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ABSTRACT

Bovine paratuberculosis is a disease characterized by
chronic granulomatous enteritis causing protein-losing
enteropathy. Adverse effects on animal productivity are
key drivers in the attempt to control paratuberculosis
at the farm level. Economic models require an accurate
estimation of the production effects associated with
paratuberculosis. The aim of this study was to conduct
a systematic review and meta-analysis to investigate
the effect of paratuberculosis on milk production. A total of 20 effect estimates from 15 studies were included
in the final meta-analysis. Substantial between-study
heterogeneity was observed. Subgroup analysis by case
definition and study design was carried out to investigate heterogeneity. The majority of between-study
variation was attributed to studies that defined cases
on serology. Calculation of a pooled effect estimate was
only appropriate for studies that defined cases by organism detection. A reduction in milk yield, corrected
for lactation number and herd of origin of 1.87 kg/d,
equivalent to 5.9% of yield, was associated with fecal
culture or PCR positivity in individual cows.
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INTRODUCTION

Bovine paratuberculosis is a disease characterized
by chronic granulomatous enteritis, which manifests
clinically as a protein-losing enteropathy causing diarrhea, hypoproteinemia, emaciation, and, eventually,
death (Sweeney et al., 2012). Adverse effects on animal
productivity and losses due to continued spread of in-
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fection are key drivers in the attempt to control the
disease at the farm level. Some research exists to suggest that the etiologic pathogen Mycobacterium avium
ssp. paratuberculosis (MAP) may pose a zoonotic risk,
and a potential association with Crohn’s disease exists
in humans (Chiodini et al., 2012). Consequently, many
major dairy-producing countries have introduced control programs aimed at reducing spread between and
within herds (Geraghty et al., 2014).
Farm-level losses associated with the effect of paratuberculosis on production are often cited as important
drivers in the need to control the disease on dairy
farms. Several studies have been published on the economic effect of paratuberculosis at the farm level, with
estimates generally in the range of $20 to $50 per cow
in infected herds (Ott et al., 1999; Chi et al., 2002;
Stott et al., 2005).
Economic models commonly use production loss estimates from a chosen observational study to investigate
the effect of infection on milk production. However, a
substantial number of these studies available in the literature report varying effect estimates. Whereas many
studies have found a significant association between
animals testing positive for MAP and reductions in
milk production, others have reported a nonsignificant
reduction or, in some cases, an increase in production
associated with diagnostic test positivity (Garcia and
Shalloo, 2015).
Narrative reviews of the effect of paratuberculosis on
milk production are widely available in the literature;
however, these are subjective in nature and therefore
prone to reviewer bias (Blettner et al., 1999). Systematic review and meta-analysis represents a quantitative approach to combining information from multiple
research studies. In addition, meta-analysis represents
a useful approach to investigating sources of heterogeneity between observational studies. The objective
of our study was to conduct a systematic review and
meta-analysis of the effect of paratuberculosis diagnos-
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tic test positivity on milk yield to investigate betweenstudy heterogeneity and, where appropriate, calculate
a pooled effect estimate of the effect of diagnostic test
positivity on milk yield.
MATERIALS AND METHODS

The study was conducted in compliance with consensus guidelines for the meta-analysis of observational
studies in epidemiology (MOOSE; Stroup et al., 2000).
In this case the question was, “What is the effect of
paratuberculosis infection on milk yield in dairy cattle?”
Review questions were often further defined in terms of
the population, intervention, comparator, outcome, and
study design (EFSA, 2010). In this case, the population
of interest was dairy cattle, the intervention was infection as determined by ELISA positivity or detection of
the organism (MAP) in feces by culture or PCR; the
comparator was diagnostic test negative animals; the
outcome of interest was the deviation in milk yield; and
the required study design for inclusion in the analysis
was cross sectional or longitudinal.
Literature Search

