culosis infection status of either the purchased cattle or their
herd of origin facilitates the spread of the infection among
herds. The 20% fecal culture-positive rate seen among the
seven infected dairy herds used in the present study is not
unusual. Moreover, given the latency of this infection and the
diagnostic sensitivity of fecal culture, the true infection rate in
these herds is even higher.

For paratuberculosis diagnostics it can be challenging to
evaluate an assay’s specificity. In dairy cattle the time from
infection, usually as a calf, to clinical disease varies from as
short as 1 year to as much as 12 years, the upper limit of life
span for dairy cattle on most farms (17). Prolonged disease
latency makes it impossible to rely on a negative fecal culture
as a “gold standard” to define absence of M. paratuberculosis
infection for animals residing in known infected herds. Instead,
the best standard for absence of M. paratuberculosis infection
for an individual animal must be based on absence of infection
from the entire herd in which the animal was raised. Moreover,
absence of infection from a herd must be based on multiple
annual negative tests of all adult cattle, as well as strict adher-
ence to recommended management practices that prevent in-
troduction of M. paratuberculosis-infected cattle into the herd.
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FIG. 2. Scatter plots with linear regression lines comparing quantitative results for four pairs of ELISAs selected to show a range of
correlations. (A) Kit A and kit B; (B) kit A and kit C; (C) kit D and kit E; (D) kit B and kit E.

These standards are outlined in the Voluntary Bovine Johne’s
Disease Control Program (35) and served as the gold standard
to qualify the adult cattle in seven dairy herds for ELISA
specificity estimation in the present study.

The diagnostic specificity for three of the five ELISAs eval-
uated was =99.8% and not statistically different. This corrob-
orates the findings of similar studies on the same ELISA Kkits
(27). ELISAs A and D had significantly lower specificities, 94.9
and 84.7%, respectively (Table 2). The specificity rates of these
two assays also varied among herds, whereas the other three
ELISAs’ specificity rates did not. Reasons for assay specificity
differences among herds are not known but likely relate to
qualitative or quantitative differences in the microbial flora the
animals in those herds are exposed to, notably the presence of
other mycobacteria, as well as the composition of antigens
used as solid-phase antigens on ELISA plates and/or antigens
contained in serum or milk absorption reagents. Herd-to-herd
assay specificity variation is an important consideration in
judging assay performance; it may even be necessary to include
herds from different geographic areas (and therefore likely
varied microbial flora) to obtain a full sense of the range of
specificities displayed by the assay. Herd screening for possible
M. paratuberculosis infection by ELISA demands use of high

specificity assays to limit false-positive herd classifications and
the time and effort spent trying to confirm the diagnosis (7, 16).

Among the fecal culture-negative cattle in the infected
herds, <2.9% tested positive for serum antibody and <3.7%
tested positive for antibody in milk for the three highest-spec-
ificity ELISAs. Arguably, these apparently ELISA false-posi-
tive cattle were truly infected with M. paratuberculosis, but
fecal culture failed to detect the organism because the animal
was not shedding it in feces on the day of sampling or was
shedding at a level below the culture detection limits. M. para-
tuberculosis exposure, triggering antibody production without
progressive infection, e.g., exposure as an adult when more
infection resistant, is also a plausible explanation for ELISA
positive findings in fecal culture-negative cattle. Regardless,
this was a low-frequency occurrence for the high-specificity
assays and of limited concern should these assays be used in a
paratuberculosis control program.

The sensitivity of M. paratuberculosis fecal culture-positive
dairy cattle detection by ELISA was the same for four of five
assays and was related to the rigor of the case definition. If the
sensitivity of these same assays were judged in comparison to
the fecal culture results of a single laboratory (Minnesota Vet-
erinary Diagnostic Laboratory), then the estimated sensitivities
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TABLE 5. LRs for five result ranges for each of the five assays
evaluated

Infected Noninfected

Test (manufacturer’s cows cows LR

Result range

cutoff)
No. % No. %

A (=0.25) <0.10 210 506 252 702 0.72
0.10-0.25 8 205 92 256 0.80
0.26-0.40 21 5.1 12 33 151
0.41-1.00 26 6.3 2 0.6 11.25
=1.00 73 176 1 0.3 63.15
B (=0.100) <0.00 159 381 286 79.7 048
0.000-0.050 116  27.8 65 181 1.54
0.051-0.100 23 5.5 7 20 283
0.101-0.500 63 151 1 03 5424

