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ABSTRACT
The purpose of this research was to evaluate herd and cow-level Mycobacterium
avium subspecies paratuberculosis (MAP) diagnostic tests within non-infected and low
to moderate within-herd prevalence MAP-infected herds. Specific objectives were to
estimate herd-level sensitivity and specificity of environmental culture and milk ELISA,
determine predictors influencing herd test characteristics, evaluate cow-level test
characteristics and between-test agreement of commercial milk ELISAs, and quantify
additional diagnostic information gained from repeating a milk ELISA test.
A longitudinal study was conducted between May 2009 and February 2011 on 34
dairy herds from Prince Edward Island, Nova Scotia, and New Brunswick.
Environmental manure samples were collected every 3 mo, and cow manure and milk
samples were collected from all lactating cows in the herd every 6 mo. Pooled fecal
culture was used to establish MAP herd status. Individual fecal culture from cows within
positive fecal culture pools was used to determine apparent within-herd MAP prevalence.
Cow and environmental manure samples were cultured in a broth system, with
confirmatory PCR targeting the hspX gene. Milk samples were analyzed using 3
commercial milk ELISAs. For herd-level statistical analyses, pseudogold standard
methods were applied (herd reference: repeated pooled fecal culture). For cow-level test
characteristics, pseudogold standard methods (reference: fecal culture) and latent class
analyses were performed. Generalized estimating equation models accounted for repeated
measures.
Herd sensitivity of environmental culture was 71%, and specificity was 99%.
Herd sensitivity of 3 milk ELISAs ranged from 56 – 63%, and herd specificity from 80 –
v

96%. Herd sensitivity of both environmental culture and milk ELISA improved as
within-herd MAP prevalence increased. However, environmental culture sensitivity was
higher at lower within-herd prevalence than herd milk ELISA tests, indicating
environmental culture is a more appropriate test to detect low-prevalence herds. The
proportion of positive samples within an environmental culture set was positively
associated with within-herd MAP prevalence, establishing that environmental culture
provides an estimation of within-herd prevalence for further risk management decisions.
Evaluation of cow-level milk ELISA results revealed between-test agreement was
low for positive ELISA tests. Cow-level milk ELISA sensitivities ranged from 28 – 35%,
and specificities from 99 – 100%, and were not different for pseudogold standard
methods or latent class models. Likelihood ratios indicated that cows with ELISA results
in the uppermost quantitative category had a greater likelihood of MAP fecal shedding,
necessitating specific management strategies for these cows. When a milk ELISA test
was repeated 12 mo later, sensitivity increased from 26% for the initial test only, to 45%
for the combined tests, while specificity decreased minimally. A repeated milk ELISA
test substantially improves the probability to detect a MAP-infected cow, and should be
considered for a herd control program.
Development of effective herd and cow-level paratuberculosis testing programs is
essential for the implementation of a successful MAP control program. Our herd-level
analyses provide an estimation of the impact of within-herd prevalence on herd test
characteristics, which will assist in selection of appropriate herd tests. Our cow-level
ELISA analyses provide test characteristics of commercially available ELISAs, and
extend the use of ELISA results beyond a single dichotomous outcome. Consideration of
vi

our quantitative ELISA results and interpretation of repeat ELISA tests will further
improve management recommendations for the development of successful MAP control
programs.
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CHAPTER 1. GENERAL INTRODUCTION

Paratuberculosis (Johne’s disease) is a chronic, infectious enteritis of dairy cattle
caused by Mycobacterium avium subspecies paratuberculosis (MAP) (Chiodini et al.,
1984). Paratuberculosis has long been recognized by the veterinary community as a
serious disease affecting cattle. The first report of this condition dates back to 1826, and
through the efforts of illustrious scientists such as Johne, Frothingham, Koch, and Bang,
came to be known as Johne’s disease in 1905 (Chiodini et al., 1984). Despite a disease
history stretching back almost 200 years, MAP continues to challenge researchers in
regards to diagnosis, treatment, and control.
Paratuberculosis has been reported worldwide (Collins, 2003; Singh et al., 2013),
and the natural hosts are domesticated and wild ruminants, including dairy cattle, beef
cattle, sheep, goats, cervids, camelids, and red deer (Kennedy and Benedictus, 2001).
There have also been reports of a wide range of non-ruminant wildlife species carrying
MAP, including, but not limited to, rabbits (Raizman et al., 2005), rhinoceros (Bryant et
al., 2012), equines, primates, rodents, and birds (Münster et al., 2013). Although these
non-ruminant species represent risks as potential MAP reservoirs, proof of transmission
is still required (Hutchings et al., 2010).
1.1 Mycobacterium avium subspecies paratuberculosis
The MAP organism is a member of the Mycobacterium avium complex, which is
divided into 2 species of slow-growing, nontuberculous mycobacteria: M. intracellulare
and M. avium (Pfyffer, 2006). The M. avium species is further divided into 4 subspecies,
M. avium subsp. paratuberculosis, M. avium subsp. avium, M. avium subsp. silvaticum,
1

and M. avium subsp. hominissuis (He and De Buck, 2010). The MAP organism is
differentiated from other members of the M. avium complex by the presence of unique
genes, including IS900 (Green et al., 1989), and hspX (Ellingson et al., 1998).
Mycobacterium avium subsp. paratuberculosis is an aerobic, acid-fast bacillus,
and is 0.5 – 1.5 µm long (Clarke, 1997). In culture, MAP is slow-growing, with a
doubling time of 22 – 26 hr, compared to 10 – 12 hr for M. avium subsp. avium
(Bannantine et al., 2003). The bacterium is fastidious to culture because, unlike most
mycobacteria, MAP does not produce iron-chelating mycobactin, and therefore requires
an exogenous mycobactin source when cultured (Clarke, 1997). The organism has a
hydrophobic, thick, and waxy outer cell well (Pfyffer, 2006), which contributes to the
organism’s antibiotic resistance, and its ability to survive in a variety of environmental
conditions (He and De Buck, 2010).
The MAP organism is an obligate intracellular pathogen, and cannot replicate
outside the host (Harris and Barletta, 2001; Bannantine and Stabel, 2002). However, it is
able to survive for up to one year in the environment if it is protected from sunlight
(Whittington et al., 2004). While mycobacteria are typically sensitive to ultraviolet light
(sunlight), they are not easily destroyed by heat, freezing or desiccation, acid or alkaline
compounds, or chemical agents (Pfyffer, 2006).
1.2 Transmission
It is a commonly held assumption that cattle are primarily infected with MAP as
calves, and become more resistant to infection as they age (Hagan, 1938; Taylor, 1953;
Larsen et al., 1975; Chiodini et al., 1984). A meta-analysis of infection studies concluded
that there was a significant difference in age susceptibility to infection between adults
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and calves less than 6 mo of age and between adults and calves 6 – 12 mo of age
(Windsor and Whittington, 2010). Evidence from experimental infection studies suggest
that the proportion of successfully infected calves is expected to be 75% in calves < 6
mo, 50% in calves 6 – 12 mo, and 20% in cattle > 12 mo (Windsor and Whittington,
2010). A recent calf infection study confirmed that calves up to 1 yr of age were more
susceptible to MAP infection, although calves inoculated at < 6 mo of age typically had
more culture-positive tissue locations (Mortier et al., 2013). Although cows can be
infected with MAP when exposed to the bacterium as an adult, they are less likely than
exposed calves to be seropositive or fecal culture-positive, or to be culled from the herd
due to clinical signs of paratuberculosis (Espejo et al., 2013). Data from previous studies
are considered insufficient to determine the age at which susceptibility diminishes in
adults, compared to calves (Windsor and Whittington, 2010).
The most relevant natural route of infection with MAP is considered to be
ingestion of the bacterium in fecal-contaminated feed, milk, colostrum or water (Stabel,
1998; Tiwari et al., 2006; Begg and Whittington, 2008). Milk can also be contaminated
with MAP due to heterogeneous spread of the bacterium into the milk of infected cows,
with a higher prevalence of milk infection occurring in heavy fecal shedding cows,
compared to cows shedding low levels of MAP (Streeter et al., 1995; Sweeney et al.,
1992a). Contaminated environments may also be sources from which the bacterium
might be ingested. The MAP bacterium percolates slowly through soil, and remains on
grass and in the upper soil levels, representing a risk of ingestion for grazing cattle
(Salgado et al., 2011). The organism can survive for 1 year in the water and sediment of
shaded water troughs (Whittington et al., 2005). The bacterium has also been detected in
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biofilms, including those present in cattle watering troughs (Cook et al., 2010). In
addition, viable MAP has been detected in settled dust in dairy barns, and it has been
suggested that bioaerosols may pose a MAP infection risk (Eisenberg et al., 2010;
Eisenberg et al., 2012). Furthermore, a calf infection study indicated that inhalation of
aerosolized MAP can result in infection (Eisenberg et al., 2011).
Another documented route of infection is vertical transmission from an infected
dam to a fetus in utero (Seitz et al., 1989; Sweeney et al., 1992b). A review and metaanalysis identified that vertical transmission is a relevant concern that should be
addressed in herd control programs (i.e. calves from cows identified infected by histology
or microbiology should be removed from the herd) (Whittington and Windsor, 2009).
However, the review also recognized the need for further research in order to better
understand and intervene in the route of in utero transmission (Whittington and Windsor,
2009).
Infection studies have demonstrated that a higher infection dose produces more
severe tissue lesions than a lower dose (Begg and Whittington, 2008; Mortier et al.,
2013), as well as a shorter lag phase between infection and an observed immunological
response (O’Brien et al., β006). The greater the dosing frequency, the less likely a calf
will mount an adequate immune response to clear MAP infection in the interval between
doses (Begg and Whittington, 2008). The exact concentration of MAP, and number and
frequency of oral doses, required to result in MAP infection is unknown, and these
parameters have varied greatly in infection studies (Begg and Whittington, 2008).
However, results of these infection studies suggest that the higher the MAP burden and
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the more frequently the calf is exposed to it, the more likely that MAP infection will
occur.
1.3 Host Response
After ingestion, MAP organisms enter ileal tissues through M cells, specialized
nonvillous epithelial cells in the Peyer’s patches of the ileum (Momotani et al., 1988).
After crossing the intestinal epithelial layer, the organism is phagocytosed by subepithelial macrophages (Singh et al., 2013). The bacterium resists degradation by residing
and replicating within immature phagosomes, inhibiting phagosomal maturation
processes that normally result in destruction of intracellular bacteria (Hostetter et al.,
2003). In addition, MAP decreases macrophage apoptosis, delaying the immune system’s
exposure to, and recognition of, the bacterium (Kabara and Coussens, 2012). Intracellular
survival of MAP within these macrophages is key to its pathogenicity (Hostetter et al.,
2003). When the macrophage’s phagosomes are able to process the bacterium and present
it to T lymphocytes, the immune process begins (Stabel, 2000).
Initially, a cell-mediated immune response predominates, with production of Thelper lymphocytes, which produce the cytokine interferon-gamma (IFN- ) (Stabel,
2000). This cell-mediated response is a critical defense against MAP infection, and is
usually mounted prior to the development of antibody production (Chiodini, 1996). In
some cows, the cell-mediated immune response may be adequate to control or eradicate
MAP infection (Mikkelsen et al., 2009). In cows in which cellular immunity is unable to
control infection, the cell-mediated response diminishes and the humoral response begins
to predominate (Stabel, 2000), with the production of non-protective antibodies and
cytokines (interleukin-4 and interleukin-10) (Sweeney, 2011). In cattle, the predominant
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antibody produced in response to MAP infection is immunoglobulin G (IgG) (Abbas and
Riemann, 1988).
1.4 Pathogenesis
1.4.1. Silent Infection
In the early stages of infection, host defenses are able to contain the MAP
infection, and only slow proliferation and spread of MAP within the ileal submucosa and
mesenteric lymph nodes occurs (Sweeney, 2011). This stage of infection, which generally
lasts for 2 or more years, is often termed silent infection because the animal shows no
clinical or subclinical signs of infection, and fecal shedding of the bacterium and an
antibody response are not yet detectable (Whitlock and Buergelt, 1996). Although the
MAP infection is being controlled and contained at this stage, MAP antigens within the
intestinal submucosa and mesenteric lymph nodes elicit an anti-inflammatory response,
as the host attempts to contain the infection. As additional macrophages and lymphocytes
are attracted to the area of infection, granuloma formation occurs (Sweeney, 2011).

1.4.2. Subclinical Infection
Although the granulomatous inflammation contains the MAP infection for a
period of time, eventually the infection overtakes the immune response (Sweeney, 2011).
This appears to happen at the same time as the cell-mediated immunity wanes and the
humoral immune response takes over (Stabel, 2000), and at this point, infection
progresses more rapidly (Sweeney, 2011). As the immune response starts to lose control
of the infection, MAP is shed in increasing quantities in the feces, and the MAP organism
spreads to other tissues in the body. This stage is termed subclinical infection, because
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although the cow typically does not show clinical signs, subclinical effects begin to
manifest (Whitlock and Buergelt, 1996). Potential subclinical manifestations of
paratuberculosis include decreased milk production (Nielsen et al., 2009) and infertility
(Stabel, 1998).
Detection of MAP infection is challenging at this stage. Fecal shedding of the
bacterium can be intermittent (Nielsen, 2008), and antibody development may not yet be
detectable (Sweeney, 2011). Literature results suggest that a detectable antibody response
may occur either after detection of bacterial shedding (Lepper et al., 1989; Sweeney et
al., 2006), or before detection of bacterial shedding (Nielsen, 2008). This variation
between time to occurrence of bacterial shedding and occurrence of antibody response
may be related to the disparity in infectious dose the calf is exposed to (Nielsen and Toft,
2008). There is a correlation between bacterial shedding and antibody (IgG) response,
and cows shedding MAP generally have higher concentrations of IgG antibodies (Koets
et al., 2001). The variation in time to occurrence of either response, as well as the
intermittent nature of these host responses, translates to poor diagnostic test sensitivity
during this stage. The practical implication is that during this stage, infected cows more
frequently test negative than at later stages. However, these false-negative cows may shed
low numbers of MAP in their feces, contaminating the herd environment and posing an
infection threat to susceptible animals (Tiwari et al, 2006). The duration of subclinical
fecal shedding is variable, and some cows show clinical signs within 6 mo of detectable
fecal shedding, while others may shed MAP in their feces for years without
demonstrating clinical signs of infection (Sweeney, 2011).

1.4.3. Clinical and Advanced Clinical Infection
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As granulomatous lesions in the jejunum, ileum, cecum, and to a lesser extent,
colon, as well as mesenteric lymph nodes, become more severe, the lining of the small
intestine (particularly the ileum) becomes thickened due to the cellular infiltration
(Stabel, 1998). This inflammation results in malabsorption, diarrhea, and a protein losing
enteropathy (Stabel, 1998). These pathological changes lead to the clinical and advanced
clinical signs of the disease, which are progressive weight loss, profound watery diarrhea,
and diffuse edema (Whitlock and Buergelt, 1996). Age at onset of clinical signs is
variable, most frequently considered to range from 2 to 5 yr (Larsen et al., 1975),
although onset of clinical signs has been noted in cows up to 10 yr of age (Whitlock and
Buergelt, 1996). During the clinical and advanced clinical stages, most cows demonstrate
both an antibody response and bacterial shedding (Tiwari et al., 2006). Only 10 to 15% of
infected animals reach this clinical stage of paratuberculosis, because the majority are
culled due to productivity losses in the earlier subclinical stages of disease (Abbas et al.,
1983).
1.5 Diagnostic Testing and Target Condition
Available ante-mortem paratuberculosis tests are based on either detection of the
organism (fecal culture and fecal polymerase chain reaction (PCR)), or detection of an
immune response (IFN- or IgG). Fecal culture is considered the most sensitive and
specific ante-mortem paratuberculosis diagnostic test (Whitlock et al., 2000). However,
compared to other available cow-level tests, it is the most costly (e.g. $35 to $60), and
takes the longest to complete (12 to 16 wk) (Tiwari et al., 2006). Fecal PCR is a much
faster laboratory procedure than culture, with a 4 d turnaround (Tiwari et al., 2006).
There have been considerable improvements to the procedure in the last decade, and the
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sensitivity may approach that of fecal culture, although fecal culture remains the
definitive reference standard in research applications (Bölske and Herthnek, 2010).
Immune-based diagnosis of paratuberculosis includes detection of a cell-mediated
immune response, or more specifically, IFN- . Because some animals with a positive
IFN- response may be able to control and eradicate MAP infection, this test is used only
to determine if an animal has been exposed to MAP (Mikkelsen et al., 2009). Finally,
antibody (IgG) levels can be measured in serum and milk using enzyme-linked
immunosorbent assays (ELISA), which measure an optical density level that correlates to
the antibody response. These tests have a quick turnaround time (1 d) and are costeffective (e.g. $10) (Tiwari et al., 2006). It should be noted that costs of diagnostic tests
vary from laboratory to laboratory, and costs provided here are intended to provide an
example of the difference in costs between fecal culture and milk ELISA. They are not
inclusive of all possible testing costs.
When diagnostic tests are evaluated, it is important to establish the target
condition (Nielsen and Toft, 2008), which reflects the underlying MAP status being
detected (affected, infectious, or infected cows or herds) (Gardner et al., 2011). Affected
cows demonstrate at least 1 clinical sign of paratuberculosis (Nielsen and Toft, 2008).
Infectious animals shed MAP, and are a risk for infection to susceptible herdmates
(Nielsen and Toft, 2008). This target condition also includes cows that are affected
because affected cows are also shedding MAP (Nielsen and Toft, 2008).
Infected animals carry MAP intracellularly (Nielsen and Toft, 2008). In an animal
infected with MAP, MAP infection has persisted to the point that the cow may
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demonstrate an immunological response at any point during her life, and it is assumed
that once infection is established, it persists for life (Nielsen and Toft, 2008). The
infected target condition also includes affected and infectious cows because affected and
infectious cows are clearly infected.
At the herd level, Gardner et al. (2011) recognized an infected herd as a target
condition, which is a herd that has at least 1 infected cow. The Gardner et al. (2011)
consensus document does not include infectious or affected target conditions for herds.
Presumably, an infectious herd has at least 1 infectious cow, and an affected herd has at
least 1 affected cow.
Relative to the four stages of disease discussed earlier (silent, subclinical, clinical,
and advanced clinical stages of disease), the affected target condition includes cows in
the clinical or advanced clinical stages of disease. The infectious target condition
encompasses cows that are in the subclinical, clinical, and advanced clinical stages of
disease. Finally, the infected target condition could exist within any of the 4 disease
stages that describe paratuberculosis.
1.6 Economic Impact
Productivity losses are a key factor in the economic cost of paratuberculosis.
Some of the more substantial impacts on productivity include decreased milk production
(Benedictus et al., 1987; Wilson et al., 1993; Nordlund et al., 1996; Lombard et al., 2005;
Tiwari et al., 2007; Nielsen et al., 2009), increased risk of culling (Wilson et al., 1995;
Lombard et al., 2005; Tiwari et al., 2008), decreased slaughter value (Benedictus et al.,
1987; Chi et al., 2002), and decreased slaughter weight (Johnson-Ifearulundu et al.,
1999). These production losses have an economic cost of $200-250 million annually to
10

the United States dairy industry (Ott et al., 1999). Direct economic impact to the
Canadian Maritime provinces has been conservatively estimated at $0.84 million
annually (Chi et al., 2002), with a projected cost of $15 million annually to the whole of
the Canadian dairy industry (McKenna et al., 2006b). To the author’s knowledge, there
are not more recently published estimates of the economic impact of paratuberculosis in
Canada or the United States. Potentially, the economic burden is now greater, due in part
to the realities of inflation and rising costs of dairy production, and also because herdlevel prevalence of paratuberculosis has increased over the last decade (Lombard et al.,
2008).
In addition to the substantial production limiting impacts of the disease, a further
motivation to diagnose infection and control the spread of MAP is the concern of a
possible association between the bacterium and Crohn’s disease in humans (Sanderson et
al., 1992; Bull et al., 2003; Naser et al., 2004). Systematic reviews and meta-analyses
have concluded that, while there does appear to be an association between MAP and
Crohn’s disease, further work is required to fully understand the pathogenesis of any such
association (Feller et al., 2007; Abubakar et al., 2008; Barkema et al., 2011). Although
the zoonotic potential of MAP remains uncertain, it is paramount that the dairy industry
makes a full effort to minimize human exposure to the organism.
1.7 Prevalence
The majority of animal-level, within-herd and herd apparent prevalence estimates
available from large scale, randomized studies are based on serum ELISA testing.
Because ELISAs have a low sensitivity (McKenna et al., 2005), these estimates are likely
underestimates of the true prevalence. In a seroprevalence study of 90 randomly selected
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herds in the Canadian Maritime provinces, 2.6% of cows were seropositive (animal-level
prevalence), and 17% of herds were MAP-positive (herd prevalence). Within MAP
seropositive herds, the average within-herd test prevalence was 8.5% (VanLeeuwen et al.,
2001). In a seroprevalence study of 1,004 herds in the United States, 3.4% of cows
(animal-level prevalence) and 22% of herds (herd prevalence) were MAP-seropositive
(Wells and Wagner, β000). More recently, the Ontario Johne’s Education and
Management Assistance Program has, to date, performed whole herd milk ELISA testing
in 2,215 herds in Ontario, Canada. Twenty-six percent of these herds had at least 1
ELISA-positive cow (herd prevalence). Of the 146,704 cows tested, 1% were milk
ELISA-positive (animal-level prevalence) (Ontario Johne’s Education and Management
Assistance Program, 2013).
When looking at organism detection methods, composite environmental fecal
samples have been used to estimate that 68% of American dairy herds were MAPpositive (USDA, 2008). These US data have recently been re-analyzed using Bayesian
methods to correct for test characteristics, and a herd prevalence of 91% was projected
(Lombard et al., 2012). The authors noted this estimate was not comparable to previous
studies due to different testing methods and herd classification criteria. Comparison
between prevalence studies is often limited because of such differences. Despite variation
in estimates, paratuberculosis is generally considered an infection with a low to moderate
within-herd prevalence (Lombard, 2011).
1.8 Control Programs
There is not an approved vaccine for paratuberculosis in Canada, and only 1
licensed in the United States (Patton, 2011). While the vaccine decreases clinical disease

12

and fecal shedding, it does not prevent infection, and has not been widely used (Patton,
2011). Use of the vaccine is further limited because a permanent granulomatous lesion
often develops at the vaccination site (Larsen et al., 1978). There is also no treatment that
definitively cures paratuberculosis, and no treatment approved for use in food-producing
cattle (Fecteau and Whitlock, 2011). There are therapeutic agents that will reduce or
alleviate clinical signs, but these must be given for the life of the animal, and are typically
only used on animals with substantial economic or genetic value (Fecteau and Whitlock,
2011).
Given that there is no effective treatment or vaccination available to cure or
prevent paratuberculosis infection, management of the disease relies on successful MAP
control programs (Garry, 2011). The United States’ National Voluntary Bovine Johne’s
Disease Control Program suggests 3 sequential steps for a MAP control program:
producer education, followed by development of a risk assessment and management plan,
and finally establishment of a cow-level testing program (Whitlock, 2010).
Before developing a MAP control program for a herd, it is necessary to establish
whether or not a herd is infected, and obtain an estimate of the MAP within-herd
prevalence (Garry, 2011). Using this herd-level information, development of a MAP
control program can proceed. The control program is individualized for a herd, by taking
into consideration factors such as MAP herd-status and within-herd prevalence, as well as
herd risk factors identified during development of a herd risk assessment and
management plan. The last step in a MAP control program, for MAP-infected herds, is to
develop an ongoing cow-level testing program. The purpose of cow-level testing is to
identify cows that are most infectious (Garry, 2011), and when test results are used to
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initiate management changes for MAP-infectious cows, the return on investment is
usually justified (Dorshorst and Lombard, 2006).
1.9 Limitations in Paratuberculosis Research
Despite the expectation that the majority of MAP-infected herds experience low
to moderate within-herd prevalence (Lombard, 2011), many paratuberculosis studies
evaluating herd and cow-level test characteristics have selected known MAP-positive
herds, often having high within-herd prevalence, as the study population. While this
strategy maximizes the use of valuable research dollars, external validity can be
compromised. At the herd-level, test characteristics are influenced by the true within-herd
prevalence (Christensen and Gardner, 2000). At the cow-level, the impact of within-herd
MAP prevalence on cow-level test characteristics is not as well documented. However,
statistical modeling suggests that disease prevalence can cause variation in sensitivity and
specificity estimates made from different populations (Brenner and Gefeller, 1997).
Greiner and Gardner (2000) also note increasing evidence that, for many tests, the
sensitivity and specificity vary with the characteristics of the population to which they are
applied. It is therefore challenging to extend herd and cow-level test characteristics,
developed in high-prevalence study herds, to target herds with low to moderate withinherd MAP prevalence.
Another limitation in previous paratuberculosis research is the infrequent use of a
longitudinal study design to establish a case definition for the test under evaluation.
Repeated sampling maximizes identification of MAP-infected low prevalence herds
(Wells et al., 2002; Kalis et al., 2004) and is recommended for establishment of a MAPnegative herd status in control programs (Collins et al., 2005). Kalis et al. (2004) studied
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90 herds with no previous history of paratuberculosis, and which were closed for 3 yr
prior to study initiation, as well as during the 5 yr longitudinal study. Pooled fecal
cultures were collected every 6 mo from the closed herds. Fourteen percent of herds were
detected by pooled fecal culture at the start of the study, and 61% of the herds were found
to be infected by the end of the study, indicating that repetition of pooled fecal culture
minimizes risk of misclassification of low prevalence MAP-infected herds (Kalis et al.,
2004). Our research project was also designed with repeated pooled fecal culture testing
to provide a strong herd case definition, against which diagnostic tests were evaluated.
1.10 Thesis Objectives
A case definition is required for diagnostic test evaluation, providing a practical
definition of the target condition using a reference standard (Gardner et al., 2011). At the
herd-level, testing options for determination of herd MAP status include individual or
pooled fecal culture, culture of environmental samples, and ELISA on milk or serum.
Performing individual cow fecal cultures on an entire herd is generally cost-prohibitive
for determining herd MAP-status, as fecal culture is the most expensive cow-level test
(Tiwari et al., 2006). Individual fecal culture specificity approaches 100% (Nielsen and
Toft, 2008), but sensitivity is limited, with estimates ranging from 23% (McKenna et al.,
2005) to 29% (Whitlock et al., 2000) for infected cows and 74 to 89% for infectious
animals, depending on the culture method used (Sockett et al., 1992). Pooling individual
cow fecal samples by cow-age, with 5 cows per pooled fecal culture, substantially
decreases cost and is both highly sensitive and specific, relative to individual culture, for
determination of herd MAP status (Kalis et al., 2004). Wells et al. (2003) reported that
pooled fecal culture confirmed 16 of the 17 herds detected with individual fecal culture,
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equating to a herd-level sensitivity (HSe) of 94% for pooled fecal culture. Nine of the 17
herds had a prevalence of infection < 10%, based on individual fecal culture, and the 1
herd detected positive by individual culture, but negative with pooled fecal culture, had
only a single light shedding cow. In the same study, herd-level specificity (HSp) of 100%
for pooled fecal culture, relative to individual fecal culture, was reported (Wells et al.,
2003). Repeated pooled fecal culture was used in this project to establish a herd-level
case definition, against which herd-level tests were evaluated.
At the cow-level, case definitions vary based on the target condition of interest. In
Chapter 5, the target condition was a MAP-infectious cow, which is a cow excreting
adequate amounts of MAP to possibly infect a non-infected cow (Gardner et al., 2011).
MAP-infectious cows are a subset of MAP-infected cows. In Chapter 6, the target
condition was a MAP-infected cow, which is a cow that has MAP in its tissues (Gardner
et al., 2011). For both target conditions, case definitions were developed from results of
individual fecal culture.

1.10.1 Herd-level Detection of MAP: Environmental Culture
Environmental culture (EC) is a relatively cost-effective and non-invasive herd
diagnostic tool for MAP detection (Berghaus et al., 2006; Lombard et al., 2006b). The
majority of EC research to-date has been performed in large herds with a history of
paratuberculosis or higher within-herd MAP prevalence than what might be expected in
many dairy herds. For example, the proportion of MAP-positive herds within EC studies
ranged from 53% (Lombard et al., 2006b) to 100% (Berghaus et al., 2006). Fecal culture
within-herd prevalence ranged from 2.0% (Pillars et al., 2009a) to 13.6% (Smith et al.,
2011). The performance of EC is inferior in low prevalence herds compared to herds with
16

a higher prevalence (Smith et al., 2009; Pillars et al., 2009a; Pillars et al., 2009b; Smith et
al., 2011; Tavornpanich et al., 2012), and there is a need for a more thorough
investigation of EC test characteristics in low prevalence herds (Pillars et al., 2009a;
Pillars et al., 2009b). Although control programs and consensus documents recommend
that an EC sampling protocol includes the collection of 6 composite samples from the
herd environment (Collins et al., 2006; USDA, 2008), different sampling procedures
were used in previous evaluations of EC (Raizman et al., 2004; Berghaus et al., 2006;
Pillars et al., 2009a; Pillars et al., 2009b). The objectives of Chapter 2 are therefore to
evaluate EC test characteristics, using an industry-recommended sampling protocol
applied to test-negative, low prevalence and high prevalence herds. In this way, the
performance of EC in a practical field setting, similar to what would be expected in
comparable dairy industries, could be evaluated.