The primary author (C. McAloon) searched the electronic databases PubMed (http://www.ncbi.nlm.nih.
gov/pubmed) and CABDirect (http://www.cabdirect.
org/) in January 2015 using the search terms “bovine
OR cattle OR cows” and “paratuberculosis OR Johne’s”
and “yield OR production OR effect” and “milk.” The
search was conducted on all available years, on all types
of articles (both peer-reviewed and nonreviewed), and
was not limited to abstracts or titles. In addition, the
reference lists from these papers were hand searched to
identify additional relevant studies. These were subsequently added to the master list (n = 76).
Eligibility Screening: First Phase

The first phase of the eligibility screening was conducted by the first author based on the information
presented in each abstract. The following inclusion
criteria were used: (1) studies reported in English, (2)
seeking to quantify the level of milk production deviation in test-positive animals, and (3) conducted at the
level of the individual animal (rather than the herd).
All eligible papers (n = 44) were then retained for
phase 2 screening.
Eligibility Screening: Second Phase

Phase 2 screening was also conducted by the first
author. Each full paper was reviewed with particular
attention to the materials and methods. Authors were
Journal of Dairy Science Vol. 99 No. 2, 2016

contacted for papers that were unavailable for access,
but if the required study detail was not included in the
published article we made no attempt to contact the
author regarding missing data. Studies were considered
eligible at this level if they addressed the following
criteria: (1) compared milk yield between diagnostic
test-positive and diagnostic test-negative dairy cows;
(2) used original data that has been not used in a
subsequent study; (3) reported an effect estimate and
a corresponding uncertainty term; and (4) attempted
to address key confounders in the statistical analysis,
including herd or farm and parity.
Data Extraction

Following the compilation of the final list of studies (n
= 33), data were extracted according to Supplementary
Table S1 (http://dx.doi.org/10.3168/jds.2015-10156).
Deviation in milk yield was extracted as kilograms
of milk per cow per day. Study outcomes reported as
305-d milk yield were converted to a daily figure by
dividing by 305. Fat and protein yields were extracted
as grams per day. In the case of milk constituents being
reported as a percentage, absolute yield was calculated
by multiplying by the daily milk yield. Outcomes that
were reported by lactation were extracted individually.
When different case definitions were used in the same
publication, each case definition was extracted as a
separate study. Data were not read from figures.
To estimate the deviation of milk yield as a percentage of expected production, milk yield of the negative
subgroup was extracted as a baseline. When these data
were not presented in a study, the overall yield of the
entire study population was extracted from the descriptive statistics. When neither of these sources were
reported in the study, the intercept of the multivariate
model was adjusted to lactation 3 and used. Finally, in
the absence of any of the above information reported
in the study, the average yields per cow over the time
period coinciding with the sampling frame outlined was
obtained for the relevant geographical region. These
data were sourced from the National Animal Health
Monitoring System (J. E. Lombard, Fort Collins, Colorado, personal communication) or the National Agricultural Statistics Service (USDA, 2015).
All error terms were extracted as a standard error
(SE). When an SE was not reported, P-values were
converted to t values that were, in turn, converted
to SE in line with Cochrane Handbook guidelines for
data extraction for continuous outcomes (Higgins and
Green, 2011). If the SE was reported for a 305-d yield,
this was converted to a daily SE by dividing by 305.
When data were reported as being significant at P =
0.05, a P-value of 0.05 was assumed for the study.
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Pooling Subgroups

Subgroups of case definitions and lactation number
were combined when no overall effect was provided. A
combined effect estimate was calculated by a weighted
mean of the subgroup estimates and a standard error
for this combined effect was calculated from the square
root of the average variances of the subgroups.
Statistical Analysis