=(0.500 56 134 0 0.0 0
C (=70) <10 213 514 317 883 0.8
10-20 51 123 36 1.0 1.23
21-40 24 5.8 6 1.7 347

41-70 10 2.4 0 0.0 s

=70 116 28.0 0 0.0 o
D (=125) 0-75 98 327 222 620 053
76-125 67 223 82 229 0.98
126-250 40 133 45 12,6  1.06
251-500 30 10.0 7 20 511
=500 65 21.7 2 0.6 38.78
E (=0.10) <0.00 213 587 291 827 0.71

0.00-0.05 42 11.6 58 148 0.78

0.06-0.10 12 33 2 0.6 550

0.11-0.15 13 3.6 1 03 1261
=0.15 83 229 0 0.0 o

“The values reported were derived from the original data and may differ
slightly from the LRs calculated from the percentages in the table due to round-
ing.

would be much higher, i.e., 45.7 to 50.0%, and in agreement
with previous reports (6, 15, 21, 29, 31, 32, 39, 40). It is note-
worthy that the diagnostic sensitivity of a new direct high-
throughput PCR assay applied to fecal samples from cattle
used in the present study, using the same single case definition,
was also in this range (data not shown). Clearly, the fecal
culture methodology and number of samples evaluated to es-
tablish a case definition affect the estimates of the sensitivity of
other assays being evaluated and are a major study design issue

TABLE 6. Post-test probabilities of M. paratuberculosis infection for
ELISA B at five levels of assay result and within-herd M.
paratuberculosis infection prevalence ranging from 1 to 30%*

Within-herd true prevalence (pretest infection

ELISA result LR? probability) (%) at:

5% 10% 15% 20% 25% 30%

<0.00 0.48 2.5 5.1 78 107 138 171
0.00-0.050 1.54 75 146 214 278 339 398
0.051-0.100 284  13.0 239 333 414 485 548
0.101-0.500 5424 741 8.8 905 931 948 959

=0.500 ¢ 913 957 972 980 985 988

“ The calculation steps were as follows: (i) pretest odds = (pretest probabili-
ty)/[1 — (pretest probability)]; (ii) post-test odds = pretest odds X LR; and (iii)
post-test probability = (post-test odds)/(post-test odds + 1).

® LR for ELISA B from Table 5.

¢ A value of 200 was used instead of dividing by .
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to be considered when evaluating diagnostic tests for paratu-
berculosis. Given that antibody-based diagnostics detected
fewer than one-third of all M. paratuberculosis-infected and
excreting dairy cattle in a herd, the percentage of cattle testing
positive could be multiplied by at least a factor of three to get
a rough estimate of true within herd prevalence of infection.
This is only applicable, of course, for herds that have not
previously been testing for paratuberculosis and culling cattle
based on test results.

The number of CFU of M. paratuberculosis in bovine fecal
samples is considered a measure of the stage of infection in the
animal. In the present study, the ability of an ELISA to detect
an infected animal was directly related to the level of M.
paratuberculosis shedding (Table 3), a finding consistent with
previous reports (6, 32). Cattle with large numbers of M. para-
tuberculosis per gram of feces, so-called “heavy shedders,”
were detected by the evaluated ELISAs >72% of the time.
This is significant in that these animals logically represent the
greatest risk for environmental contamination and thus infec-
tion transmission on a dairy farm. Evidence from field studies
to support the contention that detection and management of
the heavy shedders is critical to control of bovine paratuber-
culosis are lacking. However, both modeling and field data on
human tuberculosis verify that focusing treatment and control
efforts on the most infectious subset of Mycobacterium tuber-
culosis-infected persons can cause dramatic reductions in the
prevalence of the infection in the general population (10).
Whether the cattle shedding large numbers of M. paratubercu-
losis but missed by ELISAs quickly progress to clinical para-
tuberculosis and are therefore culled from the herd or remain
in the herd and continue to spread infection is not known. Only
well-designed and controlled longitudinal field studies will be
able to answer these questions.

When ELISA results were judged dichotomously (positive
or negative), the assays showed comparable accuracy and good
agreement. ELISAs A, B, C, and E did not differ in classifica-
tion of culture-positive cattle as test positive or negative (x?, P
> 0.05), and the kappa statistic indicated a high level of agree-
ment (kappa = 0.66; Table 4). Of these assays, B, C, and E
were not significantly different in either sensitivity or specific-
ity. ELISA D would have had comparable sensitivity and spec-
ificity estimates, i.e., 31.8 and 97.5%, respectively, if an assay
cutoff of 250% (sample OD as a percentage of kit positive
control) were used instead of 125% as recommended by the kit
manufacturer (Table 5).