1.10.2 Herd-level Detection of MAP: Milk ELISA
A second method of determining herd MAP status is to test individual lactating
cows with a milk ELISA and compile results at the herd-level. Milk ELISA herd testing
is both inexpensive and rapid compared to fecal culture (Tiwari et al., 2006), and is easy
to implement in dairy herds which participate in Dairy Herd Improvement (DHI)
programs involving monthly individual cow milk collection. Reported estimates of milk
ELISA HSe are 61% (Lombard et al., 2006a), 83% (Klausen et al., 2003), and 92%
(Hendrick et al., 2005a). However, these estimates were limited in their applicability
because the study herds were not fully representative of the industry (Klausen et al.,
2003), or a herd reference standard was not used to evaluate the milk ELISA results
(Hendrick et al., 2005a). In addition, the impact of within-herd MAP prevalence on milk
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ELISA HSe has not been evaluated (Lombard et al., 2006a). Within-herd prevalence
impacts herd-level test characteristics (Christensen and Gardner, 2000), and it is
necessary to quantify this effect when attempting to apply the test at the herd-level.
As published in consensus documents, the cow-level specificity of the milk
ELISA is slightly lower than that of fecal culture (99.0 ± 1.0 for milk ELISA compared to
99.9 ± 0.1 for fecal culture) (Collins et al., 2006). Although this difference may seem
minor, when the test is applied at the herd-level in a MAP-negative or very low
prevalence herd, the imperfections in specificity at the cow-level are magnified. Given
the potential negative impact that a false-positive herd diagnosis can have, it is imperative
to evaluate the HSp of the milk ELISA. Estimates of milk ELISA HSp range from 66%
(Hendrick et al., 2005a) to 100% (Klausen et al., 2003). These HSp estimates are
relatively unreliable because the studies had either few or no MAP-negative herds
included (Klausen et al., 2003), or the herd MAP-status was unknown (Hendrick et al.,
2005a). The objectives of Chapter 3 are to evaluate herd-level test characteristics of the
milk ELISA, and to investigate the impact of herd-level factors on these test
characteristics.

1.10.3 Cow-level Agreement Between Three Commercial Milk ELISAs
Several commercial milk ELISA kits are available for cow-level paratuberculosis
diagnosis. Fecal culture is often used as a reference test for evaluation of milk ELISA
performance. However, milk ELISA measures antibody response, which can occur more
than a year prior to the bacterial shedding detected with FC (Nielsen, 2008). Given the
relatively low sensitivity of the milk ELISA relative to fecal culture, it is important to
determine if the milk ELISA test results at minimum agree with each other, and also if
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false-positive and false-negative results are consistent between kits. The number of
studies evaluating agreement between serum ELISAs or between serum and milk ELISA
kits is limited (Hendrick et al., 2005b; McKenna et al., 2006a; Lombard et al., 2006a).
However, agreement among commercial milk ELISA kits has not been evaluated. The
first objective of Chapter 4 is to quantify between-test agreement of commercial milk
ELISA kits at the cow-level.
Although milk ELISA Se was found to increase with progressive stages of
paratuberculosis (Nielsen and Toft, 2008), and also with cow age (Nielsen and Toft,
2006), it is not known if agreement between milk ELISA tests is similarly affected by
these cow-level factors. The influence of within-herd MAP prevalence on between-test
agreement is also not known. Consensus recommendations are that the milk ELISA may
be an appropriate cow-level test for control in herds with > 10% MAP-positive ELISA
results (Collins et al., 2006). However, paratuberculosis is considered a disease of low to
moderate within-herd prevalence (Lombard, 2011). As a result, many producers and
veterinarians may attempt to interpret cow-level milk ELISA results in herds below the
consensus prevalence recommendation. Therefore, the second objective of Chapter 4 is to
evaluate herd and cow-level factors influencing positive milk ELISA between-test
agreement.

1.10.4 Cow-level Test Characteristics and Likelihood Ratio Interpretation of
Commercial Milk ELISA Kits
Estimates of test characteristics in MAP infectious cattle range from 21%
(Lombard et al., 2006a) to 61% (Hendrick et al., 2005b) for sensitivity, and from 95%
(Klausen et al., 2003; Hendrick et al., 2005b) to 98% (Lombard et al., 2006a) for
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specificity. For MAP-infected cattle, sensitivity estimates are sparse, and have been
estimated up to 39% (Nielsen et al., 2002). Specificity estimates for detection of MAPinfected cattle range from 96% (Nielsen et al., 2002) to just under 100% (Collins et al.,
2005). Comparison between these estimates is limited because of differences in factors
such as study population, case definitions, and statistical methods. In addition, many of
these milk ELISA test characteristics have been based on in-house procedures that are not
commercially available (Nielsen et al., 2002; Klausen et al., 2003; Collins et al., 2005;
Hendrick et al., 2005b; Lombard et al., 2006a). Because test characteristics can vary
substantially between different kits, it is very important to understand test characteristics
of the particular ELISA being applied to a herd (Nielsen, 2009), which in practice is often
a commercial ELISA kit.
In addition to limited use of commercially available kits in previous publications,
there is also a limited number of milk ELISA specificity estimates from non-infected
herds. For paratuberculosis, specificity of milk ELISAs is best estimated within herds that
had multiple negative reference tests of all adult cattle (Collins et al., 2005). Collins et al.
(2005) evaluated an in-house milk ELISA in 7 uninfected herds (359 cows) and estimated
a specificity of just under 100%. There is only 1 published paper estimating a commercial
milk ELISA kit’s specificity from established non-infected herds (Van Weering et al.,
2007). In that study, data were used from 10 herds (435 cows) certified MAP-free in the
Dutch control program to evaluate test characteristics of a commercial milk ELISA, and
specificity was 100%.
Two statistical methods are commonly used to estimate diagnostic test
characteristics. The first, and more traditional approach, is to compare the test under

20

evaluation to a pseudogold (reference) standard. This approach has been used in several
studies estimating milk ELISA test characteristics (Collins et al., 2005; Hendrick et al.,
2005b; Lombard et al., 2006a; van Weering et al., 2007), and therefore an estimate
produced using a pseudogold standard can be readily compared to other publications. As
an alternative, Bayesian latent class models allow evaluation of test characteristics in the
absence of a gold standard reference test (Hui and Walter, 1980; Vacek, 1985; Joseph et
al., 1995; Enoe et al., 2000; Dendukuri and Joseph, 2001). Given that there is no perfect
ante-mortem diagnostic test for paratuberculosis (Gardner et al., 2011), an advantage of
this methodology is that the test under evaluation is not compared to a reference test, but
rather the latent disease state of the cow. The first objective of Chapter 5 is to evaluate
cow-level milk ELISA sensitivity and specificity for 2 commercially available milk
ELISA kits to detect MAP-infectious cows, using both pseudogold standard methods and
latent class models (no gold or pseudogold standard).
Commercial milk ELISA kits produce a quantitative answer, which is converted
to a dichotomous result, based on a manufacturer-recommended cutoff. This
dichotomization potentially results in loss of information, as the magnitude of an ELISA
response correlates with MAP-infectious status (Nielsen, 2007). Levels of ELISA
response represent distinct likelihoods for a cow to be MAP infectious, and the
magnitude of this likelihood can be estimated with likelihood ratios (LR) (Collins, 2002;
Collins et al., 2005), which create a simple decision-making tool for producers and
veterinarians, based on quantitative ELISA values (Collins, 2002; Naugle et al., 2003).
Collins (2002) pointed out that these LR may be geographically specific. Coupled with a
lack of published LRs for commercial kits applied to milk samples, it is useful and
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practical to estimate categorical LR, using commercial ELISA kits, which can be applied
to the dairy industry. The second objective of Chapter 5 is therefore to evaluate the
likelihood of a cow to be MAP-infectious, based on categories of quantitative ELISA
output.

1.10.5 Evaluation of Repeated Cow-level Milk ELISA Testing
Given the chronic progressive nature of paratuberculosis, a potential strategy to
improve detection of MAP-infected cows is repeated milk ELISA testing. This testing
strategy involves both an initial milk ELISA test, as well as a follow-up milk ELISA test,
repeated at a specified test interval. Rather than attempting to diagnose a cow using a
single ELISA result, initial and repeat test results are evaluated together. In cows > 3 yrs
of age, repeated milk ELISA results perform significantly better than a single result
(Huda et al., 2004). However, it has also been reported that there is variability in repeated
serum ELISA tests (Hirst et al., 2002), and that comparing current serum ELISA output
to previous results provides minimal advantage over evaluating the current ELISA result
(Sweeney et al., 2006).
Although repeated milk ELISA testing has the potential to increase detection of
MAP-infected cows, it is necessary to quantify the information gained from a repeat
ELISA test before recommending this practice to producers. If repeat testing has merit, it
is also necessary to evaluate a testing interval that would potentially be both
economically feasible and convenient for producers. For example, a test interval applied
annually at a pre-determined point in a cow’s lactation cycle, using a milk sample that is
already being collected as part of routine herd milk testing, may be acceptable to many
producers from both a convenience and cost perspective. Consideration of cow-level
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factors, such as age at repeat testing and magnitude of initial ELISA test, which have
both been shown to correlate with progression of paratuberculosis (Nielsen and Toft,
2006; Nielsen, 2007), may be useful strategies to further improve the probability of
detecting MAP-infected cows using a repeat milk ELISA.
The first objective of Chapter 6 is to investigate the sensitivity and specificity of
initial and repeat milk ELISA combinations to detect MAP-infected cows, at both 6 and
12 mo test intervals. The second objective is to evaluate factors influencing the
probability of a MAP infected cow, which was initially milk ELISA negative, to be
positive on a repeat ELISA test.

1.10.6 Summary of Objectives
The overall objective of this thesis was to evaluate herd-level test characteristics
of EC and milk ELISA, and cow-level test characteristics of milk ELISA, for detection of
paratuberculosis. The study was designed within a longitudinal framework to allow for a
decreased risk of misclassification of low-prevalence MAP-positive herds, and herds
were selected to be representative of the Canadian dairy industry, with respect to withinherd MAP prevalence. Specific objectives were to:


study herd and cow-level diagnostic tests within a study population of MAPnegative, low and moderate to high within-herd prevalence herds, in order to
maximize external validity to the dairy industry;



evaluate the herd-level test characteristics of EC, and the impact of within-herd
MAP prevalence on test characteristics;



estimate the herd-level test characteristics of commercial milk ELISAs, and the
impact of within-herd MAP prevalence on test characteristics;
23





describe agreement between 3 commercial milk ELISA kits at the cow-level;
investigate cow-level test characteristics of commercially available milk ELISA
kits;





develop a categorical interpretation of quantitative milk ELISA results; and
assess the cow-level diagnostic information gained with a repeated milk ELISA
test.
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2.1 Abstract

This study evaluated test characteristics of environmental culture (EC) for the
detection of Mycobacterium avium subspecies paratuberculosis (MAP) in 32 herds over
a 2 yr period. Individual fecal samples were collected every 6 mo and environmental
fecal samples every 3 mo. Pooled fecal culture was conducted initially, with subsequent
individual fecal culture performed on all lactating cow samples from positive pools.
Samples were cultured in a broth culture system (ESP® Culture System II, TREK
Diagnostic Systems, Inc., Cleveland, Ohio, USA), with confirmatory PCR (VetAlert™
Johne’s Real-Time PCR kit, Tetracore, Inc., Rockville, Maryland, USA) performed on
any positive fecal samples. Relative to a MAP herd-status based on all pooled fecal
culture results collected during the study, sensitivity (Se) of a set of 6 EC-samples
collected from prescribed locations within the herd environment (EC-6) was 71% (95%
CI: 49-86%) and specificity (Sp) was 99% (95% CI: 95-100%). Sensitivity of EC
increased as apparent within-herd fecal culture prevalence (WHP) increased. As
examples, Se increased from 51% (95% CI: 36-66%), when WHP was 2%, to 99% (95%
CI: 91-100%) when WHP was 8%. The estimated WHP increased as the proportion of
positive EC-samples within an EC-6 set increased. As examples, WHP increased from
0.7% (95% CI: 0.4-1.2%) when 1 of 6 EC-samples was positive, to 12.7% (95% CI: 10.814.9%) when all 6 EC-samples were positive. Environmental culture is an acceptable tool
for herd diagnosis of MAP in low-prevalence herds, with Se increasing as WHP
increases.
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2.2 Introduction

Johne’s disease (JD) is a chronic infectious enteritis of ruminants caused by
Mycobacterium avium subspecies paratuberculosis (MAP). Control of JD is motivated
by 2 factors: the production-limiting effects of the disease, most notably decreased milk
production (Nielsen et al., 2009) and premature culling (Lombard et al., 2005) with
reduced slaughter weight (Johnson-Ifearulundu et al., 1999), and the concern of a
possible association between MAP and Crohn’s disease in humans (Barkema et al.,
2011).
Determining whether a herd is MAP-positive or MAP negative can be
challenging. Performing individual cow fecal cultures on an entire herd in order to
establish a herd diagnosis for MAP is generally considered cost-prohibitive, with each
cow fecal culture costing approximately $40 CDN (Tiwari et al., 2006). Pooling of
individual cow fecal samples (PFC) offers a substantial cost-savings, and has a herdlevel sensitivity (Se) of 94% and herd-level specificity (Sp) of 100%, relative to
individual fecal culture (Wells et al., 2003). Another herd-level MAP diagnostic tool is
environmental culture (EC), which is relatively cost-effective and non-invasive (Raizman
et al., 2004; Berghaus et al., 2006).
Previous evaluation of the relationship between EC test characteristics and withinherd MAP prevalence has been limited. Pillars et al. (2009) reported within-herd
prevalence levels in 7 study herds ranged from 0-42%, but the focus of the research was
the distribution of MAP in the environment. Smith et al. (2011) studied 3 herds, which
are described by Pradhan and Schukken (2009) as having mean fecal culture within-herd
prevalence estimates of 1.5, 2.5, and 5.4%, and cautioned against the use of EC in low38

prevalence herds, as Se was estimated to be 40%. This was a small number of herds from
which to draw this conclusion and further investigation is warranted.
It is important to estimate EC test characteristics in low-prevalence herds because
MAP is generally considered a disease of low within-herd prevalence (Lombard, 2011). It
was anticipated that EC test characteristics would be lower in dairy herds with low MAP
within-herd prevalence, relative to EC test characteristics previously published where
within-herd prevalence of study herds was not considered in the analyses. The current
study was designed within a longitudinal study frame to allow for a decreased risk of
misclassification of low-prevalence MAP-positive herds, and therefore a strengthened
gold standard herd classification was used to evaluate EC test results. The objectives of
the present study were to evaluate the test characteristics of EC within MAP-negative and
MAP-positive herds, with the specific focus of evaluating EC test characteristics in herds
with low MAP prevalence within purposively selected herds.

2.3 Materials and Methods

2.3.1 Study Population
A total of 34 herds from the 3 Canadian Maritime provinces participated in this 2
yr prospective study. Twenty-seven herds were originally selected to participate based on
a non-random selection process. The herds were selected based upon risk assessments
completed as part of a previous MAP awareness project at the Atlantic Veterinary
College, with the aim to obtain a mixture of MAP-positive low-prevalence, MAPpositive high-prevalence and MAP-negative herds.
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After the first round of sampling, there were too few MAP-positive herds,
therefore 7 herds were added for the remaining 18 mo of the project. These herds were
chosen based on historic MAP-positivity, and all 7 herds were PFC-positive during the
study.

2.3.2 Individual Cow and Environmental Manure Sample Collection
In order to establish a reference MAP herd-status, pooled fecal samples were
created by cow age from individual fecal samples collected at 6 mo intervals from all
lactating cows, using a clean rectal sleeve lubricated with water. Approximately 30 g of
feces was collected per rectum and placed in a clean, labeled 95 mL plastic specimen jar.
A set of environmental samples, consisting of 6 manure samples collected from specific
sites within the herd environment, were collected every 3 mo. This set of 6 samples is
referred to as an EC-6 (set), and each of the 6 samples comprising the set is referred to as
an EC-sample. The EC-6 samples were collected following a protocol based on the
Voluntary Bovine Johne’s Disease Control Program (USDA, β010). Two EC-samples
were collected from the manure storage areas (pits, lagoons, manure piles or manure
spreaders). Two EC-samples were collected from the mature cow manure concentration
areas (alleyways, gutters, adjacent to waterers or feeders). Two EC-samples were
collected from mature cow maternity or sick pens if there were 2 or more animals in the
pen, and if manure clean-out did not occur between animals. In the majority of farms
participating, only 1 cow was in the sick/maternity pens at 1 time, with manure clean-out
between cows. In these cases, 2 additional EC-samples (4 EC-samples total) were
collected from the manure concentration areas. In tie-stall barns, manure concentration
EC-samples were collected from corners and crevices of the gutter and along the paddles
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of the stable-cleaner. To create an EC-sample for both tie-stall and free-stall sites, four
‘grabs’ of manure within the specified collection site were collected into a clean 95 mL
specimen cup to form 1 composite EC-sample. Each EC-sample was collected using a
clean latex glove. For individual cow and environmental manure samples, samples were
kept cool during transport back to the laboratory. If samples could not be processed
immediately, they were frozen. Samples were frozen at -β0˚C if processed within β wk
and were frozen at -80˚C if processed between β and 1β wk after collection.
2.3.3 Laboratory Testing
All manure samples were processed by the technical laboratory staff at the
Maritime Quality Milk Laboratory (Atlantic Veterinary College, Charlottetown, PEI,
Canada), which was approved by USDA proficiency-testing for this technique. Individual
cow fecal samples were pooled by age into PFC samples, with 5 cows in each PFC. The
individual cow samples comprising positive-PFC samples were thawed and cultured
individually (PFC-IC). Fecal culture procedures have been described previously (Lavers
et al., 2013). Briefly, fecal samples were processed and inoculated into ESP para-JEM®
broth (Nova Century Scientific, Inc., Burlington, Ontario, Canada), according to the
manufacturer’s protocol, with the exception that samples were incubated for 49 d, rather
than 42 d (Tavornpanich et al., 2004; Kim et al., 2004). The broth bottle was placed in the
ESP® Culture System II (TREK Diagnostic Systems, Inc., Cleveland, Ohio, USA) for
incubation up to a maximum of 49 d.
Confirmatory tests were initiated when the culture system indicated a sample to
be positive by headspace pressure change. If confirmatory PCR was negative, the sample
was returned to the culture system. After the 49 d culture was complete, all broth samples
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were examined microscopically for the presence of Mycobacteria using an acid-fast stain.
A sample from an agitated para-JEM® broth jar was smeared onto a slide, air-dried and
heat-fixed. Smears were stained with carbolfuchsin and counter-stained with methylene
blue before being examined for the presence of Mycobacteria. As in McKenna et al.
(McKenna et al., 2005), final confirmatory PCR was performed on all samples positive
by the culture system and/or microscopic visualization. The confirmatory PCR kit,
VetAlert™ Johne’s Real-Time PCR kit (Tetracore, Inc., Rockville, Maryland, USA),
which detected the hspX gene, was performed following manufacturer’s instructions. All
fecal sample cultures (PFC, PFC-IC and EC-samples) were classified as a positive
sample (PFC positive, PFC-IC positive and EC-sample positive, respectively) if both
liquid broth culture and confirmatory PCR testing were positive.
Terminology used to describe study parameters is outlined in Table 2.1. The MAP
herd-status used for the purpose of evaluating environmental culture was determined
from the repeated PFC test results. A MAP test-negative herd was defined as a herd in
which no positive-PFC from the herd were detected during the study. A herd was
classified as MAP-positive if a positive-PFC was collected during the study, indicating
that MAP infectious cows were present in the herd. Because PFC is an imperfect gold
standard test, three or more rounds of cow fecal cultures had to be collected from a herd
in order to establish MAP herd-status and be included in the analyses. For the purpose of
EC test evaluation, it was assumed that the MAP herd-status was constant during the
study period. The individual cow classifications were used to establish an apparent
within-herd prevalence estimate (WHP). Using the mean WHP, a herd was classified as
low-prevalence if < 5% of cows within a herd were PFC-IC positive. If ≥ 5% of cows
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within a herd were PFC-IC positive, the herd was classified as high-prevalence. An EC-6
set was considered a positive EC-6 (set) if there were ≥ 1 EC-samples positive within the
EC-6 set. An EC-6 set was considered a negative EC-6 (set) if there were no EC-samples
positive within the EC-6 set.

2.3.4 Statistical Analyses
Descriptive statistics (percentages, means, medians, ranges) were calculated to
describe the sampled herds and test results. Due to the repeated samples of animals and
herds, simple Se and Sp calculations would underestimate the width of the 95%
confidence interval around these estimates. Therefore, Se and Sp of an EC-6 set were
calculated using generalized estimating equations (GEE) with an exchangeable
correlation structure to account for the repeated measures data.
The estimate of Se was calculated using only the results of the EC-6 sets for
MAP-positive herds. A null logistic GEE model, using the model outcome of EC-6
results, determined the probability of detecting an infected herd using the equation:
Se=eµ+ /(1+eµ+ ), where µ+= 0+∑ jXj was the linear predictor from the model (Dohoo et
al., 2009). Similarly, Sp of an EC-6 set, relative to a MAP-negative herd-status, was
derived from the linear predictor of a null logistic GEE model, using the equation Sp=1(eµ-/(1+eµ-)). This methodology, described by Dohoo et al. (2009), allows for
incorporation of potentially influential factors. For Se and Sp calculation just described,
null models were used, meaning no predictors were included in the models. In
calculations of Se and Sp, µ+ and µ- were the intercepts of the respective null models. In
subsequent analyses (see below), this method was used to determine predictors
influencing Se and Sp.
43

In order to evaluate predictors influencing Se and Sp of an EC-6 set, logistic GEE
models were created. As an example, the Se model was:

logit(p) =

0

+ SEASON + BTYPE + MAP-prevalence

where p is the probability of a MAP-positive herd to have a positive EC-6 set test
result;

0

is the common intercept; SEASON is a categorical variable indicating season of

environmental manure sample collection; BTYPE is the housing facility (free-stall or tiestall); and MAP-prevalence is the mean FC within-herd MAP prevalence (continuous). If
the P-value of these predictors on univariable analysis was ≤ 0.15 they were entered into
a multivariable logistic GEE model. Lowess smoothers were generated to evaluate
linearity and fractional polynomial models were created to explore power transformations
of significant continuous predictors in an effort to optimize linearity.
In order to evaluate if an EC-sample positive result was more likely from a
specific location within the herd environment, a multi-level logistic regression model was
utilized. This model accounted for clustering of EC-samples within herds, with ECsample result as the outcome and EC-sample collection location as a predictor.
The impact of repeated EC sampling on EC-6 Se and Sp was evaluated using a
pair-wise combination of consecutive collected EC-6 results. Pairs were interpreted as
positive if either of the two consecutive EC-6 sets were positive. For this analysis, 1 herd
could have up to 7 consecutive pair-wise observations if they had 8 EC samples taken
over the 2 yr sampling period. This pair-wise interpretation was used as the outcome in
null logistic GEE models, and Se and Sp were calculated as above. Generalized
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estimating equation models were repeated with triplicate and upward combinations of
EC-6 results (to a maximum of 8 EC-6 results), where a combination of EC-6 results was
considered positive if at least 1 EC-6 set in the combination had been EC-6 positive.
A cow-level GEE logistic model was constructed to evaluate if the proportion of
positive EC-samples within two consecutive EC-6 sets was predictive of the WHP.
Because the outcome variable (PFC-IC result) was based on semi-annual collection, the
predictor (proportion positive EC-samples) was combined from quarterly into semiannual measures. The model structure was:

logit(p) =

0

+ PROP_POS + SEASON + HSIZE

where p is the probability for a cow within a herd to be PFC-IC positive;

0

is the

common intercept; PROP_POS is the proportion of positive EC-samples within two
consecutive EC-6 sets; SEASON is a categorical variable indicating season of
environmental manure sample collection; and HSIZE is the herd size (continuous). If the
P-value of these predictors on univariable analyses was ≤ 0.15, they were entered into a
multivariable logistic GEE model. Lowess smoothers were generated to evaluate linearity
and fractional polynomial models were created to explore power transformations of
significant predictors in an effort to optimize linearity. Because the outcome was at the
cow-level and the predictors at the herd-level, the outcome of this cow-level model would
become the probability for a cow within a herd to be PFC-IC positive. This individual
cow-level probability applied to each cow within the herd, and would therefore be
analogous to the WHP.
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All descriptive and statistical data analyses were conducted using Stata/IC®
Version 11.2 (StataCorp LP, College Station, Texas, USA). A P-value ≤ 0.05 was
considered significant.

2.4 Results

2.4.1 Herd Demographics
In total, 34 herds participated in the project between April 2009 and March 2011.
Two herds did not meet criteria for inclusion in the analyses because of incomplete
sampling and were excluded from the analyses. The sampling schedule for 7 herds
consisted of 3 individual cow fecal and 6 environmental collections, whereas 25 herds
had 4 cow fecal and 8 environmental collections. Median herd size was 66 milking cows
(mean: 82; range: 28 to 220). Median herd cow age at testing was 4.1 yrs (mean: 4.1;
range: 2.9 to 5.5). Eleven facilities (34%) were tie-stall, and 21 facilities (66%) were freestall. One herd expanded from 190 to 220 milking cows during the project. This herd had
a PFC-positive test prior to the introduction of new animals. Remaining herds, while not
necessarily closed, did not have substantial introductions during the project. No herds had
sheep or goats on the premises.

2.4.2 Herd Prevalence
Overall herd-status, based on PFC-results from the study period, was MAPnegative for 18 herds (56%) and MAP-positive for 14 herds (44%). Nine MAP-positive
herds had ≥ 1 PFC-positive result at each round of sampling, and 5 MAP-positive herds
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fluctuated between test-negative PFC results and ≥ 1 PFC-positive result at each herd
visit (Table 2.2). For the 5 MAP-positive herds that did not have ≥ 1 PFC-positive result
at every round of sampling, β herds had γ of 4 herd PFC collections with ≥ 1 positive
PFC result. The remaining 3 MAP-positive herds that did not have ≥ 1 PFC-positive
result at each round of sampling had positive PFC results in the second and third rounds
of herd PFC collections. Mean WHP for all 32 herds, based on PFC-IC results, ranged
from 0 to 15.6%, with a relatively even spread of WHP values between the minimum and
maximum WHP (Fig. 2.1). In the case of a positive PFC with negative PFC-IC results,
for determination of WHP it was considered that 1 cow in the positive-PFC was MAPpositive. The mean WHP of the 3 herds in which this situation occurred (happening a
total of 4 times) was 0.9%.

2.4.3 Environmental Cultures
Summary information of PFC and EC results in herds with ≥ 1 positive PFC or ≥
1 positive EC-6 is displayed in Table 2.2. One MAP-negative herd (no positive-PFC) had
1 positive EC-6 set and 7 test-negative EC-6 sets (Herd #15). One MAP-positive herd
had no positive EC-6 sets collected throughout the study (Herd #14). The MAP-positive
herd-status for this herd was the result of 1 positive PFC, from which no positive PFC-IC
cows were identified, and the herd’s mean WHP was 0.2%. Seven of the 14 MAPpositive herds had ≥ 1 test-negative EC-6 set. The mean WHP for these 7 herds was
β.1%. Twelve of 14 herds with ≥ 1 positive EC-6 set were EC-6 positive in the first round
of testing, 1 herd was EC-6 positive in the second round and 1 in the seventh round of
EC-6 sampling.
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Over the course of the project, there was 1 EC-6 positive set and 138 test-negative
EC-6 sets collected from the 18 MAP-negative herds. In the 14 herds that were classified
as MAP-positive, over the course of the project, there were 67 positive EC-6 sets and 29
test-negative EC-6 sets collected. In total, there were 235 EC-6 sets collected, and 231
EC-6 sets (1,386 EC-samples) had collection location identified. On average, 20% of the
EC-samples from these rounds were positive (Table 2.3). Numerically, MAP was
recovered less than 40% as frequently from cow concentration areas (e.g. maternity and
sick cow pens) compared to manure concentration (e.g. alleyways or gutters) or manure
storage areas. However, when herd was accounted for within a logistic model, collection
location was not significantly associated with the EC-sample result (P = 0.13).

2.4.4 Test Characteristics of Environmental Culture
Based on null logistic GEE models (Table 2.4), the Se of an EC-6 set was 71%
(95% CI: 49-86%) and Sp was 99% (95% CI: 95-100%).
A multivariable logistic GEE model evaluating predictors influencing EC-6 Se
demonstrated that sensitivity increased with increasing WHP (Table 2.4 and Fig. 2.2).
Being MAP-positive overall did not preclude the herd from having WHP values of 0% at
some point(s) throughout the study. Sensitivity was not affected by the season of EC-6
set collection.
When the results of successive EC-6 collections were evaluated for accuracy of
determining MAP herd-status, there was no substantial effect of using more than 1 EC-6
set on either the Se or Sp of an EC-6 set, regardless of the number of successive EC-6
sets that were used to classify herds. However, a trend toward improved Se was observed
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(Table 2.5) with each successive EC-6 set added. The greatest numerical increase in Se
occurred between a single EC-6 set and 2 consecutive EC-6 sets (71% versus 81%) (Fig.
2.3).

2.4.5 Proportion of Positive EC-Samples Within Positive EC-6 Sets
Sixty-eight of the 235 EC-6 sets collected (29%) were positive. In 43% of the EC6 positive sets, all 6 EC-samples within the set were positive. The mean percentage of
positive EC-samples within a positive EC-6 set was 71%, meaning a positive EC-6 set
contained, on average, 4 to 5 positive EC-samples. The proportion of positive ECsamples within an EC-6 set was a significant predictor of the probability for a cow within
a herd to be PFC-IC positive. This was evaluated in a data set representing repeated
testing of 4378 cows from the 32 herds. This cow-level probability is equal for each cow
in the herd and is analogous to the WHP. As the proportion of positive EC-samples
increased, this within-herd cow-level probability (WHP) increased (Fig. 2.4). For best fit
of the model to evaluate if the proportion of positive EC-samples within two consecutive
EC-6 sets was predictive of the WHP, the cow-level GEE logistic model required a log
transformation of the WHP predictor. No other herd level predictors were found to be
significant.