Studies were further screened before meta-analysis
with the intention of including comparable outcomes
in the analysis. Studies that quantified milk yield over
the lifetime of the animal were not included. Where
possible, case definitions that combined diagnostic
tests were not included; for example, the case definition
“ELISA positivity or fecal culture” was not included.
Case studies were also not included in the meta-analysis
given the small number of these studies.
Random effects models were constructed to investigate the deviation in milk yield as an absolute value
and as a percentage of overall yield. Models were also
constructed to investigate the effect on milk fat and
protein. In a random effects meta-analysis, the underlying effect of infection on milk production is allowed to
vary for each study. The model was constructed using
the metan command in STATA (Harris et al., 2008) and
the Higgins statistic (I2) was used to assess betweenstudy heterogeneity (Higgins and Thompson, 2002).
This value ranges from 0 to 100% and represents the
percentage of the variation in the point estimate that
can be attributed to study heterogeneity rather than
chance (Higgins et al., 2003). The following guidelines
have been suggested for interpretation of the Higgins
statistic: unimportant (0–40%), moderate (30–60%),
substantial (50–90%), and considerable (75–100%;
Deeks et al., 2008). When substantial heterogeneity
was present, data sets were subgrouped to investigate
possible sources of heterogeneity. Publication bias was
investigated using funnel plots and tested using Egger’s
test (Egger et al., 1997). Finally, a sensitivity analysis
was conducted by varying some of the decisions made
around study selection criteria and repeating the analyses.
RESULTS
Study Selection: Phase 1

The initial search in PubMed and CABdirect resulted in 375 and 140 returned articles, respectively. After
reading the titles of the returned papers and combining results from both search engines, 60 eligible papers

were identified. The reference lists of these papers were
hand searched and a further 16 papers were added to
the main list. Of the 76 eligible articles during phase 1
screening, 9 papers were excluded as review articles, 4
were excluded as herd-level studies, 10 were excluded
as economic studies that used production data from
another study, and a further 3 studies were excluded as
not having been published in English. Six articles were
also excluded, as it appeared they were not relevant to
the particular research question (i.e., they did not aim
to quantify the level of milk loss).
Study Selection: Phase 2

During the second phase of eligibility screening, 4
studies were excluded because the data had been
published in a subsequent study (Kudahl et al., 2003;
Lombard et al., 2005b; Sorge et al., 2007; VanLeeuwen
et al., 2002). Fifteen studies were excluded because the
required level of detail was not reported regarding the
estimate and error term (Whitlock et al., 1985; Wilson
et al., 1993; Chaffer et al., 2002; Hoogendam et al.,
2009; Sibley et al., 2012), the outcome was not comparable (DeLisle and Milestone, 1989; Nielsen et al.,
2009), they did not (or did not appear to) account for
herd as a possible confounder (Collins, 1991; Sweeney
et al., 1994; Raizman et al., 2007, 2009; Pantoja et al.,
2010), parity or age did not appear to be accounted for
in the analysis (Rad et al., 2010), or the comparisons
were between different lactations within the same animal (Benedictus et al., 1986, 1987). Two studies were
unavailable (Dinsmore, 1986; Pavlík et al., 1994).
The final list following phase 2 screening consisted
of 33 studies from 20 publications (Table 1). Two were
from conference proceedings and 31 were from peer-reviewed journals. Year of publication ranged from 1978
to 2014 and numbers of cases ranged from 8 to 1,382.
Point estimates of production differences associated
with paratuberculosis test positivity ranged from −4.87
to 3.15 kg/cow per day. Overall, 6 studies demonstrated
a positive association between test-positivity and milk
yield and 22 demonstrated a negative effect. Five studies reported the outcome by lactation number rather
than the overall effect (Table 2).
For the meta-analysis, a final table (Table 3) was
produced that included observational or cross-sectional
studies using ELISA or fecal culture and PCR as the
case definition and measured milk yield deviation for
the lactation corresponding to the diagnostic test,
rather than lifetime production of the animal. Pooled
estimates across lactation number or case definitions
were included and studies were removed where the
case definition was ELISA-positive or fecal culture and
PCR, or where the case definition was latent. SimiJournal of Dairy Science Vol. 99 No. 2, 2016
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Table 1. Data extracted from studies investigating the effect of paratuberculosis on milk production
Study