Scatter plots illustrate that serum or milk from individual
cattle can respond very strongly when tested by one ELISA but
not another. Representative plots are shown in Fig. 2, and
linear regression correlation coefficients for all pairwise assay
comparisons are listed in Table 4. Clearly, cattle can respond
to M. paratuberculosis infection with serum antibodies detected
by one ELISA kit but not in another. Since the formulation of
the M. paratuberculosis solid-phase antigen and M. phlei serum
absorption antigens used in these Kkits is proprietary, the nature
of putative antigenic differences in kit components is not
known. Identification of the diversity of M. paratuberculosis
antigens or epitopes that induce antibody responses in cattle
could lead to improved diagnostic kits. Purified single antigen
assays will likely suffer from low diagnostic sensitivity.

LR analysis confirmed the earlier report that multilevel
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paratuberculosis ELISA interpretation is useful (4, 26). All five
ELISAs evaluated showed a direct relationship between the
magnitude of ELISA result and the likelihood the tested cattle
were fecal culture-positive for M. paratuberculosis. LRs in com-
bination with estimated within herd prevalence, i.e., the pretest
probability of M. paratuberculosis infection, can be used to
calculate the post-test probability of infection (shown for
ELISA B in Table 6). For ELISAs A, B, C, and E, cattle with
results in the highest of the five ELISA result ranges, so called
“strong-positive” results, had a post-test probability of concur-
rent M. paratuberculosis fecal shedding of >90% if herds had a
within herd prevalence >10%. For ELISAs B and C, a high
(>90%) post-test probability of M. paratuberculosis infection
was also possible for the next-lower level of assay result when
herds had a >15% within-herd infection prevalence. For most
M. paratuberculosis-infected commercial dairy herds, confirma-
tory testing of such animals by fecal culture would be neither
necessary nor cost-effective. Post-test infection probabilities
can be used in decision analysis models to optimize economic
outcomes from decisions based on ELISA results. However,
this requires estimation of the infection transmission risks for
animals at each level of M. paratuberculosis shedding, a factor
affected by on-farm management systems. Measurement of
infection transmission risks for cows by stage of infection un-
der different farm management conditions by well-controlled
epidemiological field studies is an important next step in op-
timization of paratuberculosis control programs in dairy herds.

An important first step in a national paratuberculosis control
program is segregation of cattle herds into infected and not
infected categories (1, 18, 33). To halt the spread of M. para-
tuberculosis infection, the next step is to apply voluntary or
mandatory biosecurity regulations to prevent movement of
cattle from infected (or untested) herds into noninfected or at
least test-negative herds. Rapid, low-cost, high-throughput as-
says are necessary if even a modest proportion of the 95.8
million cattle in the United States are to be tested (34). The
use of high-specificity ELISAs avoids unnecessary follow-up
testing of herds due to false-positive tests (7). Higher assay
sensitivity than that available with current ELISAs for detec-
tion of infected individual animals would be desirable, but
herd-level sensitivity is the more critical factor, and this can be
improved by increasing the number of animals tested per herd
and by focusing testing on the older animals since they have
had sufficient time for a M. paratuberculosis infection to
progress and induce antibody production (15).

ELISA E performed as well or better on milk samples than
the ELISAs that used sera and are in agreement with a recent
report on evaluation of this same commercial test (14). Assays
that use milk samples are ideally suited for paratuberculosis
control in dairy herds but impractical for use on beef cattle.
Milk samples are normally collected by testing laboratories
from all lactating cows in a herd on a monthly basis for mea-
surement of somatic cell counts (a measure of udder health),
plus milk fat and protein content. Milk testing laboratories are
equipped with automated sample handing equipment that al-
lows thousands of samples to be analyzed daily. In addition,
electronic transmission of results downloaded to on-farm com-
puters is common. These data are used on a daily basis for herd
management. Milk testing laboratories could thus adapt para-
tuberculosis ELISA technology to expand the services they
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provide to dairy producers and more cost-effectively test dairy
cattle. Unfortunately, at present there are no USDA-licensed
kits validated for testing milk samples for antibodies to M.
paratuberculosis.

Organism detection tests for paratuberculosis will remain a
mainstay for the definitive diagnosis of paratuberculosis. Iso-
lation of M. paratuberculosis in liquid or on solid medium not
only provides the most sensitive and specific diagnostic method
available but also offers the ability to complete molecular stud-
ies that increase our understanding of the epidemiology and
microbial ecology of this pathogen (3, 39). Genetics-based
diagnostic tests have not yet matched the accuracy of culture-
based diagnostics for paratuberculosis and fail to provide via-
ble organisms for further study (9, 11, 20, 24). If M. paratuber-
culosis becomes classified as a zoonotic pathogen and for
adequate food safety it is decided that dairy and beef products
only originate from paratuberculosis test-negative herds, the
need for all types of paratuberculosis diagnostics on multiple
types of animals and possibly humans will be enormous.
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