2.5 Discussion

Distinguishing a MAP-negative herd from a MAP-positive, low-prevalence herd
can be difficult (Tavornpanich et al., 2012). Test characteristics of EC in MAP-positive,
low-prevalence herds have previously been questioned (Smith et al., 2011), and since the
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majority of MAP-positive dairy herds are expected to be low-prevalence (Barkema et al.,
2010), it is critical to understand how EC will perform in these herds. The wide range of
MAP WHP in this study (Table 2.2), and in particular the high proportion of lowprevalence herds, fills a knowledge gap regarding EC test characteristics.
Repeated sampling will maximize the identification of MAP-positive herds (Kalis
et al., 2004) and thereby minimize the influence of misclassification bias on herd Se and
Sp (Christensen and Gardner, 2000). In the current study, 5 of the 14 MAP-positive herds
had at least 1 herd test with no positive PFC samples (Table 2.2). The mean WHP in
these 5 herds was 0.8%. As a comparison, the mean WHP in the 9 MAP-positive herds
that had ≥ 1 positive PFC at every herd test was 9.1%. These results also indicate that
low-prevalence herds are more susceptible to misclassification of MAP herd-status (falsenegative herd classification) based on cross-sectional sampling at 1 point in time.
Repeated sampling, in the form of multiple negative tests from all adult cattle in
the herd, is required for establishment of a MAP-negative herd status (Collins et al.,
2005). All 18 study herds classified as MAP-negative had 4 whole-herd PFC collections
with no positive-PFC results, and while they were not designated as closed herds, none of
the MAP-negative herds increased in size during the study, making it unlikely that they
introduced new animals to the herd that were MAP-positive. It was assumed in this
analysis that MAP herd-status was stable over the study period. There is limited field data
supporting the short-term efficacy of MAP eradication programs, even in MAP-positive
low-prevalence herds (Collins et al., 2006). As a result, a change from MAP-positive to
MAP-negative herd status was also considered unlikely in the 2 yr study time frame.
Nine of the 14 MAP-positive herds were PFC-positive at all herd collections and the 5
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herds with intermittent MAP PFC-positivity were not more likely to be positive at the
beginning or end of the 2 yr study window.
In general, studies involving EC focus on MAP-positive herds (Aly et al., 2009;
Pillars et al., 2009; Smith et al., 2011), and the Se of EC has been examined more
frequently than Sp. Raizman et al. (2004) studied 108 herds, 28 of which had been
historically classified as uninfected. An EC sampling program, from which 2 individual
environmental samples were collected, resulted in 1 of these 28 herds being classified
positive by EC (Sp of 96%). Lombard et al. (2006) sampled 98 herds, and 10 of the 60
herds tested with cow fecal culture were considered negative based on a single fecal
culture sampling. Of these 10 herds, 2 herds were EC-positive (Sp of 80%). The 18 herds
classified as MAP-negative from PFC in our study are a good subset from which to
calculate EC Sp due to the repeated PFC sampling. However, Sp estimates from the
current research (Table 2.5) may also be underestimated, as individual cow fecal samples
were only collected from the milking herd. Dry cows, which typically represent 15% of
the adult cow population in a herd, were not included in the individual cow sampling in
order to facilitate sample collection. Therefore, the cows represented in the EC samples
were not identical to the individual cows sampled, and therefore the 1 herd with a
positive EC-6 test but no PFC-positive tests (Table 2.2) may actually have been classified
a MAP-positive herd if all cows had been tested with the PFC at each sampling, possibly
eliminating the 1 apparent false-positive EC result. Repeated sampling did increase the
opportunity for all cows to be included in a PFC collected during the study, but a MAPpositive dry cow could have been culled peri-parturiently prior to the next PFC of milk
cows.
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Biologically, EC would be expected to have a Sp of 100%. In this project, a
positive culture was confirmed with PCR analysis to ensure the positive culture was not
another Mycobacterium species. In this study, there was 1 MAP-negative herd with 1
positive EC-sample within an EC-6 set. The other 7 EC-6 sets collected from this herd
were EC-6 test-negative. A low within-herd prevalence is 1 of the most likely reasons a
herd would be EC-positive yet MAP-negative.
Previous studies using fecal culture to define MAP herd-status reported Se values
for EC ranging from 40 to 74% (Berghaus et al., 2006; Lombard et al., 2006; Aly et al.,
2009; Pillars et al., 2009; Smith et al., 2011). Variation in reported Se is due, in part, to
the herd in which the test is applied, and Se is expected to be higher in high-prevalence
herds (Smith et al., 2011). This was consistent with our study results, and although EC Se
was relatively low at very low WHP values (≤ β% WHP), it increased quickly and
approached 100% Se at moderate WHP levels of approximately 8% (Figure 2.2). The
WHP estimates may be an underestimation of the true within-herd prevalence for these
herds, as PFC-IC were performed only on cows from positive-PFC. A single cow
shedding low levels of MAP may not have been detected in the PFC, and therefore would
have been a false-negative result, contributing to an underestimation of the true withinherd prevalence. Individual PFC-IC samples also underwent an additional freeze-thaw
cycle, which could have contributed to an underestimation of the WHP.
In agreement with previous studies (Lombard et al., 2006), no other herd
predictors were significantly associated with Se or Sp. Only 1 MAP-positive herd had tiestall facilities, precluding statistical evaluation of the relationship between housing type
and EC Se. In this 50-cow tie-stall herd, 6 of 7 EC-6 sets collected were positive, and
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mean WHP was 2.9%. Although not a statistical evaluation, this suggests it is possible to
detect MAP-positive, low-prevalence herds in tie-stall facilities using EC. Further study
into the Se of EC for tie-stall facilities is required.
When evaluating collection location in all study herds, manure storage and
concentration areas had a numerically greater, although not statistically significant,
number of positive EC-samples than cow concentration areas (Table 2.3). Previous
studies have also reported manure storage and shared alleyways as the sites most likely to
be positive (Raizman et al., 2004; Pillars et al., 2009; Smith et al., 2011). Based on
current and previous study results, collecting EC-samples from manure storage and
concentration sites may provide the optimum chance to detect MAP.
Repeated herd testing to determine MAP herd-status is frequently used in control
programs, such as the Voluntary Bovine Johne’s Disease Control Program (USDA, β010)
in the US. In this dataset, information from additional, consecutive EC-6 sets did not
substantially change the estimated Se and Sp of EC. Numerically, the greatest increase in
Se occurred with a second set of EC-6 samples, with minimal change in Se with
additional sets of EC-6 (Table 2.5). Even though this was a relatively large study with 32
herds sampled repeatedly, when analyzing the data at the herd level, confidence intervals
tended to still be very large, making it difficult to establish statistically significant
differences between point estimates and predictors.
As the proportion of positive EC-samples within an EC-6 set increased, the
probability increased for a cow within that herd to be PFC-IC positive (Figure 2.4). This
cow-level probability is analogous to the WHP. When 1 of the 6 EC-samples in an EC-6
set was positive, estimated WHP was 0.7%, while when all 6 EC-samples were positive,
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estimated WHP was 12.7%. The proportion of positive EC-samples within an EC-6 set
provides an indication of MAP WHP. This knowledge is advantageous in MAP-control
programs. For example, aggressive testing may be more beneficial and cost-effective in
high-prevalence herds (Wells et al., 2003). When a herd had no positive EC-samples over
two consecutive EC-6 samplings, the model predicted the probability of a cow being
PFC-IC positive to be < 1%. Previous studies have estimated herd prevalence to be ≤ β%
when EC were negative (Pillars et al., 2009).
Based on estimated Se and Sp, environmental culture is an acceptable herd test for
classification of MAP herd-status in MAP-negative and MAP-positive herds. Therefore,
EC is an economical and non-invasive method of determining MAP herd-status.
Knowledge of MAP herd-status and an estimate of WHP from EC can be valuable tools
for herd MAP control programs.
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Table 2.1. Definitions and acronyms describing terminology used in an evaluation of
environmental fecal culture for the purpose of Mycobacterium avium subsp.
paratuberculosis detection in dairy herds.
Term
Definition
Pooled fecal culture (PFC) A pooled fecal sample consisting of individual fecal
samples from 5 cows. Pools were created based on cows of
similar age.
MAP-positive
A herd was considered MAP-positive if there was ≥ 1
positive PFC collected from the herd during the 2 yr project.
MAP-negative
A herd was considered MAP-negative if there were 0
positive PFC collected from the herd during the 2 yr project.
Individual cow fecal
If a pooled fecal culture was positive, the frozen samples
culture following a MAP
from the individual cows comprising that pooled fecal
positive-PFC (PFC-IC)
culture were thawed and cultured individually.
Apparent within-herd
The apparent MAP within-herd prevalence was calculated
prevalence (WHP)
based on the number of positive PFC-IC, divided by the
number of cows from which fecal samples were collected in
the herd.
Low-prevalence herd
A herd was considered to be MAP low-prevalence if there
was ≤ 5% PFC-IC in a herd.
High-prevalence herd
A herd was considered to be MAP high-prevalence if there
was > 5% PFC-IC in a herd.
EC-sample
One 95 ml jar of a composite environmental manure sample,
collected from a specific location within the herd
environment.
EC-6 (set)
A complete set of 6 EC-samples, collected from 6 specified
areas within the herd environment.
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Table 2.2. Summary of pooled fecal culture and environmental culture results for 15
herds with a minimum of one Mycobacterium avium subsp. paratuberculosis-positive
fecal pool or environmental culture set.

Herd

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Milking
Herd Size

75
95
90
220
100
70
150
30
50
47
145
60
50
120
45

Pooled Fecal Culture (PFC)
Percent of herd
Mean
visits with ≥1
WHP a
positive PFCb
(%)
100 (3/3)
100 (3/3)
100 (3/3)
100 (3/3)
100 (3/3)
100 (4/4)
100 (3/3)
100 (4/4)
100 (4/4)
75 (3/4)
75 (3/4)
50 (2/4)
33 (1/3)
25 (1/4)
0 (0/4)

15.6
12.3
10.9
10.0
10.0
9.0
5.5
7.1
2.9
1.6
0.7
0.8
0.7
0.2
0.0

a

Environmental Culture (EC)
Percent of herd
Total positive
visits with a
EC-samples
positive EC-6
(%)
resultc
100 (6/6)
92
100 (6/6)
94
100 (6/6)
92
100 (6/6)
94
100 (6/6)
100
100 (6/6)
81
100 (6/6)
81
87 (7/8)
46
86 (6/7)
33
50 (4/8)
10
50 (4/8)
14
12 (1/8)
4
17 (1/6)
3
0 (0/8)
0
12 (1/8)
2

Apparent within-herd prevalence (WHP) is based on PFC with culture of individual cow
samples from positive pools.
b
% of herd visits with ≥ 1 positive PFC (No. herd visits with ≥ 1 positive PFC/Total no.
herd visits).
c
% of herd visits with a positive EC-6 result, where EC-6 represents a set of 6 ECsamples collected from specified sites within the herd environment (No. positive EC-6
sets/Total no. EC-6 collections).
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Table 2.3. Summary statistics for environmental culture samples collected and percent
Mycobacterium avium subsp. paratuberculosis culture-positive by location on 32 dairy
herds from the three Maritime provinces of Canada.
Location
Number of Samples Percent Positive
Manure Storage
410
21.6%
(E.g. Lagoons, Manure Piles)
Manure Concentration
878
20.7%
(E.g. Alleyways, Manure Gutters)
Cow Concentration
98
8.2%
(E.g. Calving/Sick Pens)
Total
20.4%
1,386
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Table 2.4. Three logistic generalized estimating equation models for Mycobacterium
avium subsp. paratuberculosis environmental culture sensitivity and specificity.
Environmental culture result was the outcome in all models, with null models estimating
overall sensitivity (MAP-positive herds) and specificity (MAP-negative herds) of
environmental culture, and the multivariable model predicting the impact of fecal culture
within-herd prevalence on the sensitivity of environmental culture.

Model

Estimate

95% Confidence
Interval
Lower
Upper

Null logistic model of MAP-negative herds
(Sp)
(Intercept)

-4.93

-6.85

-3.02

Null logistic model of MAP-positive herds
(Se)
(Intercept)

0.91

-0.03

1.86

Multivariable logistic model of MAPpositive herds (Se)
(Intercept)
Fecal culture test prevalence (proportion)

-1.53
78.08

-2.40
41.42

-0.65
114.73
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Pvalue

0.000

Table 2.5. Results of logistic generalized estimating equation models to evaluate
sensitivity and specificity of environmental culture (EC), with increasing numbers of EC
sets used to determine herd status.

No. of
combined
EC setsa
1

Models using MAP-positive Herds
Intercept
#obs
Sensitivity
(#herds)
(95% CI)
0.914

97 (14)

2

1.45

83 (14)

3

1.56

69 (14)

4

1.64

55 (14)

5

1.77

41 (14)

6

2.24

27 (14)

a

71%
(49%-86%)
81%
(56%-93%)
83%
(57%-94%)
84%
(58%-95%)
85%
(59%-96%)
90%
(62%-98%)

Models using MAP-negative Herds
Intercept
#obs
Specificity
(#herds)
(95% CI)
-4.93

140 (18)

-4.11

122 (18)

-3.95

104 (18)

-3.76

86 (18)

-3.53

68 (18)

-3.23

50 (18)

99%
(95%-100%)
98%
(90%-100%)
98%
(88%-100%)
98%
(86%-100%)
97%
(82%-100%)
96%
(72%-100%)

An EC set consisted of 6 samples collected from 6 sites within the farm environment.
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Figure 2.1. Mean apparent within-herd Mycobacterium avium subsp. paratuberculosis
fecal culture prevalencea compared to the proportion of positive environmental culture
sets in 15 dairy herds that were fecal culture and/or environmental culture-positive.
Number markers beside data points indicate the proportion of environmental culture
samples that were positive within all environmental culture sets collected from that herd.
a

Apparent within-herd prevalence is based on pooled fecal culture with culture of
individual cow samples from positive pools.
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Figure 2.2. Sensitivity and 95% confidence intervals (CI) of single sets of 6
environmental culture samples (EC-6) by apparent Mycobacterium avium subsp.
paratuberculosis within-herd test prevalencea, using a logistic generalized estimating
equations model.
a

Apparent within-herd prevalence is based on pooled fecal culture with culture of
individual cow samples from positive pools.
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Figure 2.3. Predicted sensitivity (Se) and specificity (Sp), with 95% confidence intervals
(CI), of sets of 6 environmental culture samples (EC-6) for Mycobacterium avium subsp.
paratuberculosis, by the number of EC-6 sets used to determine herd status.
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Figure 2.4. The effect of the proportion of positive Mycobacterium avium subsp.
paratuberculosis environmental culture samples on the probabilitya of a cow within a
herd being positive based on pooled fecal culture with individual fecal culture follow-up
(PFC-IC).
a

The probability of a cow to be PFC-IC positive is equal for each cow within the herd,
and is analogous to the apparent within-herd prevalence.
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CHAPTER 3

EVALUATION OF MILK ELISAS FOR DETECTION OF MYCOBACTERIUM
AVIUM SUBSPECIES PARATUBERCULOSIS IN DAIRY HERDS AND
ASSOCIATION WITH WITHIN-HERD PREVALENCE

Carrie J. Lavers, Shawn L. B. McKenna, Ian R. Dohoo, Herman W. Barkema, Greg
P. Keefe

The majority of contents of this chapter are published as: C. J. Lavers, H. W. Barkema, I.
R. Dohoo, S. L. B. McKenna, and G. P. Keefe. 2013. Evaluation of milk ELISAs
for detection of Mycobacterium avium subspecies paratuberculosis in dairy herds and
association with within-herd prevalence. J. Dairy Sci. In press.

67

3.1 Abstract

Cow-level milk ELISA results can be used to determine herd Mycobacterium
avium subsp. paratuberculosis (MAP) status. Milk sample collection is minimally
invasive, and ELISA results can be obtained quickly and economically. The study
objectives were to evaluate the test characteristics of 3 commercial milk ELISAs
conducted on individual cows but interpreted at the herd level, and to determine the
impact of within-herd MAP prevalence on the performance of the milk ELISA herd test.
A total of 32 purposively selected herds with a median herd size of 66 milking cows were
used in this 2 yr project. Fecal and milk samples were collected from all milking cows at
6 mo intervals. Fecal samples were pooled by cow-age, with 5 cow samples per pool.
Subsequent individual fecal culture was completed on cow samples from positive pools.
Herd MAP-status was defined as MAP-positive if, at any point during the longitudinal
study, a pooled fecal culture from the herd was positive. Milk samples were analyzed
using each of 3 commercial milk ELISA kits; a cow-level result from each ELISA was
classified as positive following the respective manufacturer’s recommended threshold for
a positive result. Herd-level milk ELISA test characteristics were estimated using GEE
logistic models, which accounted for repeated measurements. Using a cutoff of 2% milk
ELISA-positive cows, milk ELISA herd sensitivities were: ELISA A: 59% (95% CI: 3678%); ELISA B: 56% (95% CI: 32-77%); and ELISA C: 63% (95% CI: 41-81%). Herd
specificities for ELISA A, B, and C were 80% (95% CI: 71-88%), 96% (95% CI: 8998%) and 92% (95% CI: 86-96%), respectively. The remainder of the statistical analyses
focused on results from ELISA B. Although herd sensitivity of ELISA B increased as
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within-herd prevalence increased, in low prevalence herds the herd sensitivity of the milk
ELISA was low. As examples, herd sensitivity was 11% when within-herd prevalence
was 1%, and 62% when within-herd prevalence was 5%. Categorical likelihood ratios
based on positive milk ELISA test results predicted that herds with a milk ELISA withinherd prevalence above 0 but < 2% had a similar likelihood to be MAP-positive or MAPnegative, whereas herds with a milk ELISA prevalence between 2 and 4% were 3.7 times
more likely to be MAP-positive than MAP-negative. All herds with a milk ELISA
prevalence > 4% were MAP-positive. Although milk ELISA B worked well to establish
herd MAP-status in high-prevalence herds, interpretation was unreliable in MAPnegative and low-prevalence herds.

3.2 Introduction

Mycobacterium avium subspecies paratuberculosis (MAP) is the causative agent
of Johne’s disease (JD). Although eradication of MAP is very difficult, best management
practices that limit calf exposure to MAP combined with testing programs that result in
management changes for, or culling of, positive cows, have decreased within-herd
prevalence over time (Collins et al., 2010). While knowledge of herd MAP-status is not
required for best management practices to be implemented, determining that a herd is
MAP-positive provides further motivation for producers to adopt management changes to
decrease both within- and between-herd transmission of the bacterium.
Testing options for determination of herd MAP-status include polymerase chain
reaction (PCR) or culture on individual or pooled cow fecal samples or pooled
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environmental samples, and ELISA on milk or serum. Performing individual cow fecal
cultures on an entire herd is generally considered cost-prohibitive for determining herd
MAP-status, as fecal culture is the most expensive cow-level test (Tiwari et al., 2006).
Individual fecal culture specificity approaches 100% (Nielsen and Toft, 2008), but
sensitivity is limited, with estimates ranging from 23% (McKenna et al., 2005) to 29%
(Whitlock et al., 2000) for infected and 74 to 89% for infectious animals, depending on
the culture method used (Sockett et al., 1992). Pooling individual cow fecal samples by
cow-age, with 5 cows per pooled fecal culture (PFC), substantially decreases cost and is
reported to be both highly sensitive and specific, relative to individual culture, for
determination of herd MAP-status (Kalis et al., 2004). Wells et al. (2003) reported that
PFC detected 16 of the 17 herds detected with individual fecal culture, equating to a herdlevel sensitivity (HSe), relative to individual culture, of 94%. Nine of the 17 herds had a
prevalence of infection, based on individual fecal culture, < 10%, and the 1 herd detected
positive by individual culture, but negative with PFC, had only a single light shedding
cow. In the same study, herd-level specificity (HSp) of 100%, relative to individual fecal
culture, was reported (Wells et al., 2003). Another method of determining herd MAPstatus is to test individual lactating cows with a milk ELISA and compile results at the
herd-level. Milk ELISA herd testing is both inexpensive and rapid compared to fecal
culture, and is easy to implement in dairy herds which participate in DHI programs
involving monthly individual cow milk collection.
The majority of MAP-positive herds have a low to moderate within-herd
prevalence, and although published herd-prevalence estimates vary, MAP-negative herds
are expected to represent a portion of dairy herds in most regions (Lombard, 2011).
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Because these low-prevalence and MAP-negative herds represent a majority of the dairy
industry, and HSe depends on within-herd prevalence (Dohoo et al., 2009), it is important
to determine how the milk ELISA herd test performs in these herds. Previous studies
have estimated an HSe for the milk ELISA, but did not take into account the within-herd
prevalence levels of the herds tested (Hendrick et al., 2005; Lombard et al., 2006), also
HSp estimates have been rare (Hendrick et al., 2005).
The objectives of this study were to evaluate the herd-level test characteristics of
3 commercial milk ELISAs, conducted on individual cows but interpreted at the herd
level, and to determine the impact of within-herd MAP prevalence on the performance of
the milk ELISA herd test.

3.3 Materials and Methods

3.3.1 Purpose for Testing and Study Terminology
The purpose for testing was to classify a dairy herd as MAP-infected or not
infected (Collins et al., 2006). This establishment of whether MAP infection is present in
a dairy herd or not is the initial step in a herd risk management plan for MAP control
within a herd (Garry, 2011). The target condition was a MAP-infected herd, which is a
herd that has at least 1 MAP-infected animal (an animal that has MAP in its tissues)
(Gardner et al., 2011). For the purpose of this study, the target condition was not
expected to change over the period of time herds were tested. A case definition provides a
practical definition of the target condition using a reference standard (Gardner et al.,
2011). Nielsen and Toft (2008) suggested that, although not perfect, the best available
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method to establish cow infection status would be post-mortem histopathological
evaluation of up to 100 tissues per cow. This would be extremely expensive (Nielsen and
Toft, 2008), and cannot be accomplished on live cows, so a case definition was used of a
MAP-infected herd being a herd where MAP is shed in feces, as identified by having 1 or
more positive PFC. In order to strengthen PFC as a herd reference standard, repeated (3
to 4) herd fecal collections were used. The case definition is referred to as a MAPpositive herd, and this term, along with others defined in the manuscript, is denoted in
Table 3.1. The case definition is similar to the use of PFC in the Uniform Program
Standards for the Voluntary Bovine Johne’s Disease Control Program in the USA
(USDA, 2010), where a herd with ≥ 1 positive pooled fecal sample is considered an
infected herd. The reference standard test chosen for this project was repeated PFC. It is
recognized that there is no true and perfect ‘gold standard’ diagnostic test for MAP at
either the cow or herd-level (Gardner et al., 2011). With a HSe approaching that of
individual fecal culture (Wells et al., 2003; Kalis et al., 2004; Collins et al., 2006), PFC
was repeated over the project to minimize the misclassification of low-prevalence herds
as MAP-negative, which is recognized as an issue when attempting to detect MAPinfected herds (Wells et al., 2002; Kalis et al., 2004).

3.3.2 Study Design
A total of 34 Canadian herds from three Canadian provinces, Prince Edward
Island, New Brunswick and Nova Scotia, participated in this prospective study from
June, 2009 to January, 2011. Details on herd selection, herd MAP-status classification,
and herd demographics have been reported (Lavers et al., 2013). In short, the goal of the
purposive herd selection was to obtain a mixture of high-prevalence, low-prevalence, and
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MAP-negative herds. Collection of milk and fecal samples from all lactating cows was
done at 0, 6, 12, and 18 mo (4 rounds of testing). The initial round of herd testing was
completed on 27 herds. Because there were too few MAP-positive herds, 7 herds were
added for the remaining 3 rounds of herd testing. These herds were chosen based on the
occurrence of 1 or more cows with either a positive individual fecal culture (n=4) or
clinical signs suggestive of paratuberculosis and a positive serum or milk ELISA test
(n=3) in the previous 2 yr. Two of the 34 herds were subsequently excluded for
compliance reasons because they did not have at least 3 herd visits with collection of
individual cow fecal samples. As a result, of the 32 herds included in the analyses, 25 had
4 rounds of testing and 7 herds had 3 rounds of testing. Median herd size was 66 milking
cows (mean: 82; range: 28 to 220). The herd median cow age at testing ranged from 2.9
to 5.5 y for the 32 herds. Considering all cows tested from all herds, the median age at
testing was 4.0 y (mean: 4.4 y; range: 1.8 – 17.3 y). One herd expanded from 190 to 220
lactating cows during the project. This herd had a PFC-positive test prior to the
introduction of new animals. The remaining study herds were not necessarily closed, but
they did not have substantial introductions of new animals during the project.

3.3.3 Sample Collection
Fecal sample collection has been described in Lavers et al. (2013). Briefly,
individual fecal samples were collected at 6 mo intervals from all lactating cows, using a
clean full-length plastic glove lubricated with sterile water. If samples could not be
processed immediately, they were frozen at -20 or -80˚C if processing would occur
within either 2 wk or between 2 and 6 wk after collection, respectively. Bronopolpreserved individual milk samples were collected at 6 mo intervals from all lactating
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cows as part of routine herd milk testing by the regional DHI organization (Valacta,
Montreal, QC, Canada). The aim was to collect fecal and milk samples from each round
as close as possible to each other in time, with no more than γ mo between a herd’s milk
and fecal sample collection.

3.3.4 Laboratory Testing: Fecal Culture
The technical laboratory staff at the Maritime Quality Milk Laboratory (Atlantic
Veterinary College, Charlottetown, PEI, Canada) processed all fecal samples. This
laboratory was approved by USDA proficiency-testing for this technique. Pooled fecal
samples were created by pooling individual samples by cow age, with 5 cows in each
PFC (Kalis et al., 2000). To estimate cow MAP-status, individual cow samples from
positive-PFC were thawed and cultured individually. Fecal cultures were performed
using ESP para-JEM® broth (Nova Century Scientific, Inc., Burlington, ON, Canada)
according to manufacturer’s protocol, with the exception that samples were incubated for
49 d, rather than 42 d. Briefly, 2 g of feces from each individual cow sample was put into
a weigh boat and the resulting 10 g of pooled feces was mixed thoroughly with a wooden
tongue depressor, then 2 g of the mixed sample was added to 35 mL of sterile water in a
50 mL centrifuge tube. For individual cow samples, 2 g of manure was measured and
placed into 35 mL of sterile water in a 50 mL centrifuge tube. Samples were agitated
vigorously for 10 min, and then placed upright for 30 min. A 5 mL sample was drawn
from the feces and water mixture and placed into a centrifuge tube containing 25 mL of
0.9% 1-hexadecylpyridinium chloride in half-strength brain heart infusion broth. The
tubes were incubated for 18-24 h at 35-37oC, followed by centrifugation at 3000 rpm for
20 min. The supernatant was discarded and the pellet was re-suspended in 1 mL of brain
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heart infusion broth and antibiotic mixture (50 µg amphotericin B, 100 µg vancomycin
and 100 µg naladixic acid). Tubes were incubated for 24 h at 35-37oC. On Day 3, 2.5 mL
of a pre-mixed para-JEM® reagent (1 mL egg yolk supplement, 1 mL growth
supplement and 0.5 mL antibiotic supplement) and 1 mL of the decontaminated sample
were added to a para-JEM® broth bottle. The broth bottle was agitated and then placed
in the ESP® Culture System II (TREK Diagnostic Systems, Inc., Cleveland, OH, USA)
for incubation up to a maximum of 49 d. The culture system’s computer output was
examined daily for indications of positive curves.
Confirmatory tests were performed as per the protocol outlined in Lavers et al.
(2013). Briefly, when headspace pressure indicted growth or at the end of the 49 d
incubation period, acid-fast staining was conducted on the culture broth. Presumptive
positive samples (acid-fast positive or positive growth curves) were selected for
confirmation with the VetAlert™ Johne’s Real-Time PCR kit (Tetracore, Inc., Rockville,
MD, USA), which targeted the hspX gene. A culture sample was considered positive if
the presumptive positive sample was positive based on PCR testing.

3.3.5 Laboratory Testing: Milk ELISA
Three indirect ELISAs were used: Parachek2 Mycobacterium paratuberculosis
test kit® (Prionics AG, Schlieren-Zurich, Switzerland; ELISA A), Mycobacterium
paratuberculosis antibody test kit® (IDEXX, Westbrook, ME, USA; ELISA B), and
Paratuberculosis Indirect® (IDVet Innovative Diagnostics, Montpellier, France; ELISA
C). All 3 commercial milk ELISAs were performed by the technical laboratory staff at
the Maritime Quality Milk laboratory (Charlottetown, PEI, Canada), which was USDA
proficiency-tested for ELISA A. All 3 kits used an absorption step to remove antibodies
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that cross-react with Mycobacterium phlei (Yokomizo et al., 1985). Milk ELISAs were
performed following manufacturers’ instructions; a cow milk sample was defined as
ELISA-positive based on the criteria provided in the specific kit.