No. of
cows

No. of
cases

Case
definition1

Milk
quantification2

Donat et al., 2014
Ansari-Lari et al., 2012
Shook et al., 2012
Sorge et al., 2011
Aly et al., 2010

4,627
252
4,694
35,591
5,926

1,382
8
164
1,431
220

5,926

590

FC
Milk PCR
Serum ELISA
Milk ELISA
Serum ELISA, increase of
1 S/P unit
FC

Villarino et al., 2011
Villarino et al., 2011
Villarino et al., 2011
Richardson and More, 2009
Smith et al., 2009
Smith et al., 2009
Smith et al., 2009
Beaudeau et al., 2007
Beaudeau et al., 2007
Gonda et al., 2007
Gonda et al., 2007
Gonda et al., 2007
Tiwari et al., 2007
Hendrick et al, 2005
Hendrick et al, 2005
Hendrick et al, 2005
Lombard et al., 2005a
Lombard et al., 2005a
Kudahl et al., 2004

2,808
2,808
2,808
74
1,332
1,332
1,332
15,490
15,490
3,647
4,375
3,575
9,834
689
689
689
5,763
5,763
6,955

111
91
51
37
13
84
97
230
156
115
350
295
367
130
77
72
77
194
695

Johnson et al., 2001
Johnson et al., 2001
Johnson et al., 2001
Goodell et al., 2000
Nordlund et al., 1996
Spangler et al., 1988
Abbas et al., 1983
Buergelt and Duncan, 1978

166
166
166
1,014
1,653
180
104
37

68
107
56
413
147
30
26
22

Aly et al., 2010

Serum ELISA - HP
Serum ELISA - MP
Serum ELISA - LP
ELISA or FC
FC, high shedding
FC, low shedding
Latent
Serum ELISA
FC or PCR
FC
Serum ELISA or FC
Serum ELISA
Serum ELISA
FC
Milk ELISA
Serum ELISA
Serum ELISA HP
Serum ELISA LP
Log-transformed OD
from serum ELISA,
increase of 1 unit
FC
Serum ELISA or FC
Serum ELISA
Serum ELISA
Serum ELISA
FC
FC
Cull animals, culture or
histopathology

Mean effect
(kg/cow per day)

95% CI

Test day
305-d yield
305-d yield
305ME
Fat-corrected test
day
Fat-corrected test
day
Daily lifetime
Daily lifetime
Daily lifetime
Lactation yield
Test day
Test day
Test day
Test day
Test day
305ME
305ME
305ME
305-d yield
305-d yield
305-d yield
305-d yield
305ME
305ME
Fat-corrected test
day

−1.30
−3.31
−0.68
−1.163
−2.40

−2.07, −0.53
−5.77, −0.85
−1.30, −0.03
−2.0733, −2.623
−2.79, −2.01

−2.16

−2.49, −1.83

−1.88
−0.94
−0.02
0.28
−3.70
0.20
2.30
−2.393
−2.303
−2.03
−1.00
−0.85
0.163
−1.80
−1.50
−0.57
−4.47
−1.31
−0.123

−2.91, −0.85
−2.07, 0.18
−4.51, 1.48
−0.10, 0.66
−7.44, 0.04
−0.86, 1.26
1.41, 3.19
−3.233, −1.543
−3.303, −1.293
−3.64, −0.42
−1.66, −0.34
−1.55, −0.14
−0.493, 0.813
−3.04, −0.56
−2.71, −0.28
−1.56, 0.42
−8.954, 0.004
−2.624, 0.004
−2.863, −2.623