3.3.6 Statistical Analyses
Descriptive statistics were calculated for proportions of positive test results, in
total and among MAP-positive and MAP-negative herds. Unless otherwise specified, for
the test under evaluation, a milk ELISA-positive herd was a herd with ≥ β% of cows milk
ELISA-positive within the herd. This milk ELISA cutoff was previously used by
Lombard et al. (2006), and receiver operating characteristic evaluations indicated a
balance between HSe and HSp with this cutoff value.
Herd sensitivity and HSp were determined, using generalized estimating
equations (GEE) with an exchangeable correlation structure, to account for the repeated
nature of the data. Milk ELISA HSe was estimated from a null logistic GEE model with
milk ELISA herd test results from MAP-positive herds as the outcome, using the
equation: HSe=e o/(1+e o), where

0

was the intercept coefficient of a null logistic GEE

model based on MAP-positive herds only (Dohoo et al., 2009). Similarly, milk ELISA
HSp was estimated from the intercept coefficient of a null logistic GEE model with milk
ELISA herd test results on MAP-negative herds, using the equation HSp=1-(e o/(1+e o)).
In addition to the cutoff of 2% milk ELISA-positive cows, HSe and HSp were also
calculated using cutoffs of 1 and 3% milk ELISA-positive cows.
For evaluation of factors influencing HSe and HSp, estimation of predictive
values and determination of likelihood ratios (LR), results for ELISA B only are
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presented. This ELISA had a numerically superior HSp compared to ELISA A, and is
more commonly used in North America than ELISA C.
In order to evaluate predictors influencing HSe and HSp of milk ELISA B,
logistic GEE models were created. The initial model for HSe, for example, was:

logit(p) =

0

+ SEASON + HSIZE + AGE + WHP

where p is the probability of a MAP-positive herd to have a positive milk ELISA herd
test result;

0

is the common intercept; SEASON is a categorical variable indicating

season of milk sample collection; HSIZE is the herd size (continuous); AGE is the
median herd cow-age (continuous); and WHP is the mean FC within-herd MAP
prevalence (continuous). As defined in Table 3.1, WHP was calculated as the number of
fecal culture-positive cows divided by the total number of cows from which fecal
samples were collected. A herd’s mean WHP was the mean of the herd’s WHP estimates
calculated from each herd collection. Predictors with a P-value ≤ 0.15 in univariable
analyses were entered into a multivariable logistic regression GEE model. Furthermore, P
≤ 0.05 was considered significant for inclusion in the final model. Lowess smoothers and
fractional polynomials were produced to investigate linearity and to explore power
transformations of significant predictors in an effort to optimize linearity, respectively.
Based on these investigations, no transformation of predictors was required.
The probability for a herd to be MAP-positive, given a milk ELISA positive
(positive predictive value of a positive test) or milk ELISA-negative herd test (positive
predictive value of a negative test) (Dohoo et al., 2009) was calculated for a range of
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within and between herd prevalence scenarios for ELISA B at a 2% cutoff. The HSp
estimate used in the calculation of these probabilities was generated in the null GEE
model. The multivariable GEE model used to estimate HSe was influenced by the WHP;
therefore, probabilities were calculated using HSe estimates from herds with WHP of 2
and 10%, to represent low and high WHP levels, respectively. Probabilities were
calculated over a range of test population herd prevalence estimates.
Categorical LR were determined for 4 categories of milk ELISA B prevalence
(0%, > 0 to 2%, > 2 to 4%, and > 4%). Within each milk ELISA prevalence category, the
LR was calculated as the proportion of MAP-positive herds within the category divided
by the proportion of MAP-negative herds within the category.
Stata/IC® Version 11.2 (StataCorp LP, College Station, TX, USA) was the
statistical software used for all statistical analyses. A P-value ≤ 0.05 was considered
significant.

3.4 Results

3.4.1 Herd Prevalence
Based on PFC results collected over the 2 yr study period, 14 (44%) herds were
MAP-positive, whereas 18 (56%) herds were MAP-negative. Nine of the 14 MAPpositive herds had at least 1 PFC-positive result at each round of sampling, whereas 5
MAP-positive herds fluctuated between PFC test-negative results and at least 1 PFCpositive result (Table 3.2). In the first year of testing (Rounds 1 and 2), 5 of 9 herd tests
in these 5 fluctuating MAP-positive herds had at least 1 cow fecal sample that was
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culture-positive. Similarly, in the second year of testing (Rounds 3 and 4), 5 of 10 herd
tests in these 5 fluctuating MAP-positive herds had at least 1 cow fecal sample that was
culture-positive (Table 3.2).
In the 18 MAP-negative herds, 29, 13 and 18% of the 72 milk ELISA herd tests
had at least 1 milk ELISA-positive cow for ELISA A, B and C, respectively (Table 3.3).
In the 14 MAP-positive herds, 71, 67 and 78% of the 49 milk ELISA herd tests had at
least 1 cow milk ELISA-positive for ELISA A, B and C, respectively (Table 3.3).

3.4.2 Within-Herd Prevalence
Mean within-herd WHP ranged from 0 to 15.6% (Fig. 3.1). Seven of the 18 MAPnegative herds had at least 1 milk ELISA B-positive cow sample. In the 14 MAP-positive
herds, the WHP was generally higher than milk ELISA prevalence estimates (Fig. 3.1);
mean fecal culture WHP was 6.2%, whereas mean milk ELISA prevalence was lower,
being 2.9, 3.0, and 4.0% for ELISA A, B, and C, respectively.

3.4.3 Milk ELISA Test Characteristics
Based on a null logistic GEE model of MAP-positive herds, milk ELISA HSe
ranged from 58 to 63% for the 3 milk ELISAs (Table 3.4). Based on a null logistic GEE
model of MAP-negative herds, HSp ranged from 80 to 96%.
Results for modeling impact of predictors on HSe and HSp, and estimation of LR
and predictive values, refer to ELISA B only. In the final multivariable logistic GEE
model evaluating predictors influencing milk ELISA HSe, fecal culture WHP was a
significant positive predictor (Fig. 3.2), and no other predictors were significant. No
factors were found to be significant predictors of milk ELISA B HSp. The intercept
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coefficient was -2.68, and the coefficient for WHP (%) was 0.63 (P = 0.001). As
examples, milk ELISA HSe was 19% when WHP was 2%, and increased to 97% when
WHP was 10%.
The probability of a herd being MAP-positive, given a milk ELISA positive herd
test, increased as both WHP and herd prevalence in the test population increased (Fig.
3.3). For example, in a test population with a 20% herd prevalence, the probability of
being MAP-positive, given a milk ELISA positive herd test was 54% in herds with a 19%
HSe (the expected HSe when WHP within the herd is 2%). Conversely, in the same
population of herds, the probability of being MAP-positive was 85% when the HSe was
97% (the expected HSe when WHP within the herd is 10%). In contrast, the probability
of a herd being MAP-positive, given a milk ELISA negative herd test, decreased as HSe
decreased. For example, in the same population of herds with a herd prevalence of 20%,
at a HSe of 19% (the expected HSe when WHP within the herd is 2%), the probability of
a herd being MAP-positive, given a milk ELISA negative herd test, was 17%.
Conversely, in the same population of herds the probability of being MAP-positive was
only 1% when the HSe was 97% (the expected HSe when WHP within the herd is 10%).
Likelihood ratios for 4 categories of milk ELISA prevalence ranged from 0.3 to ∞ (Table
3.5).

3.5 Discussion

Within-herd prevalence can have a substantial effect on test characteristics at the
herd level (Dohoo et al., 2009), and has apparently not been evaluated previously in a
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milk ELISA study. The objective of this study was to both evaluate the herd-level test
characteristics of milk ELISAs, as well as to determine the impact of within-herd MAP
prevalence on the performance of the milk ELISA herd test. Herd sensitivity and HSp
were estimated for 3 commercial milk ELISAs, and WHP had a significant impact on
HSe.
In the present study of 44% MAP-positive herds, HSe of the 3 milk ELISAs
ranged from 56 - 63%, using the 2% prevalence milk ELISA cutoff defining a positive
herd. Klausen et al. (2003) predicted a milk ELISA HSe of 83%, based on a single
positive cow cutoff and data collected from 6 high-prevalence and 2 negative herds.
However, they suggested that sampling from a more representative set of herds was
required for a less biased estimate of test characteristics. Comparison of current study
results to Klausen et al. (2003) is limited because of the differing within-herd prevalence
estimates between study herds of the 2 projects. Hendrick et al. (2005) estimated milk
ELISA HSe ranged from 87 - 92%, depending on whether a 2 or 1 positive cow cutoff,
respectively, was used. However, the Hendrick et al. (2005) estimates of HSe were higher
than those in the current study because those HSe estimates were derived from
epidemiologic formulae, rather than comparison to a reference standard. In contrast,
Lombard et al. (2006) used a field application of the milk ELISA herd test compared to
individual fecal culture, and reported HSe values for the milk ELISA of 61% for a 2%
cutoff and 83% for a 1 positive cow cutoff. Those HSe estimates were similar to the
current study. However, Lombard et al. (2006) did not evaluate the impact of WHP on
milk ELISA HSe.
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Based on modeling milk ELISA HSe over a range of WHP values, HSe increased
as WHP increased. The contrast in HSe (Fig. 3.2), from less than 20% in herds with 2%
WHP to more than 95% in herds with 10% WHP, indicates that this is a critical factor.
Wells et al. (2002) considered the effect of within-herd prevalence in their serum ELISA
HSe estimate, using a single positive cow cutoff, and also noted an increase in HSe from
91 to 100% across 3 categories of increasing within-herd fecal culture prevalence (< 5%;
5 - 10%; and ≥ 10%). Although the trend is the same, the HSe estimates were higher than
those from the current study. In the Wells et al. (2002) study, 41% of the herds had a
within-herd prevalence, based on individual fecal culture, of ≥ 10%, while in the current
study β1% of herds had a WHP ≥ 10%. The overall lower mean HSe estimate in the
current study as compared to Wells et al. (2002), as well as milk ELISA test
characteristics estimated by Hendrick et al. (2005), could also be attributed to inclusion
of low-prevalence herds in the current study population. Lombard et al. (2006) estimated
a similar overall HSe to the current study, reflecting a similarly greater proportion of
study herds that were low-prevalence. Previous publications have reported that a solitary,
low-shedding cow in a pool may not be detected (Wells et al., 2003). If this occurred in
the current study, WHP estimates may have been an underestimation of true within-herd
MAP prevalence. Based on the low HSe in low-prevalence herds estimated from the
current study, we inferred that whereas the milk ELISA herd test may be useful for a
control program in a high-prevalence herd, as suggested by consensus recommendations
(Collins et al., 2006), HSe is too low to detect a low-prevalence herd.
Herd sensitivity will increase as the cutoff is lowered, but this increase will come
at a cost to the herd specificity (Martin et al., 1992). While previous studies have used a 1
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cow cutoff (Hendrick et al., 2005; Lombard et al., 2006), the lower cutoff translates to a
lower HSp. In the current data, between 13 and 29% of the milk ELISA herd tests from
MAP-negative herds had at least 1 positive ELISA result. For the purposes of applying
the milk ELISA test in MAP control programs, this number of false-positive herd results
was deemed to be too high. In the present study, a 2% positive cow cutoff was used
because it allowed for a more appropriate balance between HSe and HSp, as well as for a
greater extension to a variety of herd sizes.
In light of the potential impact of herd characteristics (within-herd prevalence,
size) on validity of test characteristic estimates, representativeness of study herds has
been previously called into question (Klausen et al., 2003). To address the issue of
variable HSe, herds used in this study were chosen to represent a range of within-herd
prevalence values (range from 0 to 15.6%). Additionally, herd size is another important
aspect of representativeness. Study herds were similar in size to Canadian (CDIC, 2013)
and European Union (DairyCo, 2012) norms. Herd size in the United States is highly
variable; whereas 68% of cows are housed on farms with > 200 cows, 82% of the dairy
herds with ≥ γ0 cows in the United States have less than β00 cows (USDA, β01β). The
variability in HSe (Fig. 3.2) indicates that concern over test characteristic variability
across herds was warranted, and our study design allowed for generalization of results
across a large proportion of herds in the North American and European dairy industries.
Previous studies have used herds with a history of clinical disease or highprevalence of disease (Wells et al., 2002; Klausen et al., 2003). In this study, we
attempted to select herds with a wider range of within-herd prevalence, although they
were not randomly selected. This was done in order that the study population would more
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closely reflect within-herd prevalence expected in the dairy industry (target population)
(Lombard, 2011). However, additional research using a larger, randomly selected, sample
of herds would be useful.
In the present study, HSp of the 3 milk ELISAs ranged from 80 - 96%. In other
studies, HSp could not reliably be estimated, because either few or no MAP-negative
herds were included, or the herd MAP-status was unknown. Klausen et al. (2003)
estimated an HSp of 100%, but had only 2 negative herds. Using calculated estimates,
without a known herd MAP-status based on fecal culture, Hendrick et al. (2005)
estimated an HSp of 66 and 93% for a cutoff of 1 or 2 positive cows, respectively.
Lombard et al. (2006) had only 3 fecal culture test-negative herds with milk ELISA data
and did not estimate an HSp. Wells et al. (2002) included 8 herds that had no prior
clinical or laboratory evidence of paratuberculosis; although they did not formally
calculate an HSp, all 8 herds were classified as MAP-positive with the serum ELISA.
These studies did not have a large number of herds that were MAP-negative at several
consecutive tests from which to calculate HSp. With 18 herds that were repeatedly PFCnegative, the present study provided a strong reference group from which to estimate
HSp.
Compared to a single cross-sectional herd PFC, repeated testing with PFC
allowed for the case definition to more closely reflect the target condition of a MAPinfected herd, because repeated sampling increases the probability to identify low
prevalence infected herds (Wells et al., 2002; Kalis et al., 2004), and is recommended for
establishment of a MAP-negative herd status in control programs (Collins et al., 2005). In
this study, test characteristics were estimated from a well-characterized group of 32 herds
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over 2 yr. Nine of these herds were consistently positive on PFC (100% of the 30 PFC
herd tests collected from these 9 herds were positive), 5 were intermittently positive on
PFC (low-prevalence) and 18 herds were repeatedly PFC negative and were considered
MAP-negative. These low-prevalence herds were positive on PFC for 53% of the herd
PFC tests (From Table 3.2, 10/19 herd PFC tests were positive). If only a single crosssectional sampling was used as a case definition, these low-prevalence herds that were
intermittently positive on PFC could have been misclassified as a MAP-negative herd,
potentially resulting in a lower reported milk ELISA HSp if misclassified herds also had
positive milk ELISA herd tests.
Regarding misclassification of a MAP non-infected herd, fecal culture specificity
is expected to approach 100%, so a false-positive PFC, resulting in a false-positive herd
diagnosis, is unlikely. There were 2 herds, classified MAP-positive, that had a single
positive PFC throughout the study. Although improbable, it is possible that the shedding
cow was only transiently in the herd, and that no other cows in the herd were MAPinfected. Given the low expected probability for this scenario, potential impact on test
evaluation outcomes is expected to be minimal. The milk ELISA herd test could be
evaluated against other diagnostic herd test outcomes to ensure similar results. An
alternative to the current PFC-based case definition model would be individual culture of
fecal samples. Although PFC has reported high HSe relative to individual cow fecal
culture (Wells et al., 2003), repeated individual cow fecal cultures may have allowed for
an improved case definition, but was cost-prohibitive. A Bayesian analysis, which allows
for analysis of test characteristics without requiring a comparative ‘gold standard’, would
also have circumvented the challenge of an imperfect ‘gold standard’ herd test. However,
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a sample size beyond the financial scope of this project would be required to elicit
reasonable estimates and credibility intervals from a Bayesian analysis.
Both herd prevalence and herd-level test characteristics can profoundly influence
interpretation of milk ELISA herd test results in low-prevalence herds (Fig. 3.3). For
practical field applications, it is important to understand the probability that a herd does
or does not actually have MAP based on test results. At the cow-level, these probabilities
are influenced by the prevalence of disease in the study population and the cow-level test
characteristics (Dohoo et al., 2009). At the herd-level, not only are these cow-level
factors influential, but the population herd prevalence and the herd-level test
characteristics are also important (Dohoo et al., 2009). However, as evidenced by our
data, herd-level test characteristics vary based on within-herd prevalence and therefore, to
use only 1 estimate of HSe for all herds would be inaccurate.
Another way to examine probability is using LR. This technique has been
successfully used to predict the odds of MAP shedding with categorical individual cow
ELISA data (Collins et al., 2005). In the context of these herd results, using LR allows for
estimation of the likelihood of a herd being MAP-positive, given milk ELISA prevalence
categories (Table 3.5). In herds with a milk ELISA prevalence between 0 and 2%, the test
result was non-informative. However, when the milk ELISA prevalence was > 4%,
within the limits of the available data from the study herds, test results in this category
were associated with a MAP-positive herd.

3.5.1 Conclusion
No single HSe or HSp estimate for milk ELISA can be applied to all herds. In this
study, with a range of within-herd prevalence values, HSe decreased significantly with
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declining WHP. Conversely, whereas HSp was high overall, LR indicated that herds with
less than 2% milk ELISA prevalence were likely to be false-positives nearly half the
time. Finally, in addition to within-herd prevalence, the herd prevalence in the target
population influenced interpretation of milk ELISA test results at the herd-level. The
present results do not support the use of milk ELISA in low within-herd prevalence
populations, but are consistent with previous consensus expert opinion suggesting milk
ELISA testing was appropriate for control programs in high-prevalence herds.
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Table 3.1. Definitions and acronyms used in an evaluation of 3 commercial milk ELISAs
for detecting Mycobacterium avium subsp. paratuberculosis (MAP) in dairy herds.
Term
PFC

Definition
A pooled fecal sample consisting of individual fecal samples
from 5 cows, based on cow-age
MAP-positive herd
A herd was classified as MAP-positive if any PFC during any test
period was MAP culture-positive
MAP-negative herd
A herd was classified as MAP-negative if no PFC were MAP
culture-positive. It is recognized that, even with 4 rounds of
whole-herd testing, some MAP-positive low-prevalence herds
may not have yielded any culture positive PFC. Nevertheless,
these herds were treated as MAP-negative for the analyses
WHP
Cow fecal samples from positive PFC were cultured individually
to estimate an apparent within-herd prevalence of MAP. Withinherd prevalence was calculated as the number of fecal culturepositive cows divided by the total number of cows from which
fecal samples were collected. In the case of a positive PFC with
all negative cow results, 1 cow in the positive PFC was
considered positive.
Low-prevalence
MAP-positive herd with mean WHP ≤ 5%
High-prevalence
MAP-positive herd with mean WHP > 5%
Milk ELISA positive If the proportion of cow-level ELISA positive test results in a
herd
herd test exceeded the specified cutoff, that herd was considered
milk ELISA positive for the given test period.
Milk ELISA negative If the proportion of cow-level ELISA positive test results in a
herd
herd test was below the specified cutoff, that herd was considered
milk ELISA negative for the given test period.
Milk ELISA
Within-herd prevalence of milk ELISA test results
prevalence
Herd prevalence
Proportion of MAP-positive herds
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Table 3.2. Frequency of positive Mycobacterium avium subsp. paratuberculosis (MAP)
cultures in 5 MAP-positive herds having both positive and negative pooled fecal culture
herd test results during a 2 yr longitudinal studya.
No. cows fecal culture-positive/No. cows testedb (% positive)
Herd
Round 1
Round 2
Round 3
Round 4
1
0/66
1/64 (1.6)
1/64 (1.6)
0/58
2
1/46 (2.2)
1/48 (2.1)
1/47 (2.1)
0/47
3
Not Tested
0/55
1/49 (2.0)
0/54
4
1/163 (0.6)
0/154
1/134 (0.7)
2/126 (1.6)
5
0/117
1/120 (0.8)
0/117
0/121
a

The remaining 9 MAP-positive herds had positive PFC each time the herd was sampled.
(Fig. 3.1 displays the range and mean MAP-prevalence for these 9 herds).
b
Fecal samples from all cows tested were cultured in pools of 5; cow samples from
positive pools were cultured individually.

92

Table 3.3. Distribution of Mycobacterium avium subsp. paratuberculosis (MAP) milk
ELISA test results in 14 MAP-positive and 18 MAP-negative herds, during a 2 yr
longitudinal study using 3 commercial milk ELISAs and 4 herd tests per herd.
No. ELISA MAP-negative (18 herds)
positive
No. (%) milk ELISA herd tests
cows per
ELISA Ab ELISA Bc ELISA Cd
herd test
0
51 (70.8) 63 (87.5) 59 (81.9)
1
11 (15.3)
6 (8.3)
9 (12.5)
2
7 (9.7)
3 (4.2)
2 (2.8)
3-4
2 (2.3)
0 (0)
2 (2.8)
5-9
0 (0)
0 (0)
0 (0)
≥ 10
1 (1.4)
0 (0)
0 (0)
a

MAP-positive (14 herds)a
No. (%) milk ELISA herd tests
ELISA A ELISA B ELISA C
14 (28.6)
10 (20.4)
8 (16.3)
8 (16.3)
7 (14.3)
2 (4.1)

16 (32.7) 11 (22.4)
9 (18.4) 9 (18.4)
8 (16.3) 10 (20.4)
5 (10.2) 6 (12.2)
9 (18.4) 10 (20.4)
2 (4.1)
3 (6.1)

Seven herds were added after the first round and were therefore only tested 3 times.
Parachek2 Mycobacterium paratuberculosis test kit® (Prionics AG, Schlieren-Zurich,
Switzerland).
c
Mycobacterium paratuberculosis antibody test kit® (IDEXX, Westbrook, ME, USA).
d
Paratuberculosis Indirect® (IDVet Innovative Diagnostics, Montpellier, France).
b
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Table 3.4. Herd sensitivity and specificity for 3 commercial Mycobacterium avium subsp.
paratuberculosis milk ELISA kits, using 3 cutoffs based on proportion of milk ELISA
positive cows. Results obtained from pooled fecal culture during a 2 yr longitudinal study
in 32 Canadian dairy herds were used as the herd reference standard.
Herd Sensitivity (%) (95% CI)
Milk ELISA Cutoff
ELISA
1%
2%
3%
Aa
64 (41-83) 59 (36-78) 45 (27-65)
Bb
62 (36-83) 56 (32-77) 47 (27-68)
Cc
72 (48-87) 63 (41-81) 53 (32-73)
a

Herd Specificity (%) (95% CI)
Milk ELISA Cutoff
1%
2%
3%
79 (70-86) 80 (71-88) 93 (86-97)
92 (84-96) 96 (89-98) 97 (90-99)
88 (79-93) 92 (86-96) 96 (89-98)

Parachek2 Mycobacterium paratuberculosis test kit® (Prionics AG, Schlieren-Zurich,
Switzerland).
b
Mycobacterium paratuberculosis antibody test kit® (IDEXX, Westbrook, ME, USA).
c
Paratuberculosis Indirect® (IDVet Innovative Diagnostics, Montpellier, France).
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Table 3.5. Likelihood ratios of Mycobacterium avium subsp. paratuberculosis (MAP)
herd positivity for 4 categories of milk ELISA B within-herd prevalence.

Milk ELISA
Prevalence (%)a
0
>0-≤β
>2-≤4
>4

No. Herd Tests
MAP-negative
MAP-positive
Herds
Herdsb
63
16
6
7
3
11
0
15

a

Likelihood
Ratio
0.3
1.2
3.7
∞

Herd milk ELISA B within-herd prevalence measurements were repeated every 6 mo
during a 2 yr study period.
b
A herd was considered MAP-positive if at least one pooled fecal culture was positive
during the study period.
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Figure 3.1. Mean, minimum and maximum within-herd Mycobacterium avium subsp.
paratuberculosis prevalence (WHP) in 32 Maritime Canadian dairy herds using fecal
culture and milk ELISA B (Mycobacterium paratuberculosis antibody test kit®).
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Figure 3.2. Estimated herd sensitivity of a commercial Mycobacterium avium subsp.
paratuberculosis (MAP) milk ELISA (milk ELISA B; Mycobacterium paratuberculosis
antibody test kit®), using 2% milk ELISA positive cows as the cutoff, with increasing
fecal culture within-herd prevalence.
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Figure 3.3. Influence of variable herd sensitivity and herd prevalence on the probability
for a herd to be Mycobacterium avium subsp. paratuberculosis (MAP) positive, given a
positive milk ELISA herd test result or a negative milk ELISA herd test result, using
ELISA B (Mycobacterium paratuberculosis antibody test kit®) and 2% milk ELISA
positive cows as the cutoff.
a

HSe of 19% corresponds to the HSe estimate for a herd with a fecal culture within-herd
prevalence (MAP-prevalence) of 2%.
b
HSe of 97% corresponds to the HSe estimate for a herd with a MAP-prevalence of 10%.
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CHAPTER 4

EVALUATION OF BETWEEN-TEST AGREEMENT FOR DIAGNOSIS OF
BOVINE PARATUBERCULOSIS USING THREE COMMERCIAL MILK
ELISAS
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4.1 Abstract

This study evaluated between-test agreement on the cow-level diagnosis of
Mycobacterium avium subspecies paratuberculosis for 3 commercial milk ELISA kits.
Data were collected from 32 herds over a 2 yr period. Individual fecal and milk samples
were collected from all lactating animals every 6 mo. Pooled fecal culture was conducted
on samples pooled by cow-age, with 5 cow fecal samples in each pool. Subsequent
individual fecal culture was performed on all cow fecal samples from positive pools. All
fecal samples were cultured in a broth culture system, with confirmatory PCR performed
on the broth of positive samples. Milk samples were analyzed using 3 commercial milk
ELISA kits, and a cow-test was classified positive following the manufacturer
recommended threshold for a positive cow result. Proportion agreed on negative was
high: ELISA A/B: 0.992; ELISA A/C: 0.991; ELISA B/C: 0.996. Proportion agreed on
positive was significantly lower: ELISA A/B: 0.61; ELISA A/C: 0.57; ELISA B/C: 0.79.
Kappa statistics, indicating agreement beyond chance, ranged from moderate agreement
to substantial agreement. Multi-level logistic regression models indicated that concurrent
shedding of the bacterium increased the odds of agreement between test-positive milk
ELISA results for all 3 paired test comparisons. Higher fecal culture within-herd
prevalence increased the odds of agreement between test-positive milk ELISA results for
ELISA A/B and ELISA A/C comparisons. Although the proportion of between-test
agreement was lower for positive milk ELISA tests than for negative tests, the odds of
between-test agreement on positive results increased when cows were shedding MAP.
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4.2 Introduction

Paratuberculosis is caused by Mycobacterium avium subspecies paratuberculosis
(MAP) (Chiodini et al., 1984), and has been reported in cattle worldwide (Harris and
Barletta, 2001). The economic impact of the disease (Lombard et al., 2005; Nielsen et al.,
β009), as well as a potential connection between the disease and Crohn’s disease in
humans (Barkema et al., 2011), make paratuberculosis very relevant to the dairy industry.
The milk ELISA has become a popular cow-level test for MAP because results are
obtained rapidly and at a low cost, relative to fecal culture (FC) (Tiwari et al., 2006).
Estimates of cow-level sensitivity (Se) and specificity (Sp) of the milk ELISA are
variable and depend on the stage of infection, with Se particularly noted to increase with
progressive infection stages (Nielsen and Toft, 2008). Nielsen and Toft (2008) defined 3
stages of infection: infected (carrying MAP but not infectious); infectious (shedding
MAP at the time of testing); and affected (clinical signs present). For infected animals,
milk ELISA Se has been reported as 39% (Nielsen et al., 2002) and Sp as 96% (Nielsen
et al., 2002) to 99.7% (Collins et al., 2005). For infectious animals, estimated Se of the
milk ELISA has ranged from 21% (Lombard et al., 2006) to 61% (Hendrick et al., 2005)
and Sp has ranged from 95% (Klausen et al., 2003; Hendrick et al., 2005) to 98%
(Lombard et al., β006). To the authors’ knowledge, estimates for milk ELISA test
characteristics in affected cows have not been published.
Milk ELISA test characteristics are often developed based on reference standard
methods, with milk ELISA results being compared to a FC reference test. The evaluation
of milk ELISA against FC has been suggested to be problematic for several reasons.
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Although FC Sp approaches 100% (Nielsen and Toft, 2008), FC has potentially poor Se,
with estimates ranging from 23% (McKenna et al., 2005) to 29% (Whitlock et al., 2000)
for infected animals and 74% for infectious animals (Sockett et al., 1992). In addition to
the potentially poor Se of FC as a reference test, FC and milk ELISA measure different
aspects of the host response to MAP infection. Milk ELISA measures antibody response,
which is typically detected after bacterial shedding is observed via FC, although antibody
response has also been detected more than a year prior to detection of fecal shedding
(Nielsen, 2008). Evaluating agreement between milk ELISAs allows for a comparison
between two tests that are measuring the same host response. Given the relatively low Se
of the milk ELISA relative to FC, it is important to determine if the milk ELISA test
results at minimum agree with each other, and also if false-positive and false-negative
results are consistent between kits. There have been a limited number of studies
evaluating agreement between serum ELISA or serum and milk ELISA kits (Hendrick et
al., 2005; McKenna et al., 2006; Lombard et al., 2006). However, agreement among
commercial milk ELISA kits has not been evaluated.
Evaluating between-test agreement is also required because there is potential for
producers and veterinarians to repeat a cow’s milk ELISA test using a different ELISA
kit, in order to confirm the initial test result. Given that there are several commercial milk
ELISA kits available, it is important to evaluate if repeating the test, using the same
sample but with a different kit, generates the same result. Practitioners and producers
need to understand if this is a sound and beneficial practice. Therefore, the first objective
of the present study was to quantify between-test agreement of commercial milk ELISA
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kits at the cow-level, using milk ELISA data compiled from more than 4000 cows, within
a study group comprising MAP-negative, low-prevalence and high-prevalence herds.
Although milk ELISA Se, relative to FC, has been noted to increase with
progressive stages of MAP infection (Nielsen and Toft, 2008), and also with cow-age
(Nielsen and Toft, 2006), it is not understood if agreement between milk ELISA tests is
similarly affected by these cow-level factors. In addition, the impact of within-herd
prevalence on between-test agreement is not known. Consensus recommendations
indicate that the milk ELISA may be an appropriate cow-level test for control in herds
with > 10% positive ELISA results (Collins et al., β006). However, Johne’s Disease is
considered a disease of low to moderate within-herd prevalence and moderate herd
prevalence (Lombard, 2011). As a result, many producers and veterinarians attempt to
interpret cow-level milk ELISA results in herds below the consensus prevalence
recommendation. Because these herds make up a large portion of the industry, it is
important to evaluate the influence within-herd prevalence has on between-test
agreement. Therefore, the second objective was to evaluate the herd-level and cow-level
factors influencing positive milk ELISA between-test agreement.

4.3 Materials and Methods

4.3.1 Terminology
Cow fecal samples were cultured in pooled fecal cultures (PFC), with 5 cows per
pool ordered by age (Kalis et al., 2000). Follow-up culture of all individual samples from
positive PFC was used to establish cow-level FC results for each test. A cow was FC103

positive for a FC test if individual FC and confirmatory PCR were positive. If PFC was
negative, a cow in that pool was considered FC-negative. It is recognized that there is no
true gold standard diagnostic cow-test for paratuberculosis, and in particular, falsenegative results are expected (Nielsen and Toft, 2008). However, for the purposes of the
analyses, this was the definition of a FC-negative cow for each FC test.
A herd with no positive PFC during the entire study was classified MAP-negative.
A herd was classified MAP-positive if, at any point during the study, a PFC was positive,
indicating that MAP infectious cows were present in the herd. An apparent within-herd
MAP-prevalence was calculated as the number of FC-positive cows divided by the
number of cows from which fecal samples were collected during a herd test.

4.3.2 Selection of Herds
A total of 34 herds from the 3 Canadian Maritime provinces, Prince Edward
Island, New Brunswick and Nova Scotia, participated in this 2 yr prospective study.
Details on herd selection are provided in Lavers et al. (2013). Briefly, herd selection
involved a non-random selection process based on prior risk assessments, in order to
provide a mixture of MAP-negative, low-prevalence, and high-prevalence herds. In order
for a herd’s data to be included in the analyses, ≥ γ rounds of individual cow FC had to
be collected from a herd, and therefore 2 herds were excluded due to incomplete
sampling. Median herd size was 66 milking cows (mean: 82; range: 28 to 220).
The MAP herd-status and MAP-prevalence for the 32 study herds is described in
Lavers et al. (2013). Briefly, based on PFC results from the entire study period, 18 herds
were MAP-negative and 14 herds were MAP-positive. The mean within-herd MAPprevalence ranged from 0 to 15.6%, with a relatively even distribution of mean MAP104

prevalence values between the minimum and maximum value. Nine herds had a mean
MAP-prevalence > 5% and 5 herds had a mean MAP-prevalence ≤ 5%.
4.3.3 Sample Collection
Individual fecal samples were collected from all lactating cows at 6 mo intervals
during the 2 yr study period, using a clean rectal sleeve lubricated with sterile water.
Approximately 30 g of feces was collected per rectum and placed in a clean, labeled 95
mL plastic specimen jar. Fecal samples were kept cool during transport back to the
laboratory and were then frozen until time of processing. Fecal samples were frozen at β0˚C if processing occurred within β weeks and were frozen at -80˚C if processed
between 2 and 6 weeks after collection. Individual milk samples were collected from
lactating cows by Dairy Herd Improvement personnel (Valacta, Montreal, Quebec) at 6
mo intervals. Milk samples were preserved with bronopol and refrigerated at 4˚C. The
aim was to have no more than γ mo between a herd’s milk and fecal sample collection.
4.3.4 Fecal Culture
All manure samples were processed by the technical laboratory staff at the
Maritime Quality Milk Laboratory (Atlantic Veterinary College, Charlottetown, PEI,
Canada), which was approved by USDA proficiency-testing for MAP FC. Fecal samples
were processed and inoculated into ESP para-JEM® broth, according to the
manufacturer’s protocol, with the exception that samples were incubated for 49 d in the
ESP® Culture System II (TREK Diagnostic Systems, Inc., Cleveland, OH, USA), rather
than 42 d. The broth culture method, as well as confirmatory testing, has been described
previously in Lavers et al. (2013). Briefly, after broth culture was complete, all broth
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samples were examined microscopically for the presence of Mycobacteria using an acidfast stain. Confirmatory PCR for detection of the hspX gene was performed on all
samples positive by the culture system or microscopic visualization, using the VetAlert™
Johne’s Real-Time PCR kit (Tetracore, Inc., Rockville, Maryland, USA) and following
manufacturer’s instructions.
4.3.5 Milk ELISAs
The three indirect ELISAs used were: ELISA A = Parachek2 Mycobacterium
paratuberculosis test kit® (Prionics AG, Schlieren-Zurich, Switzerland); ELISA B =
Mycobacterium paratuberculosis antibody test kit® (IDEXX, Westbrook, Maine, USA);
and ELISA C = Paratuberculosis Indirect® (IDVet Innovative Diagnostics, Montpellier,
France). ELISA A and B are licensed for the North American market. All three
commercial milk ELISAs were performed by the technical laboratory staff at the
Maritime Quality Milk Laboratory, which was USDA proficiency-tested for milk ELISA
techniques. All 3 kits use an absorption step, which removes antibodies that cross-react
with Mycobacterium phlei (Yokomizo et al., 1985), with the goal of minimizing crossreactions with other Mycobacteria organisms. The milk ELISAs were performed
following the manufacturers’ instructions. The following milk ELISA procedure was
used. All reagents and samples were brought to room temperature (18 - β5˚C) for at least
1 hr before use. Milk samples (150 µL ELISA A; 100 µL ELISA B; 80 µL ELISA C) and
10 µL each of positive and negative controls were added to the wells of the dilution plate.
Diluent solution was then added to the wells containing milk samples (150 µL ELISA A;
100 µL ELISA B; 80 µL ELISA C) to create a 1:1 dilution of the milk sample. Diluent
solution was added to the control wells (190 µL ELISA A and ELISA B; 110 µL ELISA
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C) to create positive and negative control dilutions of 1:20 for ELISA A and B and 1:12
for ELISA C. The plates were gently shaken by hand and left to incubate at room
temperature (30 min ELISA A; 15 min ELISA B and C). Following incubation, 100 µL
of each sample and control was transferred by pipette to the coated ELISA microplates,
and were then incubated for a further 45 min. At the end of this incubation period, the
microplates were washed using the BioTek® Washer (BioTek Instruments, Inc.,
Winooski, VT, USA). ELISA A was washed 6 times, ELISA B was washed 3 times, with
a 2 min soak on the third wash, and ELISA C was washed 3 times. After washing, the
microplates were tapped dry onto clean absorbent paper, and 100 µL of diluted conjugate
(1:100 dilution for ELISA A and B; 1:10 dilution for ELISA C) was added to each well.
The microplate was incubated at room temperature for 30 min and then the wash was
repeated. The washed microplate was tapped dry onto clean absorbent paper and then 100
µL of substrate solution was added to each well. ELISA A was read directly without
incubation. For ELISA A, when the absorbance of the positive control was between 0.35
– 0.40 optical density (OD), measured at 630 nm using the BioTek® ELISA Reader, 50
µL of stop solution was added to each well of the ELISA A kit. ELISA B and C were
incubated at room temperature in the dark (10 min ELISA B; 15 min ELISA C) after
addition of the substrate solution, and then 100 µL of stop solution was added to each
well. For all 3 ELISA kits, the absorbance of each well was read by the BioTek® ELISA
Reader at 450 nm, following addition of the stop solutions to the wells.
ELISA A test output was reported as the mean negative control OD subtracted
from the OD of the sample. ELISA B and C test output were reported as a sample to
positive (S/P) ratio %, computed as: ((sample OD – negative control OD)/(positive
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control OD – negative control OD)*100). A cow-level result was considered to be a testpositive milk ELISA result if the test result was greater than the threshold indicated in the
kit instructions (ELISA A: 0.1 OD; ELISA B: 40% S/P%; ELISA C: 30% S/P%), and
was otherwise considered a test-negative milk ELISA result.

4.3.6 Data Management and Statistical Analyses
Statistical analyses were performed using Stata/IC® Version 11.2 (StataCorp LP,
College Station, Texas, USA). A P-value ≤ 0.05 was considered significant. The full
dataset consisted of repeated cow test events for each of the 3 ELISAs, with a minimum
of 1 test event and maximum of 4 test events per cow. Because it was not a study
objective to evaluate agreement over time, for the analysis describing proportion
agreement and kappa statistics, 1 test event per cow was randomly selected for the
analysis. In order to be included in the random selection process, the cow test event had
to include a milk sample collection from which all 3 commercial milk ELISAs being
evaluated had complete results. To ensure the selection process was random, two
subsequent analyses were conducted. First, additional random selection processes and
subsequent analyses were repeated on the dataset to ensure results were similar,
regardless of the cow test events randomly selected. Second, the analyses were repeated
twice more, using the first, and subsequently the last, chronological cow test event to
ensure results obtained were similar to the original random selection process.
Agreement statistics for ELISA A/B, ELISA A/C, and ELISA B/C between-test
comparisons were calculated. These included overall observed proportion of agreement
(Pa), as well as the proportion of paired milk ELISA test results that agreed on positive
(Pa+), and negative (Pa-), test results (Cicchetti and Feinstein, 1990). Confidence
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intervals (95%) for these proportions were calculated using the plus-four method (Agresti
and Coull, 1998). The second agreement statistic calculated was Cohen’s Kappa (kappa).
This statistic is commonly used for subjective rating and represents the level of
agreement beyond chance (Dohoo et al., 2009). In addition to kappa estimation,
McNemar’s test was also calculated in order to assess if proportions of positive results
differed between ELISA results. A significant McNemar’s test indicates disagreement
between tests and reduces the interest in the kappa estimation (Dohoo et al., 2009). Due
to the difference in scale for ELISA A/B and ELISA A/C comparisons, concordance
correlation coefficients were not calculated.
In the second portion of the analysis, which evaluated factors influencing
between-test agreement for test-positive milk ELISA results, 1 test event per cow was
randomly selected, subject to 2 criteria. In order to allow for the evaluation of concurrent
MAP shedding as a predictor of test-positive milk ELISA agreement, the first criterion
was that a cow test event had to include complete results for both FC and all 3
commercial milk ELISA kits, with a maximum of 3 mo between fecal and milk sample
collections. The second criterion was that at least 1 milk ELISA test result from the set of
3 results being compared was positive. Cow records meeting these 2 criteria were
included in a random selection process, with 1 cow test event per cow being included in
the analysis. Additional random subsets were selected, with subsequent analysis, to
ensure that results were similar, regardless of the random selection process utilized.
Using this dataset, a multi-level logistic regression model was fitted for each of
the 3 ELISA between-test comparisons (ELISA A/B; ELISA A/C; ELISA B/C). The
outcome of the model was test-positive milk ELISA agreement between the 2 ELISA kits
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being compared in the respective regression model. (“positive agreement” variable = 1).
Therefore, when the milk ELISAs both reported negative results, or only 1 milk ELISA
reported a positive result, the “positive agreement” variable = 0. The multi-level model
structure accounted for clustering of test-positive milk ELISA cow results within herds.
Predictors evaluated were mean MAP-prevalence (herd-level), cow-age (yrs) at time of
testing (cow-level, categorical: < 3 yr, 3 - 4 yr, 4 - 5 yr, and > 5 yr), and concurrent cow
MAP shedding (cow-level, dichotomous). The linear relationship between continuous
predictors and the outcome was evaluated using fractional polynomial models, in order to
determine if a transformation of the predictor provided a better fit for the model.
Collinearity of variables and interaction terms were also evaluated. A P-value ≤ 0.05 was
considered significant for inclusion in the final model.

4.4 Results

In the γβ study herds, 4569 cows had ≥ 1 milk or fecal samples collected during
the project. There were β86 cows that had no milk samples collected, but had ≥ 1 fecal
samples collected. From the 4283 cows contributing milk sample data, 516 (12%) cows
had 4 milk ELISA test events, with complete results for all 3 commercial milk ELISAs.
Similarly, 1199 (28%) cows had 3 test events, 1374 (32%) cows had 2 test events, and
1194 (28%) cows had 1 milk ELISA test event during the project. Mean herd cow-age at
testing was 4.1 yrs (range: 2.9 to 5.5).
When 1 test event per cow was randomly selected, 2.1% (92/4283), 1.7%
(73/4283), and 2.1% (89/4283) of cow results were positive for commercial milk ELISA
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A, B, and C, respectively. The proportion of agreement was higher for negative results
than positive results (Table 4.1). McNemar’s test was significant for comparisons
between ELISA A/B and ELISA B/ C, and non-significant for comparison between
ELISA A/C. The highest level of agreement beyond chance occurred between ELISA B
and C, with a kappa value of 0.79 (95% CI: 0.72 - 0.86) (Table 4.1). There were 2292
cow test events from MAP-negative herds, and 24 (1.1%), 8 (0.4%) and 9 (0.4%) of these
cows had test-positive milk ELISA cow results for ELISA A, B and C, respectively.
There were 1991 cow test events from MAP-positive herds. From these herds, there were
68 (3.4%), 65 (3.3%), and 80 (4.0%) cow test-positive milk ELISA results for ELISA A,
B and C, respectively.
The quantitative ELISA results for the 3 pairs of ELISA comparisons are
demonstrated graphically in Figures 4.1, 4.2, and 4.3. The vertical and horizontal
reference lines indicate the manufacturer recommended threshold levels, and divide the
scatterplot into four quadrants. The upper right and lower left quadrants indicate
agreement, whereas the upper left and lower right quadrants indicate disagreement. For
all 3 paired ELISA comparisons, the majority of the data points in the disagreement
quadrants are relatively close to the threshold values. For all test kits, when results were
discordant, between 86 - 100% of the ELISA values in the disagreement quadrants were
below the median of the value for the corresponding positive ELISA.
Predictors of cow-level test-positive milk ELISA agreement in the multi-level
logistic regression models are presented in Table 4.2. There were 130 cows from 23 herds
with test-positive milk ELISA results in ELISA A/B model, 76 cows from 14 herds in
ELISA A/C model, and 81 cows from 16 herds in ELISA A/C model. For all 3 models,
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test-positive milk ELISA agreement was significantly more likely in cows that were
concurrently shedding the MAP bacterium in their feces (OR ranging from 5.02 to
12.60), as detected by a positive concurrent FC result. For ELISA A/B and ELISA A/C
models, test-positive milk ELISA agreement was positively associated with mean MAPprevalence; for every 1% unit increase in mean MAP-prevalence, the odds of agreement
increased by 1.15 (P-value: 0.009) and 1.17 (P-value: 0.005), respectively (Table 4.2).
The mean MAP-prevalence did not significantly impact the odds of test-positive milk
ELISA agreement for ELISA B/C. No transformation of the linear MAP-prevalence
continuous variable was found to improve the model. Variables were not found to be
significantly collinear, and interaction terms were not significant. Cow-age was not a
significant predictor in the models. There was very little clustering within farms for all 3
pair comparisons (herd-level variances for ELISA A/B, B/C, and A/C were 0.001, 0.002,
and 0.001, respectively).

4.5 Discussion

The present study evaluated the between-test agreement of 3 commercial milk
ELISAs, and found that overall agreement was high, with kappa statistics indicating
moderate to substantial agreement beyond that due to chance. However, the proportion of
between-test agreement was lower for positive milk ELISA tests than for negative tests.
The present study also evaluated the cow and herd-level factors influencing positive milk
ELISA between-test agreement. Cow fecal shedding of the MAP bacterium and herd-
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level MAP-prevalence were both significant predictors of agreement between positive
milk ELISA test results.
A single measure of agreement, such as kappa or overall proportion of agreement,
is an appealing method to summarize the results of an agreement study. However, a
single descriptive statistic can be deceiving, and is not advised, if there is a symmetrical
imbalance in the proportion of test-positive and test-negative results (Feinstein and
Cicchetti, 1990). When this imbalance occurs, the effect of the smaller proportion is
obscured within a single measure of overall agreement, and it is better to evaluate
agreement by examining several statistics (Cicchetti and Feinstein, 1990). This
symmetrical imbalance was apparent in the current data, where there was a substantially
higher proportion of cows with test-negative milk ELISA results compared to cows with
test-positive milk ELISA results. While agreement between negative test results was
high, agreement between positive test results was significantly lower, indicating poorer
agreement between different milk ELISA kits for test-positive results. A lower proportion
of agreement in positive samples was also reported in a study evaluating agreement
between serum ELISAs (McKenna et al., 2006). The lower agreement between positive
results suggest that using a different milk ELISA kit to confirm a positive result is noninformative, as it will often yield a negative result.
Kappa statistics indicated moderate to substantial agreement between the 3
commercial milk ELISAs, beyond that expected due to chance. Kappa statistics between
ELISA B/C indicated substantial agreement, and were significantly different from the
moderate agreement estimated from kappa statistics for ELISA A/B and ELISA A/C
comparisons. For ELISA A/B and B/C comparisons, there was a significant McNemar’s
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test, indicating a significant difference in the proportion of positive results between the
tests and giving the kappa value less relevance (Caraguel et al., 2009). The kappa
statistics reported here were similar to previous studies evaluating agreement between
milk and serum ELISAs, which have reported fair (Lombard et al., 2006) and substantial
agreement (Collins et al., 2005).
Kappa accuracy is influenced by extreme prevalence values (Dohoo et al., 2009),
such as those observed with low-prevalence diseases like MAP, and therefore, kappa
should be examined in study populations that are similar to the target population (Vach,
2005). In order to evaluate the agreement between commercial milk ELISAs that could
be expected in the dairy industry, tested cows should represent all ranges of the infection
spectrum, rather than targeted high-prevalence populations. Herds in this study were
selected to be reflective of typical herds in the North American dairy industry, in order to
allow for extrapolation to this target population.
Scatterplots provided a visual comparison of between-test agreement on a
quantitative scale. These scatterplots illustrated that a large number of cows had negative
results for both ELISAs, and also that, for many of the disagreeing cow-test results, the
discordant positive results were relatively close to the specified ELISA kit threshold. A
previous study evaluating serum ELISA agreement noted numerous pairs of discordant
results where the test-positive milk ELISA result was much higher than the threshold
(McKenna et al., 2006). It is possible that the ELISA kits used in the present study were
more similar in terms of their antigen and conjugate components compared to the
previous serum study.
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For all 3 paired milk ELISA comparisons, fecal shedding of the MAP bacterium
significantly increased the odds of test-positive milk ELISA agreement. This is similar to
a previous longitudinal study, which reported that a greater proportion of cows
consistently shedding the MAP bacterium had test-positive milk ELISA results (60 –
70% milk ELISA test-positive), as compared to cows intermittently or transiently
shedding the bacterium (5 – 30% milk ELISA test-positive) (Nielsen, 2008). Testpositive milk ELISA agreement was less likely in cows that were not shedding the MAP
bacterium. Antibody response and bacterial shedding do not necessarily begin at the same
time, and longitudinal studies have indicated that a test-positive milk ELISA result can
occur prior to, or following, detection of MAP shedding (Nielsen, 2008). Test-positive
milk ELISA disagreement could occur because 1 ELISA kit is correctly identifying a
MAP-infected cow that is not yet shedding the MAP bacterium, while the other ELISA
kit is missing it. Conversely, because ELISA Sp is imperfect, the positive milk ELISA
result in a discordant set may be a false-positive. Estimates of the milk ELISA Sp range
from 95% (Hendrick et al., 2005) to just under 100% (Collins et al., 2005). Many of the
discordant test-positive milk ELISA cow results are quite likely false-positive results
reflecting the imperfect Sp.
The second predictor increasing the odds of test-positive milk ELISA agreement
was the MAP-prevalence. This predictor was significant for test-positive agreement
between ELISA A/B and ELISA A/C, but not for test-positive agreement between ELISA
B/C. For ELISA A/B and ELISA A/C comparisons, respectively, the odds of test-positive
milk ELISA agreement increased 15-17% with every 1% unit increase in MAPprevalence. It is possible that MAP-prevalence was a significant predictor for ELISA A/B
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and ELISA A/C agreement because of the higher proportion of ELISA A testpositive/ELISA B and C test-negative results observed in MAP-negative herds (0%
MAP-prevalence). The higher proportion of disagreement in MAP-negative herds for
ELISA A/B and ELISA A/C would contribute to the increased odds of test-positive milk
ELISA agreement as the MAP-prevalence increased.
One limitation of the present study was the number of FC-positive and testpositive milk ELISA results. Even with 4000 cows in 32 herds, because paratuberculosis
is a disease of low-prevalence, there are many more test-negative than test-positive
results. Although a larger sample size is always desirable, to target only high-prevalence
herds in order to increase the number of test-positive results creates limitations because
these high-prevalence herds do not represent the majority of dairy herds, and outcomes
may not be generalizable.
In this population of herds, cow fecal shedding of the MAP bacterium and higher
herd MAP-prevalence both increased the odds of test-positive milk ELISA agreement,
supporting consensus recommendations that the milk ELISA is best applied in herds with
known infection, high MAP-prevalence, and clinical disease (Collins et al., 2006).
Although overall and test-negative milk ELISA proportion of agreement was quite high,
agreement on positive milk ELISA results was substantially lower. Unless there is a
specified testing strategy in place for the application of 2 ELISA tests to 1 milk sample,
such as an initial screening (higher sensitivity) followed by a repeat diagnostic (higher
specificity) test (Dohoo et al, 2009), the interpretation of results from 2 milk ELISA kits
may be confusing to interpret, based on the observed low proportions of positive
agreement.
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Table 4.1. Cross-classifications, proportions of agreement and kappa values for betweentest agreement of cow-level milk ELISA Mycobacterium avium subsp. paratuberculosis
test results using three commercial milk ELISA kits on 4283 cows from 32 herds.
ELISA Comparison
Negative/Negative
Negative/Positive
Positive/Negative
Positive/Positive
Proportion of
agreement
(Pa) (95% CI)
Proportion agreed on
positive tests
(Pa+) (95% CI)
Proportion agreed on
negative tests
(Pa-) (95% CI)
Kappa (95% CI)
Exact McNemar Pvalue

Aa/Bb
4168
23
42
50
0.985 (0.981–
0.988)

A/Cc
4154
37
40
52
0.982 (0.978 –
0.986)

B/C
4185
25
9
64
0.992 (0.989 –
0.994)

0.61 (0.52 – 0.69)

0.57 (0.49 – 0.66)

0.79 (0.72 – 0.86)

0.992 (0.990 –
0.994)

0.991 (0.989 –
0.993)

0.996 (0.995 –
0.997)

0.60 (0.51-0.69)
0.025

0.57 (0.48-0.65)
0.820

0.79 (0.72-0.86)
0.009

a

Parachek2 Mycobacterium paratuberculosis test kit® (Prionics AG, Schlieren-Zurich,
Switzerland).
b
Mycobacterium paratuberculosis antibody test kit® (IDEXX, Westbrook, Maine, USA).
c
Paratuberculosis Indirect® (IDVet Innovative Diagnostics, Montpellier, France).

120

Table 4.2. Results of multi-level logistic regression analysis for cow-level
Mycobacterium avium subsp. paratuberculosis test-positive milk ELISA agreement for
three commercial milk ELISA kits.
ELISA Variable
Aa/Bb

A/Cc

B/C

Coefficient

Intercept
Concurrent FC resultd
(0=neg; 1=pos)
Mean MAP-prevalencee
(%)
Variance (herd-level)
Intercept
Concurrent FC result
(0=neg; 1=pos)
Mean MAP-prevalence
(%)
Variance (herd-level)
Intercept
Concurrent FC result
(0=neg; 1=pos)
Mean MAP-prevalence
(%)
Variance (herd-level)

Odds ratio
(95% CI)

Pvalue

12.22 (4.6731.98)
1.15 (1.03-1.27)

< 0.001

< 0.001

0.16

12.60 (5.1630.73)
1.17 (1.05-1.27)

0.001
-0.15
1.54

5.02 (1.99-12.67)

0.001

0.04

1.04 (0.94-1.14)

0.47

-2.48
2.50
0.14
0.001
-3.03
2.53

0.009

0.005

0.002

a

Parachek2 Mycobacterium paratuberculosis test kit® (Prionics AG, Schlieren-Zurich,
Switzerland).
b
Mycobacterium paratuberculosis antibody test kit® (IDEXX, Westbrook, Maine, USA).
c
Paratuberculosis Indirect® (IDVet Innovative Diagnostics, Montpellier, France).
d
Pooled fecal culture with individual cow fecal culture of positive pools. A maximum of
90 d between milk and fecal sample collection.
e
FC results were used to establish a mean apparent within-herd fecal culture prevalence
estimate (MAP-prevalence), which was calculated as the number of FC-positive results
divided by the total number of cows from which fecal samples were collected during the
herd test.
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Figure 4.1. Scatterplot of cow-level milk ELISA results from 4283 cows in 32 herds for
ELISA A (Parachek2 Mycobacterium paratuberculosis test kit® ) and ELISA B
(Mycobacterium paratuberculosis antibody test kit®) comparisons, overlaid with
reference lines indicating the recommended threshold values for each ELISA kit.
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Figure 4.2. Scatterplot of cow-level milk ELISA results from 4283 cows in 32 herds for
ELISA A (Parachek2 Mycobacterium paratuberculosis test kit®) and ELISA C
(Paratuberculosis Indirect®) comparisons, overlaid with reference lines indicating the
recommended threshold values for each ELISA kit.
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Figure 4.3. Scatterplot of cow-level milk ELISA results from 4283 cows in 32 herds for
ELISA B (Mycobacterium paratuberculosis antibody test kit®) and ELISA C
(Paratuberculosis Indirect®) comparisons, overlaid with reference lines indicating the
recommended threshold values for each ELISA kit.
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CHAPTER 5

TEST CHARACTERISTICS AND LIKELIHOOD RATIO INTERPRETATIONS
FOR TWO COMMERCIAL BOVINE PARATUBERCULOSIS MILK ENZYMELINKED IMMUNOSORBENT ASSAYS
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5.1 Abstract

Test characteristics and categorical likelihood ratios were estimated for two
commercial milk ELISAs using samples from 1829 cows in 15 Mycobacterium avium
subspecies paratuberculosis (MAP) infected herds and 1889 cows from 17 non-infected
herds. Pseudogold standard and latent class methods were used for test characteristic
estimation; for pseudogold standards, a cow was considered infectious for MAP if a fecal
sample collected within 3 mo of the milk sample was culture-positive using liquid
culture. Sensitivity of ELISA A was 30.2% using a latent class model, and 28.4% using a
pseudogold standard, while sensitivity of ELISA B was 34.6% using a latent class model,
and 33.1% using a pseudogold standard. Specificity of ELISA A was 99.2% using a
latent class model, and 99.5% using a pseudogold standard, while specificity of ELISA B
was 99.4% using a latent class model, and 99.7% using a pseudogold standard. Using
categorical likelihood analysis, the likelihood for a cow to be shedding MAP in its feces
tended to increase with an increasing milk ELISA result. For ELISA A, a cow with an
ELISA optical density < 0.05 was less likely to be shedding MAP in her feces than not
shedding (Likelihood ratio = 0.7). Conversely, a cow with an ELISA optical density ≥
0.50 was 196 times more likely to be shedding MAP in her feces than not shedding. Posttest probabilities for a cow to be MAP-infectious, given her pretest probability and
categorical likelihood ratio, further extended the practical application of the data.
Knowledge of the test characteristics of commercially available milk ELISAs are
necessary when applying these kits in practice. Pseudogold statistical methods and latent
class analyses produced similar estimates of milk ELISA test characteristics. Quantitative

126

interpretation of the milk ELISA result is an additional tool to provide further
information from ELISA results within herd MAP control programs.