305ME
305ME
305ME
305ME
305-d yield
305ME
305ME
305ME

0.58
2.47
3.15
−2.14
−1.23
−4.87
−2.73
−1.98

−3.10,
−1.35,
−0.71,
−6.23,
−2.02,
−8.54,
−3.56,
−4.63,

4.27
6.29
7.02
1.95
−0.44
−1.20
−1.91
0.67

1

FC = fecal culture, S/P = sample/positive, LP = low positive, MP = medium positive, HP = high positive, OD = optical density.
305ME = 305-d mature-equivalent yield.
3
Weighted mean of outcomes reported by lactation number.
4
Calculated assuming P = 0.05.
2

lar tables were constructed from studies investigating
milk fat yield (Supplementary Table S2; http://dx.doi.
org/10.3168/jds.2015-10156) and milk protein yield
(Supplementary Table S3; http://dx.doi.org/10.3168/
jds.2015-10156).
Meta-Analysis

Longitudinal and cross-sectional studies that used
either milk or serum ELISA or fecal culture or PCR
were pooled for analysis (Table 3). Twelve random effects meta-analyses models were constructed to investigate the effect of paratuberculosis on milk production,
model outcomes are summarized in Table 4. Analysis of
all case definitions and study designs together (Supplementary Figures S1 and S2; http://dx.doi.org/10.3168/
Journal of Dairy Science Vol. 99 No. 2, 2016

jds.2015-10156) resulted in a point estimate of −1.30
(95% CI = −1.72, −0.89) kg/cow per day estimated at
−4.30% (95% CI = −5.61%, −2.99%) of overall yield.
This figure represents the average milk yield deviation
per day in test-positive dairy cows in the lactation
in which the animal tests positive as compared with
test-negative herdmates. However, substantial study
heterogeneity was observed in this analysis (I2 = 73.0
and 72.6%, respectively).
Subgroup analysis by case definition (Figure 1) revealed that estimates from fecal detection case definitions resulted in greater reductions in milk production
(−1.87 kg) than those produced from ELISA case definitions (−1.03 kg), although both case definitions resulted in a statistically significant decrease in daily milk
production. This translated to an estimated deviation

0.65
0.25
0.25
0.64
0.39
0.49
0.34
1.04
−0.34
−1.38
−2.29
1.13
−2.54
−1.33
0.58
1.84
−2.88,
−2.36,
−3.27,
−1.37,
−4.06,
−3.25,
−0.78,
−2.24,
−1.61
−1.87
−2.78
−0.12
−3.30
−2.29
−0.105
−0.20
L = longitudinal, CS = cross sectional.
FC = fecal culture, OD = optical density.
3
Weighted mean of estimates for lactation 3, 4, 5, and 6+.
4
Mean of calculated deviation for low and high positives.
5
Weighted mean of estimates for lactation 3 and 4.
2

1

CS
L
L
CS
CS
CS
CS
CS
Sorge et al., 2011
Aly et al., 2010
Aly et al., 2010
Gonda et al., 2007
Beaudeau et al., 2007
Beaudeau et al., 2007
Tiwari et al., 2007
Kudahl et al., 2004

Milk ELISA
Serum ELISA4
FC
FC or serum ELISA
Serum ELISA
FC or PCR
Serum ELISA
Serum ELISA, increase 1 unit
logOD

−0.83
0.18
−0.09
−1.96
−1.58
−2.51
0.41
0.14

−1.50,
−0.48,
−0.56,
−3.21,
−2.34,
−3.47,
−0.23,
−0.98,

0.17
0.85
0.38
−1.25
−0.82
−1.55
1.05
1.26

0.34
0.28
0.24
0.64
0.39
0.49
0.33
0.57

−1.35
−0.77
−1.91
−0.51
−2.20
−2.03
0.15
−3.32

−1.98,
−1.72,
−2.52,
−1.48,
−3.19,
−3.12,
−0.48,
−7.46,

−0.71
0.19
−1.30
−0.97
−1.22
−0.94
0.78
0.82

0.32
0.49
0.31
0.50
0.51
0.56
0.32
2.11

3

95% CI
95% CI
SE

Estimate

Lactation 2
Lactation 1

95% CI
Estimate
Study

Case definition2
Study
type1

Table 2. Data extracted from studies investigating the effect of paratuberculosis on milk production by lactation number