5.2 Introduction

Paratuberculosis (Johne’s disease (JD)) is a chronic infectious enteritis of
ruminants. The causative agent is a bacterium named Mycobacterium avium subspecies
paratuberculosis (MAP) (Chiodini et al., 1984). Eradication of MAP is difficult, and
successful control programs in infected herds should include both management changes
that limit MAP exposure in calfhood, combined with MAP testing of adult cows.
Preferably, testing strategies that identify the most infectious adult cows are used (Garry,
2011). Infectious cows should be detected and managed differently than their herd-mates,
and even potentially removed from the herd, in order to facilitate MAP control and
minimize impact of the organism on the herd (Nielsen and Toft, 2006). Due to limited
sensitivity and imperfect specificity of tests, interpretation of diagnostic and screening
test results is challenging. Test characteristics generally improve as cows progress
through the 3 stages of disease, which are: infected (carrying MAP), infectious (infected
and shedding MAP at the time of testing), and affected (occurrence of clinical signs in
infectious animals) (Nielsen and Toft, 2008).
Detecting antibodies against MAP in milk, using ELISAs, is a test strategy used
in many paratuberculosis control programs. Numerous milk ELISA kits are available,
both commercial kits and in-house assays. Test characteristics of kits can vary
substantially because kit components differ in terms of antigens and conjugates, and also
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because different kits are optimized for different testing purposes (Nielsen, 2009).
Because test characteristics are not transferable between test kits, it is very important to
understand the test characteristics of the particular ELISA being applied to a herd
(Nielsen, 2009). However, there are challenges associated with identifying the
appropriate test characteristics of milk ELISAs. Firstly, many of the previously published
test characteristics of milk ELISAs were based on in-house procedures (Nielsen et al.,
2002; Klausen et al., 2003; Hendrick et al., 2005; Collins et al., 2005; Lombard et al.,
2006), which have limited relevance to target populations outside those regions. Van
Weering et al. (2007) evaluated a commercial ELISA kit that is widely available
(Pourquier ELISA, Institut Pourquier, France); however, most of the test characteristics
estimated in that study were relative to serum ELISA results only, which provides no
indication as to how well the milk ELISA specifically detects infectious cows. In that
study, the Pourquier milk ELISA was compared to fecal culture in a subset of 36 cows,
all of which were moderate to high shedders, limiting the application of its results to
moderate and high shedding cows only. In practice, a MAP-infected herd would be
expected to contain cows exhibiting a wide range of shedding levels, from transient
shedders to high shedders (Nielsen, 2008). As levels of MAP shedding increase, so does
the probability for the milk ELISA to be positive (Nielsen, 2008). If the milk ELISA is
only compared against fecal culture results obtained from cows shedding high levels of
MAP, the estimated test characteristics will not be the same as those expected in a herd
with a wider range of shedding levels.
In addition to limited use of commercially available milk ELISA kits in previous
test evaluation publications, there is also a limited number of specificity estimates for
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milk ELISA tests from non-infected herds. Paratuberculosis often has a low within-herd
prevalence (Lombard, 2011), therefore test specificity is an important consideration, as
imperfections in specificity translate into false-positive results. Depending on the herd’s
MAP control plan, the consequence of a false-positive test could be culling of a noninfected cow. With paratuberculosis, the best standard for estimation of specificity is to
evaluate the test in herds that have had multiple negative tests of all adult cattle (Collins
et al., 2005). Collins et al. (2005) evaluated an in-house milk ELISA on 7 uninfected
herds (359 cows), and estimated a specificity of 99.7%. In the only published study on
the specificity of a commercial milk ELISA kit in established non-infected herds, Van
Weering et al. (2007) used data from 10 MAP-free herds (435 cows) to evaluate test
characteristics of a commercial milk ELISA, and estimated a specificity of 100%, using
the manufacturer’s recommended cutoff.
Two statistical methods are commonly used to estimate test characteristics for
assays where no strong reference standard exists, such as for paratuberculosis test
evaluations. The first and more traditional approach is to use a pseudogold (reference)
standard, where the case definition is based on available referent test(s), and
consideration is given to possible misclassification bias in the interpretation of results.
This is the approach used in many studies estimating milk ELISA test characteristics
(Collins et al., 2005; Hendrick et al., 2005; Lombard et al., 2006; van Weering et al.,
2007). The term reference standard implies an almost perfect test, which is not available
for paratuberculosis (Nielsen and Toft, 2008), and for this reason, the term pseudogold
standard was used in this chapter, in place of reference standard.
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A second approach is the use of statistical methods to evaluate test characteristics
in the absence of a gold standard reference test, commonly referred to as latent class
analysis (Hui and Walter, 1980). Latent class analysis is performed through either
maximum likelihood estimates (Hui and Walter, 1980) or Bayesian methodology (Joseph
et al., 1995; Branscum et al., 2005). Although latent class analysis has not been used as
commonly as pseudogold standard methods for the estimation of milk ELISA test
characteristics in paratuberculosis diagnostic test evaluations (Nielsen et al., 2002;
Nielsen and Toft, 2008), this approach seems appealing because the evaluated test is not
compared to an imperfect reference, but rather the latent disease state of the cow. Norton
et al. (2010) published estimates of serum ELISA test characteristics for paratuberculosis
diagnosis using both pseudogold standard and Bayesian latent class models, and found
that the 2 statistical methods produced similar estimates. Therefore, both statistical
approaches hold merit for the estimation of milk ELISA test characteristics.
While test characteristics provide a means of determining the proportion of MAP
infected cattle (or infectious or affected) detected by a test, producers and veterinarians
also need to know how to interpret test results in order to make management and culling
decisions on specific animals. The commercial milk ELISA kits produce a quantitative
result, which is typically converted to a positive or negative diagnosis, based on the
manufacturer’s recommended cutoff. However, this dichotomization results in a loss of
information, because the magnitude of the ELISA response correlates with MAPinfectious status (Nielsen, 2007). Categorical likelihood ratios (LR), similar to odds
ratios, indicate how much more likely a particular category of test result is in infected
versus non-infected animals (Blume, 2002; Deeks and Altman, 2004; Dohoo et al., 2009).
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Likelihood ratios have been used to demonstrate a direct relationship between the
magnitude of serum ELISA response and the odds of a cow shedding MAP in its feces
(Collins et al., 2005). Applied to a paratuberculosis control program, categorical LRs can
create a simple decision-making tool for producers and veterinarians based on the
magnitude of the ELISA result (Collins, 2002; Naugle et al., 2003). However, reported
categorical LR have been based only on serum ELISA data or in-house milk ELISAs
(Collins, 2002; Collins et al., 2005), with a lack of published LR results for commercial
kits applied to milk samples. Considering these factors, it would be useful and practical to
estimate categorical LR that can be applied in the dairy industry, using commercial milk
ELISA kits that are currently available.
The first objective of this research project was to determine sensitivity and
specificity of 2 commercially available milk ELISA kits, using both pseudogold standard
methods and latent class (no gold standard) models. The second objective was to evaluate
if the quantitative ELISA result was associated with a cow being MAP-infectious.

5.3 Materials and Methods

5.3.1 Testing Purpose and Target Condition
The purpose for testing for this study was to detect cows shedding MAP, which is
an important component of many paratuberculosis control programs (Nielsen and Toft,
2006; Garry, 2011). The target condition for analysis of sensitivity was a MAP-infectious
cow, which is defined as a cow that is excreting MAP (as shown by a reference standard
test) at the time of testing with the test under evaluation (Nielsen and Toft, 2008). A case
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definition provides a practical definition of the target condition using a reference standard
(Gardner et al., 2011). For pseudogold portions of the analysis, the case definition was a
cow with a culture-positive fecal sample. The reference standard test (pseudogold
standard) was pooled fecal culture, with subsequent culture of all individual samples
from a positive pooled fecal culture, as has been described previously (Lavers et al.,
2013b). There is no gold standard diagnostic test for paratuberculosis (Gardner et al.,
2011), and given the low sensitivity of fecal culture in subclinical animals (Nielsen and
Toft, 2008), it is recognized that a MAP-infectious cow in an infected herd could be
misclassified as MAP non-infectious.
While sensitivity estimates to detect a MAP-infectious cow were developed from
MAP-infected herds, specificity estimates were developed from a population of noninfected herds. A non-infected herd did not have any MAP culture-positive pooled feces
or environmental manure samples collected during the 18 mo. study period. Conversely,
a MAP-infected herd had 1 or more culture-positive pooled fecal sample or 1 or more
culture positive environmental manure sample during the study period. The target
condition for analyzing specificity was a MAP non-infected cow. The case definition was
a cow that had never been fecal culture positive, and that came from a herd that had been
repeatedly culture-negative on both cow and environmental manure samples. Collins et
al. (2005) also estimated sensitivity and specificity for 2 separate target conditions, using
similar populations to the current study. In a review of paratuberculosis diagnostic test
evaluations, Nielsen and Toft (2008) described the target conditions from Collins et al.
(2005) as MAP-infectious for sensitivity and MAP non-infected for specificity.

5.3.2 Herd Selection
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Thirty-four herds from Prince Edward Island, New Brunswick and Nova Scotia,
Canada, took part in this project, which ran from June 2009 to January 2011. Details on
herd selection and demographics are provided in Lavers et al. (2013b). Briefly, herd
selection was based on prior risk assessments, with the aim to enroll a combination of
MAP non-infected, low-prevalence, and high-prevalence herds. A total of 27 herds were
enrolled for the initial round of individual cow testing. Due to an inadequate number of
MAP-infected herds on the initial round of testing, 7 additional herds were enrolled for
the next 3 rounds of individual cow testing (cow feces and milk samples collected at 6,
12, and 18 mo) and the next 6 rounds of environmental sampling (manure samples
collected at 6, 9, 12, 15, 18 and 21 mo). These 7 additional herds were selected because
of 1 or more cases of paratuberculosis confirmed in the 2 yr previous to initiation of the
research project. Four herds had cows with positive individual fecal culture, and 3 herds
had cows with clinical signs suggestive of paratuberculosis and a positive ELISA test.
Based on fecal culture, the highest mean within-herd MAP prevalence of study herds was
15.6%. Mean within-herd MAP prevalence was ≤ 5% in 7 infected herds, and > 5% in the
other 9 infected herds. Further information on fecal culture within-herd prevalence and
milk ELISA within-herd prevalence has been published as another part of this research
project (Lavers et al., 2013a).
The protocol for collection of cow fecal and environmental manure samples is
described in Lavers et al. (2013b). The protocol for milk collection, completed by Dairy
Herd Improvement personnel (Valacta, Montreal, Quebec), is described in Lavers et al.
(2013a). Collection of milk and fecal samples from all lactating cows was done at 0, 6,
12, and 18 mo (4 rounds of testing). To be included in the statistical analyses, herds had
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to have at least 3 rounds of individual cow fecal samples collected, resulting in 2 herds
being excluded due to incomplete sampling.

5.3.3 Laboratory Processing
The fecal culture methodology used has been described previously in Lavers et al.
(2013a). Briefly, individual cow fecal samples were pooled by age into pooled fecal
cultures, with 5 cows in each pool (Kalis et al., 2000). Individual cow samples from
positive pools were thawed and cultured individually to detect MAP-infectious cows.
Fecal cultures were performed using the ESP® Culture System II (TREK Diagnostic
Systems, Inc., Cleveland, OH, USA). As a confirmatory test, presumptive positive
samples (acid-fast positive or positive culture system growth curves) were processed
using VetAlert™ Johne’s Real-Time PCR kit (Tetracore, Inc., Rockville, MD, USA).
Milk ELISA methodology has been described previously (Lavers et al., 2013a).
The two commercial milk ELISAs used were milk ELISA A (Parachek2 Mycobacterium
paratuberculosis test kit®, Prionics AG, Schlieren-Zurich, Switzerland) and milk ELISA
B (Mycobacterium paratuberculosis antibody test kit®, IDEXX, Westbrook, ME, USA).
Milk ELISAs were performed following the manufacturers’ instructions. ELISA A test
output was reported as the mean negative control optical density (OD) subtracted from
the OD of the sample (also referred to as a corrected OD). ELISA B results were
calculated as: (((sample OD – negative control OD)/(positive control OD – negative
control OD))*100). Kit instructions describe ELISA B results as a sample to positive
(S/P) ratio. Results described in these analyses reflect the S/P ratio described in the kit,
but multiplied by a factor of 100, and are therefore referred to as S/P % in the current
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study. A cow milk sample was defined as ELISA-positive based on the criterion provided
in the relative kit.

5.3.4 Statistical Analyses
5.3.4.1 Data Management
Dairy cattle from 32 herds were included in the analyses. Cow-level tests were
repeated over the study period in order to improve the confidence of the categorization of
non-infected herds. At the cow-level, a reality of collecting repeated samples from
commercial dairy herds was that, although some cows were sampled every 6 mo, other
cows had missing data at some cow samplings due to their entry into or exit from the
lactating herd during the study time frame. When cows had more than 1 set of fecal
culture and milk ELISA test results (deemed a “complete set”), a random selection of
complete sets of test results was selected to be included in the analysis. A second random
selection process and subsequent analyses was conducted to ensure that results were
similar, regardless of which cow results were randomly selected for the analyses. This
random selection was deemed appropriate because the cow-level data were not designed
or intended for use as a repeated measures analysis for this statistical portion of the
research project.

5.3.4.2 Evaluation of Test Performance: Pseudogold Standard
Specificity of each milk ELISA was estimated using the test results from the 17
non-infected herds. Sensitivity of each milk ELISA was estimated from the 15 MAPinfected herds. A pseudogold standard was developed, where a cow was considered to be
MAP-infectious if pooled fecal culture, and subsequent individual fecal culture, were
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culture-positive. Test results for milk ELISA A and milk ELISA B were compared to the
fecal culture result for estimation of test characteristics using a pseudogold standard.

5.3.4.3 Evaluation of Test Performance: Latent Class Model
Bayesian procedures using a Gibbs sampler in OpenBUGS (Medical Research
Council and Imperial College, UK) were used to estimate test characteristics of milk
ELISA A, milk ELISA B, and fecal culture. Populations 1 through 15, inclusive, were
MAP-infected herds. Each herd was considered a distinct population because prevalence
was not expected to be constant across all herds. The other 17 study herds were MAP
non-infected, and were combined into 1 population (population 16), because prevalence
was expected to be the same across herds. Test accuracy was assumed to be constant
across populations. Informed priors based on expert opinion were used for specificity of
fecal culture and milk ELISA (Norton et al., 2010) and sensitivity of fecal culture and
milk ELISA (Collins et al., 2006), as presented in Table 5.1. The informed prior for the
population prevalence was based on repeated testing of the study herds published
previously (Lavers et al., 2013a; Lavers et al., 2013b). Using these priors, Beta
distributions were determined using the BetaBuster 1.0 software package (UC Davis
Graduate Group in Epidemiology, Davis, CA) by specifying the expected mode and
expected 95th percentile (Table 5.1).
When tests have a similar biological basis, estimates of test accuracy that do not
account for test dependence can be misleading (Branscum et al., 2005). Bayesian models
have been generalized to allow for test dependence (Georgiadis et al., 2003). Conditional
dependence between tests was evaluated by comparing 4 models: (1) conditional
independence between all tests; (2) conditional dependence between fecal culture and
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milk ELISA A; (3) conditional dependence between fecal culture and milk ELISA B; and
(4) conditional dependence between milk ELISA A and milk ELISA B. Two versions of
Bayesian models were created: with either fixed or random effects for the infected herds.
Modeling herds by random effects allowed for quantification of between-herd variation
in the prevalence in the infected herds (Dohoo et al., 2009). The models with herds as
random and fixed effects utilized the same code, data, and prior information for all other
model parameters. Herd random effects were assumed normally distributed on logistic
scale. The prior distribution for the precision (inverse variance) was a gamma distribution
(0.001, 0.001). The random effects model equation on logistic scale included an intercept
whose prior distribution was determined from the beta distribution prior for herd
prevalence.
Latent class models were run for 100,000 iterations after discarding an initial
burn-in of 10,000 iterations. Three chains with distinct initial values were used in order to
assess convergence to a posterior distribution, which was evaluated by monitoring the
Brooks-Gelman-Rubin plots. The deviance information criterion and Bayesian P-values
of models were monitored to assess model fit. The mean and 95% probability intervals
were reported for distributions of interest.
Sensitivity analysis was performed to ensure repeatability of results. The model
was re-run after a single informed prior was changed within a biologically sensible limit.
This procedure was performed after altering priors for each of the following: sensitivity
of milk ELISA A, milk ELISA B, and fecal culture; specificity of milk ELISA A, milk
ELISA B; and fecal culture; within-herd prevalence of MAP infection for both the MAPinfected and non-infected herds.
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5.3.4.4 Categorical Likelihood Ratios
Categorical likelihood ratios (LR) were developed for milk ELISA A and milk
ELISA B. In order to calculate the LR within each category, the diseased population was
comprised of cows with a positive fecal culture result (MAP-infectious cows), and the
non-diseased population consisted of all cows from non-infected herds. Creation of these
case and control populations is similar to previous methods published evaluating LR for a
serum ELISA (Collins, 2002).
No publications or industry-applied categories were found for LR analysis using
either ELISA A or ELISA B on milk samples. As a result, 5 LR categories similar to
those published by Collins (2002), where 2 categories were below the manufacturer
cutoff and 3 were above were defined. Development of categories was based initially on
publications for similar serum ELISA kits or in-house milk ELISA kits. These categories
were then modified using an approach similar to Collins (2002); consideration was given
to the magnitude of the ELISA results, as well as clinical experience, and the objective to
create practical categories for application in practice. Categories for ELISA A were based
on a study of an in-house milk ELISA (Collins et al., 2005), which had the same
manufacturer cutoff as ELISA A (≥ 0.10). Categories for ELISA B LR were developed
using categories similar to those used by Collins (2002) when evaluating serum IDEXX®
ELISA LR.
Likelihood ratios were calculated for each ELISA output category as the
probability of the result in the diseased population, divided by the probability of the result
in the non-diseased population (Dohoo et al., 2009). Confidence intervals (95%) for LR
were calculated using the same method applied for risk ratios (Deeks and Altman, 2004),
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which incorporates a logarithmic transformation of the LR, which allows for the
estimation to follow a normal distribution, and subsequent calculation of confidence
intervals (Dohoo et al., 2009). Using the categorical LR estimates for ELISA A and pretest probability of a cow to be MAP-infectious (within-herd MAP prevalence), the posttest probabilities for MAP-infectiousness were calculated (Dohoo et al., 2009).

5.4 Results

Median herd size was 66 milking cows (mean: 82; range: 28 to 220). Amongst all
cows tested from all herds, the median age at testing was 4.0 yr (mean: 4.4 yr; range: 1.8
– 17.3 yr).
5.4.1 Estimation of Test Characteristics
For the pseudogold test evaluation, Table 5.2 provides a cross-tabulation of fecal
culture, milk ELISA A and milk ELISA B cow-level test results, from 1889 cows within
17 non-infected herds and 1829 cows within 15 infected herds. Table 5.3 provides the
point estimates for test characteristics for the pseudogold standard.
For latent class modeling of test characteristics, a model with conditional
dependence between the 2 milk ELISAs was selected, because it had the greatest
covariance between two tests. There was no substantial difference between the latent
class models with herd as a fixed or a random effect, and the fixed effects model was
chosen for its fewer model assumptions.
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Using latent class models, the sensitivity of ELISA A and ELISA B were 28.4%
and 33.1%, respectively. Using the latent class models, specificity of milk ELISA A and
ELISA B were 99.3 and 99.7%, respectively (Table 5.3). The point estimates for test
characteristics between the latent class and pseudogold standard were not substantially
different.

5.4.2 Likelihood Ratios
Categorical LR, based on 5 categories of ELISA A results, are presented in Table
5.4. Cows with milk ELISA A OD values ≤ 0.05 were 0.7 times as likely to be MAPinfectious as non-infected cows. Cows with OD values ≥ 0.50 were 196 times more likely
to be infectious than non-infected.
Categorical LR for ELISA B based on 5 S/P % categories are displayed in Table
5.5. Cows with ELISA B S/P % ≤ β0 were 0.6 times as likely to be MAP-infectious as
non-infected. Cows with S/P % ≥ 100 were 465 times more likely to be infectious than
non-infected.
Table 5.6 provides post-test probabilities for a cow to be MAP-infectious, given
her pretest probability and ELISA A categorical LR. For example, a cow from a herd
with a 2% MAP within-herd prevalence and a positive ELISA A reading between 0.100
and 0.299 had a 28% probability of being MAP-infectious. For a cow from a herd with a
30% within-herd prevalence and an ELISA A reading in the same range, this probability
was 89%. These post-test probabilities were not calculated for ELISA B, as ELISA B LR
in the 3 middle categories largely overlapped, precluding further extension to post-test
probabilities.
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5.5 Discussion

Paratuberculosis is considered a disease of low to moderate within-herd
prevalence (Lombard et al., 2011). Therefore, milk ELISA tests are frequently applied to
non-infected cows, and accurate specificity estimates of commercial paratuberculosis
ELISA kits are vital, because of the potential for false-positive results. An accurate
specificity is particularly important when a positive test can result in culling of the
animal. Specificity of paratuberculosis tests can be difficult to determine because the
prolonged latent period of the disease prevents the accurate use of a reference test to
establish absence of infection in a cow. A negative fecal culture from a cow in a MAPinfected herd is not adequate to define the cow as non-infected (Collins et al., 2005).
Instead, the best method to define absence of infection in a cow is to determine whether
the herd within which she was raised is infected or not. In the current study, repeated
cow-level (pooled fecal culture) and herd-level (environmental culture) testing allowed
for documentation of a large population of non-infected herds. From this group of 17
non-infected herds, specificity estimates of milk ELISAs were calculated.
Specificity estimates for the 2 commercial milk ELISAs were not substantially
different from each other. Specificity of ELISA A using a pseudogold standard was
99.5%, while it was 99.3% using a latent class model. Specificity of ELISA B was 99.7%
for both statistical approaches. Published estimates of specificity have been lower, at 95%
(Hendrick et al., 2005), 96% (Nielsen et al., 2002), and 98% (Lombard et al., 2006).
However, these specificity estimates were estimated in infected herds. The prolonged
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latent stage of paratuberculosis precludes the definitive determination that a cow from an
infected herd is a non-infected cow, based on a negative fecal culture result. Establishing
that a cow is non-infected must therefore be based on demonstration of absence of
infection for the entire herd from which the cow was raised (Collins et al., 2005).Two
studies have evaluated the specificity of the milk ELISA in herds that were repeatedly
test negative, with estimates of 99.7% using an in-house ELISA (Collins et al., 2005),
and 100% using the Pourquier ELISA at the manufacturer recommended cutoff (van
Weering et al., 2007). The specificity estimates from the current data for 2 commercial
milk ELISAs were very similar to these estimates. However, the current estimates of
specificity have several advantages over previous work. First, the specificity estimates
came from a large population of 1889 cows. Additionally, 2 statistical methods were
used: the more traditional method of comparing the milk ELISA result to a pseudogold
standard, as well as a latent class model that allows for an assumption of no gold standard
test. These 2 statistical methods produced estimates that were not substantially different.
Finally, 2 commercial milk ELISA kits were used, following manufacturer recommended
cut-offs, making results practical for application to the dairy industry.
Sensitivity estimates for detection of MAP-infectious cows for 2 commercial milk
ELISAs were not substantially different from each other, and ranged from 28.4 to 34.6%.
Previous estimates of sensitivity of the milk ELISA for detection of MAP-infectious
cows, using in-house ELISAs, have included 21% (Lombard et al., 2006), 29% (Collins
et al., 2005), 54% (Klausen et al., 2003), and 61% (Hendrick et al., 2005). An evaluation
of milk ELISA test characteristics using a commercial kit (van Weering et al., 2007) only
estimated sensitivity of the milk ELISA in moderate to high fecal shedders. Comparing
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milk ELISA test results to this subset of infectious cows, van Weering et al. (2007)
estimated an overall sensitivity of 89%, and a sensitivity of 97% when only high shedders
were included. As a comparison group, moderate and high shedding cows produce an
upward biased estimate of sensitivity. In practical situations, it would be expected that a
MAP-infected herd would have a mixture of non-shedders, transient, intermittent,
moderate and high shedders (Nielsen, 2008). The high milk ELISA sensitivities reported
by van Weering et al. (2007), relative to previously published estimates, are very likely
reflective of the artificial population of moderate and high MAP shedders within which
the milk ELISA was evaluated. This variability in sensitivity results underscores the
importance of evaluating the ELISA within a study population similar to the target
population. It is expected that most MAP-infected herds have a low to moderate withinherd prevalence (Lombard, 2011), which is reflected in the current study population. The
current study sensitivity estimates are not substantially different to estimates of Lombard
et al. (2006), which also had a mixture of low and moderate within-herd prevalence.
Seven of the 18 herds used for sensitivity estimates in the Lombard et al. (2006) analysis
had a fecal culture within-herd prevalence > 10%, with the remaining 11 herds having a
prevalence < 10%. Collins et al. (2005) had higher within-herd fecal culture prevalence
herds than the current study (7 herds, ranging from 9.5-32.5%), although the sensitivity
estimates were similar to the current study. The higher sensitivity estimates from
Hendrick et al. (2005) and Klausen et al. (2003) could reflect the fact that Hendrick et al.
(2005) used 9 known infected herds (prevalence estimates not available) and Klausen et
al. (2003) used 6 herds that had a history of several clinical JD cases each year, which is
indicative of high MAP prevalence.
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Despite the use of both repeated cow-level and herd-level testing in the current
study to establish a non-infected status for a herd, it is possible that a MAP-infected herd
was misclassified as non-infected. Low-prevalence herds are most susceptible to
misclassification as a non-infected herd (Kalis et al., 2004). Although pooled fecal
samples have a limited loss in test sensitivity relative to individual fecal samples (Kalis et
al., 2000; Wells et al., 2003; Van Schaik et al., 2003; Collins et al., 2006), there is no
perfect ‘gold standard’ test for MAP at the herd-level (Gardner et al., 2011) from which
to establish a herd’s MAP status. Repeated testing was used to minimize risk of
misclassification and any potential impact on test evaluation outcomes, but any
paratuberculosis study based on diagnostic test outcomes should be interpreted with some
caution (Hendrick et al., 2006; Nielsen and Toft, 2008). An alternative to a case
definition based on pooled fecal culture would have been a case definition developed
from individual culture of fecal samples, but this would have been cost-prohibitive for
this study.
Although estimation of fecal culture test characteristics was not an objective of
the research, they were estimated as part of the latent class model. The latent class model
estimated a sensitivity of 78% and a specificity of 99.96%. Published specificity
estimates for fecal culture have ranged from 98 to 100% (Nielsen and Toft, 2008).
Sensitivity estimates have been variable, ranging from 23% (McKenna et al., 2005) to
29% (Whitlock et al., 2000) for infected cattle and 74% for infectious animals (Sockett et
al., 1992). The sensitivity estimate for fecal culture in the current study, designed to
detect infectious animals, is similar to the estimate of Sockett et al. (1992). It is also close
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to the upper range of fecal culture sensitivities (75%) estimated by Norton et al. (2010)
with latent class models.
There was no substantial difference between milk ELISA test characteristic
estimates using pseudogold standards or latent class models. This finding is similar to
Norton et al. (2010), where serum ELISA test characteristics were evaluated using latent
class models, with a pseudogold standard for comparison, and estimates were not
substantially different between the 2 methods. In the current study, results of both
statistical methods are presented because each produces relevant estimates for
comparison purposes. The pseudogold standard allows for comparison of results between
the current study and previous publications using this method of statistical evaluation
(Klausen et al., 2003; Collins et al., 2005; Hendrick et al., 2005; Lombard et al., 2006;
van Weering et al., 2007). However, estimates determined using the more traditional
pseudogold standards have been questioned because they assume an accurate reference
test, which is challenging in paratuberculosis research (Nielsen et al., 2002; Wang et al.,
2011). The latent class model allows for estimation of test characteristics without
requiring a decision regarding the referent disease status of the animal. Because both
methods produced similar estimates, the pseudogold standard was preferred for these
data, as it achieved the same result as a computationally more complex method, but is
more comprehensible for a wider audience. For these reasons, the LR analysis was based
on the pseudogold standard classification of cows as infectious and on the classification
of herds (and cows within these herds) as non-infected by repeated fecal sample
monitoring.
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Likelihood ratios are a statistical tool that has the potential to extend diagnostic
information from ELISA results, by considering the magnitude of the result, rather than a
dichotomized diagnosis. Likelihood ratios for paratuberculosis have generally been
estimated using a traditionally accepted approach (Collins, 2002; Naugle et al., 2003;
Collins et al., 2005; Dohoo et al., 2009), although there have been LR analyses developed
using Bayesian methodology (Fosgate et al., 2006). In the current analysis, the
pseudogold standard approach to LR analysis (Dohoo et al., 2009) was selected for 2
reasons. First, data were sparse in the middle categories of ELISA values, and even with
the methods used in the current analysis, confidence intervals overlapped. It was expected
that probability intervals would be larger for a latent class analysis than confidence
intervals surrounding pseudogold standard estimates, as the model would be accounting
for uncertainty regarding the latent disease state of the cow. Secondly, estimates of test
characteristics were not substantially different for the pseudogold standard and Bayesian
models, suggesting there would be little gain in development of Bayesian LR.
Categorical LRs of both ELISA A and B for a cow being MAP-infectious tended
to increase with an increasing OD value. A similar relationship was reported for an inhouse milk ELISA (Collins et al., 2005), ELISA A applied to serum (Collins et al., 2005),
as well as the ELISA B kit used on serum samples (Collins, 2002; Naugle et al., 2003).
The lowest and highest categories of ELISA B were similar to ELISA A, with the lowest
category having a very low LR (0.6), and the highest category a very high LR (465).
However, the LRs of the 3 middle categories of ELISA B were all similar. Likelihood
ratios above 10 are considered strong evidence in support of disease diagnosis (Deeks
and Altman, 2004), and all 3 of these categories were higher than 10. Therefore, based on
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LR these 3 categories were all supportive evidence of a cow being MAP-infectious.
However, it was not possible to distinguish these 3 categories further. Collins (2002) did
not report confidence intervals around LR estimates, but did note sparse data in the
middle categories that limited the precision of LR estimates. The same limitation was
noted in the current LR estimations for both ELISA A and B. Potentially, if this study
was repeated with a larger sample size, a more clear and distinct direct relationship
between ELISA B categories and probability of infectiousness could be seen. A second
possibility for the lack of distinction between categories in ELISA B is related to the
manufacturer cutoff. Using ELISA B, Van Weering et al. (2007) found that a change in
cutoff from the manufacturer’s recommendation (γ0%) to a β0% S/P % resulted in an
increase in relative sensitivity by 7 percentage points, with only a small decrease in
specificity, from 100% to 99.8%. In the current dataset, as a comparison, if ELISA B
cutoff was changed to 20% S/P %, using pseudogold standards, the sensitivity increased
from 34.6 to 42.3%, with a small decrease in specificity, from 99.8 to 99.7%. It was not
an objective of this study to investigate the impact on test characteristics when kit cutoffs
were altered, but rather help guide the clinical application of commercial kits using
manufacturer guidelines. However, this represents a potential objective that should be
investigated in a future study.
One of the advantages of the LR is that it allows for the use of quantitative results,
rather than limiting the results to a dichotomous diagnostic outcome (Fosgate et al.,
2006). For example, Collins (2002) applied LR to 5 categories of ELISA output that
translated into 5 interpretations of the ELISA outcome: ‘negative’, ‘suspect’, ‘weak
positive’, ‘positive’ and ‘strong positive’, and provided some explanation and
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recommendation for how these interpretations would work within a MAP control
program. This is an example of a practical application of the data for the dairy industry.
Post-test probabilities that a cow was MAP-infectious were calculated using the
LRs and estimated within-herd MAP prevalence (pre-test probability of MAP infection).
The post-test probabilities are useful as tools in decision analysis models, as they can
inform economic outcomes based on the magnitude of the ELISA result (Collins et al.,
2005). Table 5.6 provides example calculations of these post-test probabilities. If, for
example, a cow has an ELISA result in the upper category of the ELISA output, its
likelihood of being MAP-infectious is very high, and a confirmatory test such as fecal
culture would provide very little additional information regarding her MAP disease
status. The large confidence intervals around the LR estimates induce substantial
uncertainty in these post-test probabilities. Even so, they are a valuable example of the
influence that both within-herd prevalence and magnitude of ELISA result have on the
interpretation of a cow-level result.
The establishment of test characteristics for 2 commercial milk ELISAs provides
valuable information for practitioners and producers using these kits in practical
applications in the dairy industry. Estimated within-herd prevalence and LR allow for a
more precise estimation that a cow is MAP-infectious. These tools are practical
applications that can be used in herd MAP control programs.
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Table 5.1. Prior information for milk ELISA and fecal culture test characteristics and
study population prevalence used in Bayesian models for estimation of milk ELISA and
fecal culture test characteristics for detection of Mycobacterium avium subsp.
paratuberculosis infectious (sensitivity) and infected (specificity) cows.
Parameter
Mode (%); 95th percentile (%)
Distribution
Milk ELISA sensitivity
Mode: 30; 95% sure < 85a
Beta(1.33, 1.78)
Milk ELISA specificity
Mode: 95; 95% sure > 65b
Beta(8.45, 1.39)
Fecal culture sensitivity
Mode: 60; 95% sure < 85a
Beta(3.85, 2.90)
b
Fecal culture specificity
Mode: 98; 95% sure > 70
Beta(9.21, 1.17)
Population prevalence:
Mode: 5; 95% sure < 30c
Beta(1.51, 10.78)
Infected herdsd
Population prevalence:
Prevalence assumed to be 0
Uniform(0,0)
Non-infected herds
a

Fecal culture and milk ELISA specificity prior obtained from Norton et al. (2010).
Fecal culture and milk ELISA sensitivity prior obtained from Collins et al. (2006).
c
Population prevalence priors estimated from Lavers et al. (2013a, 2013b).
d
Fifteen herds were classified as infected based on at least 1 culture-positive
environmental or cow manure sample collected from the herd during the study.
b

153

Table 5.2. Cross-tabulated results for two commercial milk enzyme-linked
immunosorbent assaysa (ELISA) and fecal culture (FC) applied to 1829 cows from 15
Mycobacterium avium subsp. paratuberculosis (MAP) infected herds, and 1889 cows
from 17 MAP non-infected herds.