SE

Estimate

Lactation 3+

SE

EFFECT OF PARATUBERCULOSIS ON MILK YIELD

1453

in milk yield of −5.90 and −3.46% for fecal culture and
ELISA, respectively (Supplementary Figure S3; http://
dx.doi.org/10.3168/jds.2015-10156). Furthermore, the
majority of the between-study heterogeneity was observed in the ELISA subgroup (I2 = 71.2%). The level
of between-study heterogeneity observed in the fecal
subgroup was classified as unimportant (I2 = 28.9%).
Subgroup analysis by study design (Supplementary
Figures S4 and S5; http://dx.doi.org/10.3168/jds.201510156) suggested that a small proportion of the heterogeneity could be explained by type of study. The
point effect estimate for longitudinal studies was more
negative than that for cross-sectional studies However,
in both cases the degree of between-study heterogeneity
within the subgroups was still too high to support a
pooled effect estimate.
Analysis by lactation number (Figure 2 and Supplementary Figure S10; http://dx.doi.org/10.3168/
jds.2015-10156) showed a trend toward larger negative estimates with increasing lactation number; however, considerable heterogeneity within subgroups (I2 =
80.6–90.3%) did not justify an overall pooled estimate
by lactation number. Due to the smaller number of
studies that reported by lactation (n = 5), it was not
possible to further subgroup studies according to case
definition or study type.
Meta-analysis was then conducted for each case definition with study design as subgroups. Analysis by fecal culture (Supplementary Figures S6 and S7; http://
dx.doi.org/10.3168/jds.2015-10156) revealed that no
heterogeneity was observed in cross-sectional studies,
whereas moderate heterogeneity was observed in longitudinal studies. Point estimates were similar between
subgroups, with wider confidence intervals observed
in pooling of longitudinal studies. Subgroup analysis
of serological-positive animals by study type revealed
substantial heterogeneity was still present within subgroups (Supplementary Figures S8 and S9; http://
dx.doi.org/10.3168/jds.2015-10156).
Analysis of the effect of disease on milk fat yield
(Figure 3), revealed considerable between-study heterogeneity (I2 = 76.7%), and a pooled estimate could only
be justified for the ELISA subgroup, where infection
was associated with a decline in milk fat yield of 22.1
g/d, equivalent to a 1.97% decline in overall fat yield
(Supplementary Figure S11; http://dx.doi.org/10.3168/
jds.2015-10156). Analysis of the effect of paratuberculosis on protein yield (Figure 4 and Supplementary
Figure S12; http://dx.doi.org/10.3168/jds.2015-10156)
demonstrated considerable between-study heterogeneity (I2 = 75.1%) and a pooled estimate could not be
justified.
The funnel plot for all study designs and case definition were relatively symmetrical, suggesting little
Journal of Dairy Science Vol. 99 No. 2, 2016
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Table 3. Final constructed table on effect estimates for association between paratuberculosis and daily milk yield

Study

Country

Case
definition1

Donat et al., 2014
Shook et al., 2012
Sorge et al., 2011
Aly et al., 2010
Aly et al., 2010
Smith et al., 2009
Gonda et al., 2007
Gonda et al., 2007
Beaudeau et al., 2007
Beaudeau et al., 2007
Tiwari et al., 2007
Hendrick et al., 2005
Hendrick et al., 2005
Hendrick et al., 2005
Lombard et al., 2005a
Johnson et al., 2001
Johnson et al., 2001
Goodell et al., 2000
Nordlund et al., 1996
Spangler et al., 1988

Germany
Israel
Canada
USA
USA
USA
USA
USA
France
France
Canada
Canada
Canada
Canada
USA
USA
USA
USA
USA
USA