ELISA A+
ELISA A-

MAP-infected herds
FC+
FCELISA
ELISA
ELISA
ELISA
B+
BB+
B39
1
7
13
6
84
7
1672

a

Non-infected herds
FC-b
ELISA
ELISA
B+
B1
9
5
1874

ELISA A: Parachek2 Mycobacterium paratuberculosis test kit® (Prionics AG,
Schlieren-Zurich, Switzerland); ELISA B: Mycobacterium paratuberculosis antibody test
kit® (IDEXX, Westbrook, Maine, USA).
b
By definition, non-infected herds did not have a culture-positive cow result during the
study period, therefore all counts for FC+ results in this population were 0.
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Table 5.3. Estimation of milk ELISA test characteristics for the detection of
Mycobacterium avium subsp. paratuberculosis infectious cows, using a pseudogold
standard and a Bayesian latent class model.
Parameter
Milk ELISA Aa
Sensitivityc
Specificityd
Milk ELISA Bb
Sensitivity
Specificity
Fecal culture
Sensitivity
Specificity

Pseudogold standard
Estimate
(95% confidence interval)

Bayesian model
Median
(95% probability interval)

30.8 (23.0-39.5)
99.5 (99.0-99.7)

28.4 (21.3-36.4)
99.3 (99.0-99.6)

34.6 (26.5-43.5)
99.7 (99.3-99.9)

33.1 (25.5-41.5)
99.7 (99.4-99.9)
76.9 (64.4-87.7)
99.96 (99.8-1.0)

a

Parachek2 Mycobacterium paratuberculosis test kit® (Prionics AG, Schlieren-Zurich,
Switzerland).
b
Mycobacterium paratuberculosis antibody test kit® (IDEXX, Westbrook, Maine, USA).
c
Sensitivity covariance for milk ELISA A and milk ELISA B was 0.17 (0.14-0.20).
d
Specificity covariance for milk ELISA A and milk ELISA B was 0.0006 (0.000070.002).
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Table 5.4. Likelihood ratios for diagnosis of Mycobacterium avium subsp.
paratuberculosis (MAP) infectious cows, based on five categories of ELISA Aa corrected
optical density (OD) values.
ELISA A
OD rangeb
< 0.050
0.051-0.099
0.100-0.299
0.300-0.499
≥ 0.500
Total

Infectious cows
No.
%
88
2
9
4
27
130

67.7
1.5
6.9
3.1
20.8

Non-infected cows
No.
%
1874
5
7
1
2
1889

a

99.2
0.3
0.4
0.05
0.1

Likelihood ratio
(95% Confidence Interval)
0.68 (0.61-0.77)
5.81 (1.14-29.7)
18.7 (7.07-49.4)
58.1 (6.54-516)
196 (47.2-816)

Parachek2 Mycobacterium paratuberculosis test kit® (Prionics AG, Schlieren-Zurich,
Switzerland).
b
Manufacturer cutoff ≥ 0.10.
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Table 5.5. Likelihood ratios for diagnosis of Mycobacterium avium subsp.
paratuberculosis (MAP) infectious cows, based on five categories of ELISA Ba sample to
positive percentage (S/P %).

ELISA B
S/P % range
≤ β0
21-39
40-69
70-99
≥ 100
Total
a

Infectious cows
No.
%
75
10
7
6
32
130

57.7
7.7
5.4
4.6
24.6

Non-infected cows
No.
%
1881
2
3
2
1
1889

99.6
0.1
0.2
0.1
0.05

Likelihood ratio
(95% Confidence Interval)
0.58 (0.50-0.67)
72.6 (16.1-328)
33.9 (8.87-130)
43.6 (8.89-214)
465 (64.0-3380)

Mycobacterium paratuberculosis antibody test kit® (IDEXX, Westbrook, Maine, USA).
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Table 5.6. Post-test probabilities (%) for a cow to be Mycobacterium avium subsp.
paratuberculosis (MAP) infectious for ELISA Aa at five ELISA output categories and 6
within-herd MAP prevalence estimates.
Within-herd true prevalence (Pre-test probability)
ELISA A OD range LR
2%
5%
10%
15%
20%
30%
< 0.050
0.7
1.4
3.6
7.2
11.0
14.9
23.1
0.051-0.099
5.8
10.6
23.4
39.2
50.6
59.2
71.3
0.100-0.299
18.7
27.6
49.6
67.5
76.7
82.4
88.9
0.300-0.499
58.1
54.2
75.4
86.6
91.1
93.6
96.1
≥ 0.500
196.2 80.0
91.2
95.6
97.2
98.0
98.8
a

Parachek2 Mycobacterium paratuberculosis test kit® (Prionics AG, Schlieren-Zurich,
Switzerland).
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CHAPTER 6

EVALUATION OF REPEATED TEST RESULTS USING A COMMERCIAL
MILK ELISA FOR DETECTION OF MYCOBACTERIUM AVIUM SUBSPECIES
PARATUBERCULOSIS IN DAIRY CATTLE
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6.1 Abstract

Mycobacterium avium ssp. paratuberculosis (MAP) is the causative agent of
paratuberculosis, a chronic, infectious enteritis affecting dairy cattle worldwide. In this
study, initial milk ELISA tests, followed by repeated tests at 6 or 12 mo intervals, were
evaluated for accuracy to detect MAP-infected cows. In addition, factors influencing the
probability of detecting a MAP-infected cow, which was initially ELISA negative, on a
repeated ELISA were determined. In total, there were γ,145 cows that had ≥ 1 fecal
sample and ≥ 1 milk sample collected over γ rounds of sampling, with each round 6 mo
apart. Within this group, 164 (5.2%) cows were fecal culture positive. For a 6 mo test
interval, observed Se of the milk ELISA was 22.0% (95% CI: 15.6-28.3%) and 32.6%
(95% CI: 26.3-41.2%), for initial and combined initial and repeated tests, respectively.
Specificity of an initial ELISA was 99.6% (95% CI: 99.4-99.8%), and 99.2% (95% CI:
98.8-99.5%) for combined tests. For a 12 mo interval, Se of the milk ELISA was 25.6%
(95% CI: 18.2-33.0%) and 45.3% (95% CI: 35.6-54.3%) for initial and combined initial
and repeated tests, respectively. Specificity of an initial ELISA was 99.6% (95% CI:
99.4-99.9%), and 98.9% (95% CI: 98.4-99.4%) for combined tests. In MAP-infected
cows, the magnitude of an initial negative ELISA test was a significant positive predictor
for a repeated ELISA to be positive. There was a trend for a MAP-infected cow, initially
milk ELISA negative, to be more likely to test ELISA positive with a 12 mo test interval,
compared to a 6 mo interval (OR=2.88 (95% CI: 0.84-9.90); P-value 0.09). A repeated
milk ELISA test improved the probability to detect a MAP-infected cow, with minimal
loss of Sp. A 12 mo test interval provided a greater increase in Se, relative to a single
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initial test, than did a 6 mo interval. MAP-infected cows with an initial negative ELISA
result close to the cutoff were more likely to be ELISA positive on a repeated milk
ELISA test. Cows with repeated positive ELISA results were likely to be MAP-infected
and should be a priority for risk management strategies. Given the potential for
fluctuation between positive and negative ELISA results, repeated testing within MAPpositive herds improves detection of MAP-infected cows and reduces risk of
misclassification based on a single ELISA result.

6.2 Introduction

Paratuberculosis is a chronic, infectious enteritis caused by Mycobacterium avium
subspecies paratuberculosis (MAP) (Chiodini et al., 1984). There is no perfect antemortem test for paratuberculosis (Gardner et al., 2011), creating a challenge for cow-level
diagnosis. Diagnostic test accuracy varies with the 3 infection stages: infected (carrying
MAP but not infectious); infectious (shedding MAP at the time of testing); and affected
(clinical signs present) (Nielsen and Toft, 2008). For infected cattle, sensitivity (Se) of
the milk ELISA as high as 39% (Nielsen et al., 2002) is reported, with specificity (Sp)
estimates ranging from 96% (Nielsen et al., 2002) to 99.7% (Collins et al., 2005). For
infectious cattle, Se of the milk ELISA ranges from 21% (Lombard et al., 2006) to 61%
(Hendrick et al., 2005), and Sp from 95% (Klausen et al., 2003; Hendrick et al., 2005) to
98% (Lombard et al., 2006). Specificity of fecal culture approaches 100% (Nielsen and
Toft, 2008), but Se is limited, with estimates ranging from 23% (McKenna et al., 2005) to
29% (Whitlock et al., 2000) for infected cows and 74% for infectious animals (Sockett et
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al., 1992). Care should be taken when comparing diagnostic test characteristics, as factors
such as target condition, case definition, within-herd prevalence, and statistical methods
will all influence estimates (Nielsen and Toft, 2008).
Given the lower cost and faster processing time of the milk ELISA, relative to
fecal culture (Tiwari et al., 2006; Collins, 2011), this is the testing option of choice for
many veterinarians and dairy producers. Considering the imperfect test characteristics of
the milk ELISA, as well as the chronic progressive nature of paratuberculosis, a potential
strategy to improve detection of MAP-infected cows is repeated milk ELISA testing. This
testing strategy involves repeating a milk ELISA test at a later date and evaluating initial
and repeated test results together, rather than attempting to diagnose a cow using a single
ELISA result. In cows > 3 yrs of age, repeated milk ELISA results perform significantly
better than a single result (Huda et al., 2004). However, it has also been reported that
there is variability in repeated serum ELISA tests (Hirst et al., 2002), and that comparing
current serum ELISA output to previous results provides minimal advantage over
evaluating the current ELISA result (Sweeney et al., 2006).
Repeated milk ELISA testing has also been evaluated using an in-house ELISA
(Nielsen, 2002) on samples collected monthly for 3 yrs (Nielsen and Ersboll, 2006).
Although monthly testing has the greatest probability to detect a culture positive cow by
4 yrs of age, the study authors point out that a cost-benefit analysis of monthly milk
ELISA testing is required. As well, the in-house ELISA in that research is optimized for
Se (Nielsen and Ersboll, 2006), and a high number of test-positive milk ELISA results is
expected when using this ELISA (Nielsen, 2002; Nielsen and Ersboll, 2006; Nielsen,
2007), making extrapolation of these results to commercial ELISA kits challenging.
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Although repeated testing has the potential to increase milk ELISA test Se for
detection of MAP-infected cows, before recommending this practice to producers, it is
necessary to quantify the information gained from a repeated ELISA test using a
commercially available test. It is also necessary to evaluate a testing interval that would
potentially be both economically feasible and convenient for producers. A milk ELISA
test applied at an annual interval, and at a pre-determined point in a cow’s lactation cycle,
using a milk sample that is already being collected as part of routine herd milk testing,
may be acceptable to many producers from both a convenience and cost perspective.
Factors influencing the outcome of a single milk ELISA result have been
investigated. Milk ELISA Se for detection of MAP infection increases with cow age,
while Sp decreases (Nielsen and Toft, 2006). As well, milk ELISA test numeric values
increase with age (Nielsen and Toft, 2006). The magnitude of an ELISA response also
correlates with progression of the disease (Nielsen, 2007). Consideration of factors
associated with detection of MAP-infected cows at repeated testing, such as cow age at
repeated test, and magnitude of initial ELISA test, may be useful for developing
strategies to further improve the probability of detecting MAP-infected cows using a
repeated milk ELISA.
The first objective of this study was to investigate the Se and Sp of initial and
repeated milk ELISA combinations to detect MAP-infected cows, at both 6 mo and 12
mo test intervals. The second objective was to evaluate factors influencing the probability
of a MAP-infected cow to be positive on a repeated ELISA test if it was initially milkELISA negative.
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6.3 Materials and Methods

6.3.1 Study Design and Sample Collection
Thirty-four herds from Prince Edward Island, New Brunswick and Nova Scotia,
Canada, participated in this project. Details on herd selection, herd MAP-status
classification, herd demographics, and sample collection have been reported previously
(Lavers et al., 2013b). Briefly, herd selection was designed to attain a combination of
high-prevalence, low-prevalence, and MAP-negative herds.
The data used in this analysis represent 3 rounds of whole-herd fecal and milk
sample collection, gathered at 6 mo intervals, and are referred to as Rounds 1, 2, and
3.(Table 6.1) Individual fecal samples were collected from all lactating cows by study
personnel (Lavers et al., 2013b). Individual milk sample collection has been described
previously (Lavers et al., 2013a). Briefly, milk samples were also collected 3 times at 6
mo intervals (Rounds 1, 2, and 3) from all lactating cows as part of routine herd milk
testing by the regional Dairy Herd Improvement organization (Valacta, Montreal, QC,
Canada). Data used in this analysis represent a portion of the data collected in the total
project. As described in Lavers et al. (2013b), sample collection included 4 rounds of
herd testing. The first round of testing was not performed on all herds, and is not included
as part of this analysis. Rounds 1, 2, and 3 in this analysis correspond to the final 3
rounds of testing described in the previous publication (Lavers et al., 2013b). Two of the
34 herds were excluded from the analyses because they did not have 3 herd visits with
collection of individual cow fecal or milk samples.

6.3.2 Laboratory Testing: Fecal Culture
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Project fecal culture methods have been described previously (Lavers et al.,
2013b). Briefly, individual cow fecal samples were pooled by age, with 5 cows in each
pool (Kalis et al., 2000). Individual cow samples from positive pools were thawed and
cultured individually to determine cow MAP-status. Fecal culture was performed by the
technical laboratory staff at the Maritime Quality Milk laboratory (Charlottetown, PEI,
Canada), which was USDA-accredited for this technique. Fecal samples were inoculated
into ESP para-JEM® broth, according to the manufacturer’s protocol, with the exception
that samples were incubated for 49 d in the ESP® Culture System II (TREK Diagnostic
Systems, Inc., Cleveland, OH, USA), rather than 42 d. Presumptive positive samples
(acid-fast positive or positive culture system growth curves) were processed for
confirmation with the VetAlert™ Johne’s Real-Time PCR kit (Tetracore, Inc., Rockville,
MD, USA). A culture sample was considered positive if the presumptive positive sample
was confirmed by PCR.

6.3.3 Laboratory Testing: Milk ELISA
Project milk ELISA procedures have been described previously (Lavers et al.,
2013a). The indirect ELISA used in this analysis was the Mycobacterium
paratuberculosis antibody test kit® (IDEXX, Westbrook, ME, USA). Milk ELISA
testing was performed by the technical staff at the Maritime Quality Milk laboratory,
which was USDA-accredited for milk ELISA procedures, following the manufacturer’s
instructions. ELISA output was reported as a sample-to-positive (S/P) percentage (%)
(((sample optical density (OD) – negative control OD)/(positive control OD – negative
control OD))*100). Kit instructions describe ELISA output as an S/P ratio. Output
described here is the S/P ratio described in the kit, multiplied by a factor of 100. A cow
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milk sample was defined as ELISA-positive if S/P% was ≥ 40%, based on the criterion
provided in the kit.

6.3.4 Terminology and Statistical Analysis
A herd was considered MAP-positive if ≥ 1 pooled fecal culture collected during
any of the 3 herd visits was MAP culture-positive. The target condition for this analysis
was a MAP-infected cow, because our primary objective was to determine Se and Sp of
repeated milk ELISA testing for MAP-infected cows, not MAP-infectious or MAPaffected cows. A cow was considered MAP-infected if 1 or more fecal samples collected
from her during the project (minimum 1 and maximum 3 fecal samples collected per
cow) was MAP culture-positive. Requiring fecal shedding and antibody response to occur
at the same point in time would indicate MAP-infectiousness for the ELISA, which was
not our target condition for this study.
Within MAP-infected cows, the Se of an initial milk ELISA test was defined as
the probability of the initial ELISA being positive, given the cow was MAP-infected (e.g.
0.20, therefore the probability of an initial test being negative would be (1 – 0.20) =
0.80). The combined initial and repeated milk ELISA tests were evaluated in parallel,
where the combined test result was considered positive if either the initial or repeated
test, or both tests, was positive (Dohoo et al., 2009). The Se of combined tests was
calculated as the remainder of the product of two probabilities (see Equation 1): (1)
probability of an initial test being negative (e.g. 0.80); and (2) probability of a repeated
test being negative, given the initial test was negative and the repeated test was not
missing (e.g. 0.70).
Se= 1-p(T1-)*p(T2-|T1-)
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Equation 1

Using the example probabilities, the combined Se would be 1 – [(0.80)*(0.70)] = 0.44.
Initial and combined sensitivities were calculated separately for data collected from 6 and
12 mo test intervals. In order to optimize the data utilization, if the first test (Round 1)
was missing, the subsequent sample (Round 2) was used for initial Se, creating a larger
dataset for 6 mo than 12 mo interval Se and Sp data (Testing scenarios 2 and 6, Table
6.1).
Within MAP-negative cows, the Sp of an initial milk ELISA test was defined as
the probability of the initial ELISA test being negative, given the cow was MAP-negative
(e.g. 0.98). The Sp of combined initial and repeated milk ELISA tests was calculated as
the product of two probabilities (see Equation 2): (1) probability of initial test being
negative (e.g. 0.98); and (2) probability of repeated test being negative, given the initial
test was negative and the repeated test was not missing (e.g. 0.99).
Sp= p(T1-)*p(T2-|T1-)

Equation 2

Using the example probabilities, the combined Sp would be (0.98)*(0.99) = 0.97. Again,
initial and combined specificities were calculated separately for data collected from 6 and
12 mo test intervals.
Confidence intervals (95%) for test characteristics of an initial test were
calculated using the large-sample approximation. Confidence intervals for 2 test
combinations (product of a proportion) were computed using 2.5% and 97.5% percentile
values from parametric bootstrapped estimates based on 1000 resamples.
A logistic regression analysis determined predictors impacting the probability that
a MAP-infected cow, initially milk ELISA-negative, tested positive on the repeated milk
ELISA. Predictors evaluated were: INTERVAL, a dichotomous variable indicating a 6
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mo (0) or 12 mo (1) test interval; AGE, the cow age in days at initial test and centered
with 2 yrs as the baseline; S/P, S/P % of the initial milk ELISA; and WHP, the mean
within-herd MAP prevalence, based on fecal culture. Initially, predictors were tested
within a logistic mixed model with random effects at the herd and cow levels, accounting
for the 3-level hierarchical structure of the data (herd/cow/repeated tests). However,
clustering at the herd-level and cow-level was minimal (see results), and only cow-level
factors were significant, therefore, a generalized estimating equation (GEE) model was
selected as the best option for handling the hierarchical data. This GEE model accounted
for repeated milk ELISA sampling at the cow-level, which allowed for accurate
estimation of 95% confidence intervals around estimates, and produced population
averaged estimates. Univariable analyses were initially performed, and subsequently, all
factors were evaluated within a multivariable model using backward selection.
Regardless of the P-value, AGE was forced into the model because it was a potential
confounder for the effect of INTERVAL on the outcome. INTERVAL was a key variable
of interest, and was therefore included in the model, regardless of P-value. Linear
relationships between continuous predictors and the outcome were determined using
fractional polynomial models, in order to determine if transformations (e.g. quadratic) of
the predictors provided a better fit for the model. Correlation between repeated
observations within a cow was calculated. The analyses were conducted using Stata/IC®
Version 11.2 (StataCorp LP, College Station, TX, USA). A P-value ≤ 0.05 was
considered significant for inclusion in the final model, with the exception of variables
that were forced into the model (above).

6.3.5 Data Management
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For a cow’s data to be included in this dataset, the cow had to have ≥ 1 fecal
culture result and ≥ 1 milk ELISA result. For the 32 herds with 3 rounds of testing, there
were 4,145 cows that had ≥ 1 fecal culture or ELISA result throughout the γ rounds of
testing. There were 288 cows with no fecal culture data and 269 cows with no ELISA
data which were not included in the dataset. If a cow’s first ELISA result came from the
final round of testing (Round 3) she was excluded from the dataset because she did not
have the opportunity to have a repeated ELISA (Testing scenario 7, Table 6.1). There
were 443 cows with a single ELISA test in Round 3 (5 MAP-infected and 438 MAPnegative cows). Applying these criteria, the final dataset for analysis included 3,145
cows.
For test characteristics of initial and repeated tests, the chronologically first milk
ELISA test for a cow was considered the initial test, and the result from the next round of
testing was the repeated test. If the cow was not repeat tested, the repeated result was ‘not
tested’.
The 6 mo test interval data came from a combination of Rounds 1 (initial) and 2
(repeated) and Rounds 2 (initial) and 3 (repeated) combinations. If a cow had data from
both combinations (i.e. 3 ELISA results available), the first chronological pair was
included in the estimation of Se and Sp (Testing scenario 1, Table 6.1). This was to allow
for calculation of confidence intervals, which was not possible if all data were included
due to dependence of test results within a cow. The 6 mo repeated ELISA had to be ≥ 110
d and ≤ β55 d following the initial ELISA. For analysis of a 1β mo test interval, the only
possible test combination was Rounds 1 (initial) and 3 (repeated) (Table 6.1). The
repeated ELISA had to be ≥ β90 d and ≤ 4γ0 d following the initial ELISA.
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For the GEE models, repeated tests within a cow could be accounted for, and
therefore all test combinations were included. All complete test combinations were
eligible for inclusion in the model, provided the cow was MAP-infected and the initial
milk ELISA result was negative. In a subset of cows that had data for all 3 rounds, data
from Rounds 1 and 2 (6 mo interval) and data from Rounds 1 and 3 (12 mo interval) were
included.
6.4 Results

6.4.1 Descriptive Statistics
Median herd size was 66 milking cows (mean: 82; range: 28 to 220). The median
cow age at testing was 4.0 y (mean: 4.4 y; range: 1.8 – 17.3 y). In total, there were 3,145
cows that were included in the final dataset for analyses. Within this group, 164 (5.2%)
cows were MAP-infected. Within the MAP-infected cows, 84% had ≥ β fecal samples
collected, and 7γ% had ≥ β milk samples collected. Within the MAP-negative cows, 80%
had ≥ β fecal samples collected, and 8β% had ≥ β milk samples collected (Table 6.2).
There were 26 (16%) MAP-infected cows with 1 fecal culture result. There were
76 (46%) MAP-infected cows with 2 fecal culture results; 51 were culture-positive on 1
of 2 fecal samples, and 25 were culture-positive on both fecal samples. There were 62
(38%) MAP-infected cows with 3 fecal culture results; 35 were culture-positive on 1 of 3
fecal samples, 16 were culture-positive on 2 of 3 fecal samples, and 11 were culturepositive on all 3 fecal samples.
In the complete dataset, there were 21 test pairs where both initial and repeated
milk ELISA tests were positive. These test pairs came from 16 cows, accounting for cows
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having 3 tests and being positive on every test. Fifteen of these 16 cows were MAPinfected. The mean S/P% of the initial ELISA in these 15 cows was 136% (range: 44252%). Seventy-five percent of these 15 MAP-infected cows had S/P% values ≥ 70% on
the initial ELISA.

6.4.2 Test Characteristics of Initial and Repeated Milk ELISA Tests
Initial and repeated milk ELISA results from a 6 mo test interval are displayed in
Table 6.3. Mean interval between tests was 174 d. Observed Se of an initial ELISA test
was 22.0% (95% CI: 15.6-28.3%). Observed Se of combined initial and repeated ELISA
tests was 32.6% (95% CI: 26.3-41.2%). Observed Sp of an initial ELISA test was 99.6%
(95% CI: 99.4-99.8%), and observed Sp of combined ELISA tests in a 6 mo interval was
99.2% (95% CI: 98.8-99.5%).
Initial and repeated milk ELISA results from a 12 mo test interval are displayed in
Table 6.4. Mean interval between tests was 364 d. Observed Se of an initial ELISA test
was 25.6% (95% CI: 18.2-33.0%). Observed Se of combined initial and repeated ELISA
tests was 45.3% (95% CI: 35.6-54.3%). Observed Sp of an initial ELISA test was 99.6%
(95% CI: 99.4-99.9%), and observed Sp of combined ELISA tests in a 12 mo interval
was 98.9% (95% CI: 98.4-99.4%). The initial Se and Sp estimates for 6 mo and 12 mo
intervals were calculated using the same methods, but because the 12 mo dataset was
slightly smaller, separate initial Se and Sp were calculated from the dataset for each
interval, in order to provide comparisons for the combined results.

6.4.3 Predictors Associated with Repeated Positive Milk ELISA Results in MAPInfected Cows
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There were 108 MAP-infected cows with an initial negative milk ELISA result
and at least 1 repeated ELISA test. Sixty-three cows contributed 1 pair of ELISA tests
(initial and repeated test), and 45 cows contributed 2 pairs. As noted in Materials and
Methods, a logistic mixed model with random effects demonstrated little clustering at the
herd-level (variance: 2.84*10-8), or at the cow-level (variance: 9.89*10-6) (data available
upon request). Results from the GEE model indicated that the S/P% value of an initial
negative ELISA result was a significant predictor for a repeated positive ELISA result in
MAP-infected cows (Table 6.5). For every 5% increase in initial S/P% value of a
negative test, a MAP-infected cow was 2.3 times more likely to test positive on a
repeated ELISA test. There was a trend for a MAP-infected cow to be more likely
positive on a repeated ELISA test with a 12 mo test interval, compared to a 6 mo interval
(OR=2.88; P-value 0.09).

6.5 Discussion

Combined information from initial and repeated milk ELISA tests increased the
probability of detecting a MAP-infected cow, compared to an initial ELISA test only. For
6 mo, and in particular 12 mo test intervals, a repeated ELISA provided considerable gain
in Se with a relatively small decrease in Sp. When a 6 mo test interval was utilized, the
Se of combined initial and repeated tests was 32.6%, a 48% increase over the initial test
Se. Using a 12 mo interval, the probability to detect a MAP-infected cow was 45.3%, a
77% increase over the initial test Se. Specificity of combined tests for a 6 mo interval was
only half a percentage point lower than initial test Sp, and 0.7 of a percentage point lower
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using a 12 mo interval. Huda et al. (2004) also reported that repeated milk ELISA testing
increased the probability of detecting a MAP-infected cow. Using an in-house ELISA
with various cutoffs dependent on cow age, Huda et al. (2004) found that area under the
curve was significantly greater for receiver operating characteristic curves representing 3
repeated milk ELISA samples, compared to 1 sample, for cows ≥ γ yrs of age. However,
the use of an in-house ELISA precluded extrapolation of results to commercial milk
ELISA tests.
Further investigation of test intervals, utilizing a GEE model, demonstrated a
trend for increased probability to detect a MAP-infected cow using a 12 mo test interval,
as compared to a 6 mo interval (OR=2.7; P= 0.11). Impact of an increased test interval
was also suggested in a serum ELISA study, which noted a longer interval could result in
more cows seroconverting from negative to positive ELISA status (Hirst et al., 2002).
Small sample size in the current study may have contributed to lack of statistical
significance, and a larger sample size may allow determination as to whether the
difference between test intervals is significant at P= 0.05. Paratuberculosis is a chronic,
progressive disease, and it is expected that the probability for a test to detect disease will
increase as an animal ages (Nielsen and Ersboll, 2006). Milk ELISA detection of MAPinfection increases approximately linearly from 2 to 5 yrs of age (Nielsen and Toft,
2006). In the current dataset, age was not a significant predictor for a MAP-infected cow,
initially ELISA negative, to be positive on a repeated ELISA. Lack of significance may
have been related to the relatively small number of MAP-infected cows in the dataset.
The impact of a repeated test on Sp in the current study was minimal, however the
number of repeated tests on the same animals was minimal. Nielsen and Ersboll (2006)
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used data collected from monthly milk ELISA tests performed over a 3 yr period. With
monthly testing, by 4 yrs of age, a cow that was never culture-positive had an 18%
probability of having a positive milk ELISA test (approximated from a figure in that
paper). A lower Sp due to high test frequency may be acceptable when producers and
veterinarians anticipate and understand this likelihood. For example, in the Danish
Control Programme for Bovine Paratuberculosis (Nielsen, 2007), where cattle are milk
ELISA tested 4 times per year, communication and education is a key part of program
success. However, if a high test frequency is applied without the understanding that
overall Sp will be lowered, test results will be frustrating for the producer to interpret.
A 12 mo test interval might be more financially acceptable and convenient to
herds undertaking a MAP control program. Nielsen and Ersboll (2006) concluded that
although monthly testing in cows < 4 yrs of age would increase the Se of the ELISA, a
cost-benefit analysis to determine optimal test frequency is required (Nielsen and Ersboll,
2006). An annual test would fit conveniently within current production systems, as many
preventative health measures (e.g. vaccinations and dry cow therapy) are based on the
lactation cycle of the cow.
The quantitative value (S/P %) of an initial negative milk ELISA test was
predictive of a MAP-infected cow being detected on a repeated milk ELISA test. This is
in agreement with an earlier study evaluating single serum ELISA results on repository
samples, which found that cows with OD values just below the cutoff (0.050 - < 0.100)
were 15 times more likely to be MAP-infected than non-infected (Collins and Sockett,
1993). Regarding ELISA values above the cutoff, the magnitude of the quantitative value
may correlate with the infectious status (Nielsen, 2007), and it has been reported that
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moderate and heavy MAP shedders have significantly higher quantitative ELISA values
than culture-negative cows (van Schaik et al., 2003). The relationship between
quantitative values and milk production has also been studied, and a negative relationship
between milk production and OD of the ELISA test was reported (Kudahl et al., 2004).
Together, these results suggest it is beneficial to consider the magnitude of the ELISA
value, in addition to the dichotomous result. If, for example, a producer is unable to
repeated testing on all ELISA negative cows, the quantitative value may be useful to
target repeated testing to cows with a value close to the cutoff. Collins and Sockett (1993)
also suggest that quantitative values may be useful when prioritizing culling decisions.
Within this dataset, there were 16 cows with a positive milk ELISA result on both
initial and repeated tests. Fifteen of the 16 cows (94%) with a positive-positive pattern
were MAP-infected. The 1 MAP-negative cow with a positive-positive pattern originated
from a MAP-infected herd that had a mean fecal culture within-herd prevalence of almost
10%. It is possible that this cow was truly a MAP-infected cow with false-negative fecal
culture results. These results suggest that repeated positive ELISA tests represent a high
likelihood for a cow to be MAP-infected. Other publications are also supportive of this
likelihood, and it has been noted that cows with repeated positive ELISA results are more
likely to be shedding MAP in the near future than cows with fluctuating antibody
response profiles (Nielsen, β008). One of the recommendations in Denmark’s MAP
control program is to cull cows with 2 positive ELISA results when testing 4 times per
year (Nielsen, 2009). It has also been reported that culling repeatedly ELISA positive
cows was 1 of 3 management strategies that was found to significantly decrease ELISA
within-herd prevalence (Nielsen and Toft, 2011). In addition to repeated positive results
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representing a high likelihood of MAP-positivity, it has been noted that cows with
repeated positive results, as well as cows with their last test positive and previous tests
negative for MAP, produced significantly less milk than cows that were repeatedly milk
ELISA negative (Nielsen et al., 2006). When interpreting repeated milk ELISA test
results, cows with repeated positive results are more likely to be infected with MAP and
therefore should be managed as MAP-infected within a herd risk management program.
Fluctuation of serum ELISA results from positive to negative has been described
(Hirst et al., 2002; Sweeney et al., 2006), and is a potential source of confusion for
producers and veterinarians. Amongst 21 cows with an initial positive milk ELISA result,
47% (10/21) had a negative ELISA 6 mo later. The rate of reversion in MAP-negative
cows was 100% (9/9), while only 1 of 12 of MAP-infected cows reverted to a negative
ELISA status. Reversion proportions for the 12 mo interval were almost identical. These
results are similar to serum ELISA studies. Hirst et al. (2002) reported that 40% (62/157)
of seropositive cows were negative on a repeated ELISA test. However, the fecal culture
status of these animals was not known. In another longitudinal serum ELISA study,
where fecal culture results were available, Sweeney et al. (2006) found that although 95%
(17/18) of culture-negative cows with an initial positive serum result had a repeated
negative serum result, only 24% (14/58) of culture-positive cows reverted from
seropositive to seronegative. Reversion from positive to negative on a repeated ELISA
appears to occur more commonly in MAP-negative cows. However, as recommended in
the Danish paratuberculosis control program, these cows should be regarded as low risk,
and further repeated testing is recommended to better establish their MAP-infection
status (Nielsen, 2007).
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The observational structure of this project lends both strengths and weaknesses. A
strength was that cows studied were naturally infected within a selection of MAPnegative, low-prevalence and high-prevalence herds. The study cow population would be
representative of many herds in the North American industry, where most MAP-positive
herds are expected to be low to moderate prevalence (Lombard, 2011). Therefore
selection bias at the cow-level in this population should have had little impact on our
results. The primary weaknesses of the observational study were that cows provided
variable numbers of samples, and the large sample size precluded tissue culture at
postmortem, which would have allowed for further determination of true MAP status. As
well, despite the large sample size, the subset of MAP-infected cows was small because
MAP is a disease of low prevalence in most herds.

6.5.1 Conclusions
A repeated milk ELISA test substantially improved the probability to detect a
MAP-infected cow, with minimal loss of Sp. The data indicated a trend for a 12 mo test
interval provided a greater increase in Se, relative to a single initial test, than did a 6 mo
interval, although this finding was not statistically significant. MAP-infected cows with a
negative ELISA result close to the cutoff were more likely to be ELISA positive on a
repeated milk ELISA test. Cows with repeated positive ELISA results were likely to be
MAP-infected and should be a priority for risk management strategies. Given the
potential for fluctuation between positive and negative ELISA test results, repeated
testing within a MAP-positive herd provides an improved understanding of a cow’s MAP
status, and reduces risk of misclassification based on a single test result.
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Table 6.1. Representation of the origin of data used in the calculation of sensitivity and
specificity of initial and combined initial and repeated (6 month and 12 month interval)
milk ELISA tests for the detection of Mycobacterium avium subsp. paratuberculosis.
Milk samples were collected every 6 months, for a total of 3 rounds of testing, from 32
herds in the Maritime provinces.

Cow Testing
Scenario
1
2
3
4
5
6
7

Round of Testing
1
2
3
Tested
NTa
Tested
Tested
Tested
NT
NT

Tested
Tested
NT
Tested
NT
Tested
NT

6 Month Interval
12 Month Interval
Initial Combined
Initial Combined
Round(s) of Testing Utilized

Tested
Tested
Tested
NT
NT
NT
Tested

1
2
1
1
1
2
n/a

a

1 and 2
2 and 3
n/a
1 and 2
n/a
n/a
n/a

1
n/ab
1
1
1
n/ab
n/ab

1 and 3
n/a
1 and 3
n/a
n/a
n/a
n/a

NT = Cow was not tested.
n/a = Not applicable. If an initial test was not available, the initial and combined test
characteristics were not calculated. If a repeat test was not available, the combined test
characteristics were not calculated.
b
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Table 6.2. Frequency of Mycobacterium avium subsp. paratuberculosis fecal culture and
milk ELISA test events for 3,145 cows from 32 Atlantic Canadian dairy herds.
Fecal Culture Tests
MAP-infected (164 cows)
MAP-negative (2,981 cows)
1
2
3
1
2
3
Milk ELISA Tests
1
16
24
3
304
164
71
2
9
32
30
258
622
501
3
1
20
29
25
415
621
Total
26
76
62
587
1201
1193
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Table 6.3. Initial and repeated Mycobacterium avium subsp. paratuberculosis milk
ELISA test results collected at a 6 month test interval, for 164 MAP-infected and 2981
MAP-negative cows, with a minimum of 140 days and maximum of 253 days between
initial and repeated tests.
Milk ELISA Result
Initial Test Repeated Test
Negative
Negative
Negative
Positive
Negative
Not Tested
Positive
Positive
Positive
Negative
Positive
Not Tested
Total

Fecal Culture Classification
MAP-infected MAP-negative
74
2068
14
9
40
892
11
0
1
9
24
3
164
2981
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Table 6.4. Initial and repeated Mycobacterium avium subsp. paratuberculosis milk
ELISA test results collected at a 12 month test interval for 133 MAP-infected and 2183
MAP-negative cows, with a minimum of 293 days and maximum of 426 days between
initial and repeated tests.
Milk ELISA Result
Initial Test Repeated Test
Negative
Negative
Negative
Positive
Negative
Not Tested
Positive
Positive
Positive
Negative
Positive
Not Tested
Total

Fecal Culture Classification
MAP-infected MAP-negative
47
1321
17
10
35
846
6
0
1
5
27
3
133
2185
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Table 6.5. Odds ratios for generalized estimating equation model predictors influencing
the probability for a Mycobacterium avium subsp. paratuberculosis culture positive cow
with an initial negative milk ELISA test to have a repeated positive milk ELISA test.
Predictor

Coefficient

Intercepta

-2.86

Test interval
(0=6 mo; 1=12 mo)
Cow ageb at initial
ELISA (days)
Initial ELISA S/P %

1.06

a
b

Odds Ratio
(OR)

Pvalue

2.88

OR 95% Confidence
Interval
-4.28- -1.47
(95% CI for
coefficient)
0.84-9.90

0.0003

1.0003

0.9995-1.001

0.40

0.16

1.18

1.08-1.28

<0.001

Correlation between repeated observations within a cow = -0.03.
Cow age centered with 2 yr as baseline.
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0.09

CHAPTER 7. SUMMARIZING CONCLUSIONS

Johne’s disease, or paratuberculosis, has long been recognized by the veterinary
community as a serious disease affecting cattle (Chiodini et al., 1984). Despite a disease
history spanning almost 200 years, the causative bacterium, Mycobacterium avium
subspecies paratuberculosis (MAP), continues to challenge researchers in regards to
diagnosis, treatment, and control. There is no effective treatment or vaccination available
to cure or prevent paratuberculosis infection, and therefore management of the disease
relies on successful MAP control programs (Garry, 2011). The United States’ National
Voluntary Bovine Johne’s Disease Control Program suggests 3 sequential steps for a
MAP control program: producer education, followed by development of a risk
assessment and management plan, and finally establishment of a cow-level testing
program in herds established as MAP-positive (Whitlock, 2010). When cow-level test
results are used to implement management changes for MAP-infectious cows, the return
on investment generally justifies testing costs (Dorshorst and Lombard, 2006).
The focus of the research reported in this thesis was the evaluation of diagnostic
tests for both herd-level (environmental culture and milk ELISA) and cow-level (milk
ELISA) detection of paratuberculosis. One of the basic tenets of this research project was
the desire to evaluate these tests within a relatively large population of herds that
represented a spectrum of MAP-negative, low prevalence and moderate to high
prevalence herds. Although paratuberculosis is a disease with a low to moderate withinherd prevalence (Lombard, 2011), many paratuberculosis diagnostic test evaluations have
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targeted moderate and high prevalence herds to maximize the efficient use of limited
research dollars. However, the disadvantage of this strategy is that study populations are
often not reflective of target populations in regard to MAP within-herd prevalence. The
32 herds that contributed data to this analysis were therefore purposively selected, in an
effort to obtain a sound mixture of MAP-negative, low prevalence and high prevalence
herds.
7.1 Establishment of a Case Definition
Herds were classified as MAP-positive and MAP-negative based on repeated
pooled fecal cultures, performed on samples collected from all lactating cows in a herd.
Repeated sampling, in the form of multiple negative tests from all adult cattle in the herd,
is required for an accurate establishment of a MAP-negative herd status (Collins et al.,
2005). All 18 study herds classified as MAP-negative had 4 whole-herd pooled fecal
culture collections with no positive pooled fecal culture results. As well, although they
were not designated as closed herds, none of the MAP-negative herds increased in size
during the study, making it unlikely that they introduced new cows into the milking herd
that were MAP-positive. It was assumed in this analysis that MAP herd-status was stable
over the study period. There is limited field data supporting the short-term efficacy of
MAP eradication programs, even in MAP-positive low-prevalence herds (Collins et al.,
2006). As a result, a change from MAP-positive to MAP-negative herd status was also
considered unlikely in the 2 yr study time frame.
Repeated sampling will also maximize the identification of low prevalence MAPpositive herds (Kalis et al., 2004) and thereby minimize the influence of misclassification
bias on herd sensitivity and specificity (Christensen and Gardner, 2000). In our dataset,
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false-negative herd classification, based on cross-sectional sampling at 1 point in time
rather than evaluation of repeated herd tests, was most common in low-prevalence study
herds. The use of repeated sampling to establish the herd case definition, therefore,
maximized the correct classification of both MAP-positive and MAP-negative herds.
7.2 Herd-level Detection of MAP
7.2.1 Herd-level Detection of MAP: Environmental Culture
The use of environmental culture to detect MAP-positive herds was investigated
in Chapter 2. Using generalized estimating equation (GEE) logistic models, both overall
herd sensitivity and herd specificity were estimated, and factors influencing these herdlevel test characteristics were also investigated. The only significant relationship was a
positive association between fecal culture within-herd prevalence and sensitivity of
environmental culture.
Environmental culture sensitivity is expected to be higher in high-prevalence
herds (Smith et al., 2011). This was consistent with our study results, and although
environmental culture sensitivity was only 51% when within-herd MAP prevalence was
2%, it increased quickly, and approached 100% sensitivity at moderate within-herd
prevalence levels of approximately 8%.
Repeated herd testing is frequently used in control programs to determine MAP
herd-status (Whitlock, 2010). Although not statistically significant, the greatest increase
in sensitivity of repeated environmental culture sets occurred when 2 sets of
environmental culture samples, collected 3 mo apart, were evaluated in parallel, as
compared to a single environmental culture set. Given the lower sensitivity of
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environmental culture in low-prevalence herds, it is advisable to repeat environmental
cultures to ensure the appropriate classification of MAP-positive low-prevalence and
MAP-negative herds.
The proportion of positive environmental culture samples within an
environmental culture set was positively associated with the herd’s apparent fecal culture
within-herd prevalence, extending the applicability of this herd-level test beyond a
dichotomous herd MAP diagnosis. It is advantageous if a herd-level paratuberculosis test
can give a crude estimation of within-herd MAP prevalence, as this information would
help guide the development of a MAP control program (Garry, 2011). For example,
aggressive testing may be more beneficial and cost-effective in high-prevalence herds
(Wells et al., 2003).
The sampling protocol tested in Chapter 2 was modeled after the protocol
designed by the Voluntary Bovine Johne’s Disease Control Program (USDA, β010). This
protocol was intended to be a realistic sampling procedure, in order that estimates
produced in the analysis would reflect what could be expected in the practical application
of MAP control programs. When evaluating collection location in all our study herds,
manure storage and concentration areas had a numerically greater number of positive
environmental culture samples than cow concentration areas, although this was not
statistically significant. Previous studies have also reported manure storage and shared
alleyways as the sites most likely to be positive (Raizman et al., 2004; Pillars et al., 2009;
Smith et al., 2011). Collecting environmental samples from manure storage and
concentration sites will provide the optimum chance to detect MAP.
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Environmental culture is an acceptable herd test for classification of MAP herdstatus in MAP-negative and MAP-positive herds. Herd sensitivity of environmental
culture is significantly impacted by the within-herd prevalence of MAP. The proportion
of positive environmental culture samples within a sample set provides a crude estimation
of within-herd prevalence which is useful information in the development of MAP
control programs.

7.2.2 Herd-level Detection of MAP: Milk ELISA
Assessment of cow-level milk ELISA results, compiled to form a herd-level MAP
diagnosis, was completed in Chapter 3. Using null GEE logistic models, both overall herd
sensitivity and specificity were estimated. In a multivariable GEE model, factors
influencing herd-level test characteristics were investigated. The only significant
association was a positive association between fecal culture within-herd prevalence and
milk ELISA herd sensitivity. Herd sensitivity increased as within-herd MAP prevalence
increased; increasing from less than 20% in herds with 2% within-herd MAP prevalence
to more than 95% in herds with 10% within-herd prevalence. Based on the low herd
sensitivity in low-prevalence herds estimated from the current study, we inferred that
whereas the milk ELISA herd test may be useful for a control program in a highprevalence herd, as suggested by consensus recommendations (Collins et al., 2006), herd
sensitivity is too low to detect a low-prevalence herd.
Herd sensitivity will increase as the ELISA cutoff is lowered, but this
amplification will come at a cost to herd specificity (Martin et al., 1992). Although a
selection of studies has used a 1-cow cutoff, the lower cutoff translates to a substantially
lower herd specificity (Hendrick et al., 2005; Lombard et al., 2006). In the current data,
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between 13 and 29% of the milk ELISA herd tests from MAP-negative herds had at least
1 positive ELISA result. For the purposes of applying the milk ELISA test in MAP
control programs, this number of false-positive herd results was deemed to be too high. In
the present study, a 2% positive cow cutoff was used because it allowed for an optimal
balance between herd sensitivity and herd specificity, as well as for a greater extension to
a variety of herd sizes.
Likelihood ratios (LR) were used to estimate the likelihood of a herd being MAPpositive, based on milk ELISA prevalence categories. In herds with a milk ELISA
prevalence below 2%, the herd test result was non-informative. When the milk ELISA
prevalence was > 4%, herds in this category were almost certainly MAP-positive. This
information extends interpretation of herd milk ELISA data beyond a positive or negative
herd result, and allows application of probability for a herd to be MAP-positive, based on
the proportion of positive cow-level ELISA results.
The present results do not support the use of milk ELISA for detection of infected
herds with < 2% within-herd MAP prevalence. A single herd sensitivity estimate for milk
ELISA cannot be applied to all herds because herd sensitivity was significantly impacted
by the within-herd MAP prevalence. Although herd specificity was high overall, the LR
indicated that herds with greater than 0% but less than 2% milk ELISA prevalence were
as likely to be a false-positive result as a true-positive result.

7.2.3 Herd-level Detection of MAP: Conclusions
In this study population, the sensitivity of both environmental culture and milk
ELISA herd tests improved as apparent within-herd MAP prevalence increased. In herds
with low within-herd MAP prevalence, the sensitivity of environmental culture was
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substantially greater than the sensitivity of the milk ELISA, demonstrating that lowprevalence MAP-infected herds had a greater probability to be detected with
environmental culture. In addition, reflecting the near perfect specificity of fecal culture
(Collins et al., 2006), false-positive results from environmental culture are considered
rare, and in this study population, only 1% of the environmental culture sets collected
from the 18 MAP-negative herds were positive. In contrast, between 13 and 29% of the
milk ELISA herd tests from MAP-negative herds had at least 1 positive ELISA result.
Therefore, in this study population, environmental culture was preferred over milk
ELISA for the detection of MAP-infected herds, as environmental culture better
classified both low-prevalence, MAP-infected herds and MAP-negative herds.
7.3 Cow-level Detection of MAP
7.3.1 Cow-level Milk ELISA Agreement
In Chapter 4, agreement between 3 commercial milk ELISA kits was evaluated by
way of agreement statistics, kappa values, and logistic models investigating factors that
influenced positive milk ELISA agreement. Overall agreement was high (ELISA A/B:
0.985; ELISA A/C: 0.982; ELISA B/C: 0.992), and kappa values indicated moderate to
substantial agreement (ELISA A/B: 0.60; ELISA A/C: 0.57; ELISA B/C: 0.79). Although
agreement between negative test results of the 3 ELISAs was high (ELISA A/B: 0.992;
ELISA A/C: 0.991; ELISA B/C: 0.996), agreement between positive test results was
significantly lower (ELISA A/B: 0.61; ELISA A/C: 0.57; ELISA B/C: 0.79). Unless there
is a specified testing strategy in place for the application of 2 ELISA tests to 1 milk
sample, such as an initial screening (higher sensitivity) followed by a repeat diagnostic
(higher specificity) test (Dohoo et al, 2009), the lower agreement between positive results
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may result in discrepant results between 2 milk ELISA kits applied to the same milk
sample.
For all 3 paired milk ELISA comparisons, fecal shedding of the MAP bacterium
significantly increased the odds of test-positive milk ELISA agreement. The second
predictor increasing the odds of test-positive milk ELISA agreement was the fecal culture
within-herd MAP prevalence. This predictor was significant for test-positive agreement
for 2 of the 3 pairs of ELISA kits compared. These results are consistent with consensus
recommendations that milk ELISA is best applied in herds with known infection, high
within-herd MAP prevalence, and clinical disease (Collins et al., 2006).
Although the overall and test-negative milk ELISA proportions of agreement
were quite high, agreement on positive milk ELISA results was significantly lower. Odds
of agreement between test-positive milk ELISA results increased with cow fecal
shedding of MAP and higher within-herd MAP prevalence. Although a repeat ELISA
may be more informative at a later time, as recommended by the Danish MAP control
program (Nielsen, 2009), the low agreement on positive tests suggest there is limited gain
using a different ELISA on the same milk sample to confirm a positive result.

7.3.2 Cow-level Milk ELISA Test Characteristics and Likelihood Ratios
Using 2 commercially available milk ELISA kits and cow-level fecal culture
results, cow-level sensitivity and specificity of the milk ELISAs were estimated in
Chapter 5, using both pseudogold standard methods and latent class analysis models.
There was not a substantial difference between milk ELISA test characteristic estimates
using pseudogold methods or latent class models. Sensitivity of ELISA A was 30.2%
using a latent class model, and 28.4% using a pseudogold standard, while sensitivity of
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ELISA B was 34.6% using a latent class model, and 33.1% using a pseudogold standard.
Specificity of ELISA A was 99.2% using a latent class model, and 99.5% using a
pseudogold standard, while specificity of ELISA B was 99.4% using a latent class model,
and 99.7% using a pseudogold standard.
The pseudogold standard allows for comparison of results between the current
study and other publications using this method of statistical evaluation. However,
estimates using pseudogold standards have been questioned because they assume an
accurate reference test, which is challenging to achieve in paratuberculosis research
(Nielsen et al., 2002; Wang et al., 2011). The latent class model allows for estimation of
test characteristics without necessitating a decision regarding disease status of the animal.
Both methods were presented because each is relevant, and it was not an objective to
select 1 statistical method as preferential over the other.
Accurate specificity estimates of the commercial ELISA kits are essential tools in
a herd MAP control program, because producers and veterinarians must know the risk of
false-positive results. This is particularly important when a positive test can result in
culling of the animal. Specificity of paratuberculosis tests can be difficult to determine
because the latent period of the disease prevents accurate use of a reference test to
establish absence of infection in a cow. Therefore, the best method to define absence of
infection in a cow is to establish a herd as non-infected, and then evaluate specificity
from cows within non-infected herds (Collins et al., 2005). The repeated herd tests to
establish herds as MAP-negative in this dataset allowed for accurate estimates of
specificity.
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One method to extract information from ELISAs, beyond a dichotomous ELISA
result, is the development of LRs, which were assessed in Chapter 5. Categorical LRs for
both ELISA A and ELISA B were significantly different between the lowest and
uppermost categories of ELISA results. Practically, this means that for a cow with an
ELISA result in the upper category, her likelihood of being MAP-infectious is very high,
and a confirmatory test such as fecal culture would provide very little additional
information regarding her MAP disease status. Furthermore, this cow should either be
managed carefully (e.g. colostrum discarded, no contact with young stock), or culled for
slaughter. The particular recommendation will depend on the specific objectives of the
herd’s MAP control program. Likely due to a small sample size, there was no significant
difference between LRs for middle ELISA categories. If this study were repeated with a
larger sample size, a more clear and distinct direct relationship between mid-categories
and probability of infectiousness could be seen.
The establishment of test characteristics for 2 commercial milk ELISAs provides
valuable information for practitioners and producers interpreting results from these kits.
Test characteristics estimated using pseudogold standard methods and latent class
analyses were not different. Likelihood ratios extend the use of ELISA results beyond a
dichotomous diagnosis, and our results suggest that cows with ELISA results in the upper
ranges of quantitative values are almost certainly MAP-infectious. Likelihood ratios
allow more specific management strategies to be implemented for these cows.

7.3.4 Repeated Cow-level Milk ELISA Testing
The focus of Chapter 6 was to evaluate the additional diagnostic information
gained in a repeat milk ELISA test. Sensitivity and specificity of initial tests, and initial
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and repeated tests combined, were evaluated. For a 6 mo test interval, observed Se of the
milk ELISA was 22.0% (95% CI: 15.6-28.3%) and 32.6% (95% CI: 26.3-41.2%), for
initial and combined initial and repeated tests, respectively. Specificity of an initial
ELISA was 99.6% (95% CI: 99.4-99.8%), and 99.2% (95% CI: 98.8-99.5%) for
combined tests. For a 12 mo interval, Se of the milk ELISA was 25.6% (95% CI: 18.233.0%) and 45.3% (95% CI: 35.6-54.3%) for initial and combined initial and repeated
tests, respectively. Specificity of an initial ELISA was 99.6% (95% CI: 99.4-99.9%), and
98.9% (95% CI: 98.4-99.4%) for combined tests.
Combined information from initial and repeated milk ELISA tests increased the
probability of detecting a MAP-infected cow, compared to an initial ELISA test only. For
6 mo test intervals, and especially 12 mo test intervals, a repeated ELISA provided
considerable gain in sensitivity with a relatively small decrease in specificity. The impact
of a repeated test on specificity was minimal.
Logistic regression models were determined to identify significant predictors for a
MAP-infected cow, initially milk ELISA-negative, to test positive on a repeat milk
ELISA test. The probability to detect a MAP-infected cow using a 12 mo test interval
tended (P = 0.09) to be higher compared to a 6 mo interval. An annual test, performed at
a pre-determined point in a cow’s lactation cycle, and using a milk sample that is already
being collected as part of routine herd milk testing, would be acceptable to many
producers from both a convenience and cost perspective. Lack of significance of the test
interval at P ≤ 0.05 may have been related to the relatively small number of MAPinfected cows in the dataset.
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The quantitative value (S/P ratio (%)) of an initial negative milk ELISA test was
predictive of a MAP-infected cow being detected on a repeat milk ELISA test. Results
suggest it is beneficial to consider the magnitude of the ELISA value, in addition to the
dichotomous result. If, for example, a producer is unable to repeat testing on all ELISA
negative cows, the quantitative value may be useful to target repeat testing to cows with a
value close to the cutoff.
In our dataset, there were 16 cows with a positive milk ELISA result on both
initial and repeat tests. Small sample size precluded application of statistical models to
this subgroup. However, it is likely that cows with repeated positive results are more
likely to be infected with MAP and therefore should be managed as such in a herd control
program.
Repeated testing in a MAP-positive herd provides an improved understanding of a
cow’s MAP status, and reduces risk of misclassification based on a single test result. A
repeat milk ELISA test improves the probability to detect a MAP-infected cow, with
minimal loss of specificity. Using a 12 mo test interval provides a greater increase in
sensitivity than a 6 mo interval, relative to a single initial test. Cows with repeated
positive ELISA results are more likely to be MAP-infected and should be a priority for
risk management strategies.

7.3.5 Cow-level Detection of MAP: Conclusions
For the cow-level detection of MAP, test characteristics of commercial milk
ELISA kits were similar to estimates previously published for in-house milk ELISA kits.
Data analyses demonstrated that the quantitative value of a cow’s milk ELISA result is
useful information when making cow management choices within a herd MAP control
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program. As well, repeated milk ELISA testing can substantially increase the probability
of detecting a MAP-infected cow. Making use of milk ELISA results, beyond a
dichotomous positive or negative diagnosis, will improve the quality of information
gained from cow-level milk ELISA test results, and could increase the success of control
programs within MAP-infected herds.
7.4 Future Research Directions
This evaluation of herd-level and cow-level diagnostic tests for detection of MAP
provides new information to assist in the application of test strategies to herds motivated
to control paratuberculosis. The research also allows for identification of unanswered
questions that should be the focus of future research programs, in order that the dairy
industry will continue to realize improved management and control of paratuberculosis.
It would be beneficial to increase the sensitivity of herd paratuberculosis tests, in
particular for the detection of low-prevalence herds. If environmental manure samples are
already being collected, a second sample that could easily be gathered from a herd is a
bulk tank milk sample. Currently, work is being done to optimize PCR techniques for
bulk tank milk detection of MAP. The bulk tank milk sample would be more convenient
and efficient to collect than individual milk samples from the entire herd, and would be
more economical to process in the laboratory. Conceivably, performance of PCR on bulk
tank milk samples is also impacted by low within-herd prevalence. A lower concentration
of MAP in the bulk tank is expected in a low-prevalence herd, making detection
challenging. It would be ideal to evaluate the efficacy of combining environmental
culture and bulk tank milk PCR, in order to assess if this testing combination could
increase sensitivity to detect low-prevalence herds. Bulk tank milk ELISA alone has been
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examined (Nielsen et al., 2000; van Weering et al., 2007). While bulk tank milk ELISA
has limited sensitivity as a stand-alone test, it might have merit as part of a suite of tests
to maximize sensitivity.
Results of our analyses indicated a trend for manure storage areas and cow
manure concentration areas to be more often culture-positive than samples from sick cow
or maternity pens. As well, many farms did not meet the criteria for collection in sick
cow or maternity pens (i.e. having 2 or more cows in the pen and no manure clean-out
between animals). It should be determined if a sampling protocol focused on manure
storage and cow manure concentration areas could be used, without a loss in test
sensitivity. In addition, an evaluation of direct PCR for detection of MAP in
environmental samples would be beneficial. Because PCR is less costly and more time
effective than fecal culture (Tiwari et al., 2006), it would benefit the dairy industry to
determine if PCR as a herd diagnostic test was as sensitive and specific as culture of
environmental samples.
The sensitivity of environmental culture in tie-stall facilities remains unknown. In
the current study population, only 1 MAP-positive herd had tie-stall facilities, precluding
statistical evaluation of the relationship between housing type and environmental culture
sensitivity. A substantial proportion of the dairy industry, particularly in Quebec (CDIC,
2012), utilizes this type of housing. In a tie-stall barn, cattle movement and therefore,
mixture of manure, is minimal. Without this cow movement, in a tie-stall, it may be more
challenging to collect composite manure samples representing many cows, as compared
to a free-stall facility. Therefore, it is important to evaluate the probability that
environmental culture can detect MAP-positive herds housed in tie-stall facilities.
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The application of repeated milk ELISA tests to improve the probability to detect
MAP-infected cows appears promising. It would be beneficial to determine the
fluctuations in antibody response throughout the lactation cycle of a MAP-infected cow.
This would allow for application of a repeated testing program at a point in lactation
when the ELISA response is greatest. Finally, an economic analysis to investigate the
economic benefits and costs of repeated testing is necessary, as well as a determination of
the testing interval that maximizes return on investment. This will enable veterinarians to
better guide producers to develop successful and sustainable MAP control programs.
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