FC
ELISA
ELISA4
ELISA
FC
FC7
ELISA
FC
ELISA4
FC4
ELISA4
FC
ELISA
ELISA
ELISA7
ELISA
FC
ELISA
ELISA
FC

Study
type2
CS
CS
CS
L
L
L
CS
CS
CS
CS
CS
CS
CS
CS
L
L
L
CS
CS
L

Baseline
yield
(kg/d)

Daily
deviation
(kg/d)

29.0
38.23
27.75
35.96
35.96
35.83
27.28
27.28
24.29
26.69
30.23
29.23
29.23
29.23
32.5
25.88
25.88
32.73
31.0
25.9

−1.30
−0.68
−1.16
−1.58
−2.09
−0.09
−0.85
−2.03
−2.39
−2.30
0.16
−1.80
−1.50
−0.57
−1.56
3.15
0.58
−2.14
−1.23
−4.87

95% CI
(kg/d)
−2.07,
−1.30,
−2.07,
−1.98,
−2.42,
−2.84,
−1.55,
−3.64,
−3.23,
−3.30,
−0.49,
−3.04,
−2.71,
−1.56,
−4.85,
−0.71,
−3.10,
−6.23,
−2.02,
−8.54,

−0.53
−0.03
−0.26
−1.19
−1.76
2.66
−0.14
−0.42
−1.54
−1.29
0.81
−0.56
−0.28
0.42
1.74
7.02
4.27
1.95
−0.44
−1.20

Percentage
deviation

95% CI (%)

−4.48
−1.78
−4.19
−4.42
−5.82
−0.25
−3.13
−7.46
−9.88
−8.65
0.53
−6.16
−5.14
−1.95
−4.80
12.21
2.25
−6.54
−3.97
−18.80

−7.14, −1.83
−3.40, −0.08
−7.55, −0.84
−5.51, −3.32
−6.75, −4.89
−7.94, 7.44
−5.7, −0.51
−13.38,-1.54
−13.35, −6.36
−12.41, −4.85
−1.62, 2.68
−10.41, −1.92
−9.28, −0.96
−5.34, 1.44
−14.92, 5.35
−2.75, 27.21
−12.02, 16.55
−19.05, 5.96
−6.52, −1.42
−32.97, −4.63

1

FC = fecal culture.
L = longitudinal, CS = cross sectional.
3
Overall average of study population (from descriptive statistics).
4
Weighted average of reported effect by lactation.
5
Calculated from reported percentage deviation.
6
Model intercept.
7
Weighted average of reported effect by test result magnitude.
8
Average milk production in geographical region for duration of sampling period.
9
Reported average yield for noninfected adult (lactation ≥ 3) cow.
2

publication bias (Figure 5), and Egger’s test revealed
no significant bias (P = 0.334). In addition, the funnel plot also revealed 2 distinct clusters of SE between
0.25 to 0.75 and 1.5 to 2.0. Further analysis revealed
that study SE was significantly associated with year
of publication and study design. Longitudinal studies
and those published earlier produced estimates with
a larger SE, whereas cross-sectional and more recent
studies produced smaller SE.

Finally, a sensitivity analysis was undertaken. Decisions made around the selection criteria were tested by
dropping particular studies and repeating the analysis.
When studies reporting an improvement in milk yield
were removed, small changes in the overall point estimates were observed, −1.91 and −1.26 kg for fecal culture and ELISA, respectively. However, between-study
heterogeneity dropped substantially for the ELISA
subgroup (44.6%), indicating that the Johnson et al.

Table 4. Summary of meta-analyses investigating the effect of paratuberculosis on milk yield

Model
Overall
Case Definition
Study Design
Lactation Number
Fecal Culture
ELISA

Subgroup

Effect
size
(kg/d)

Fecal culture
ELISA
Cross sectional
Longitudinal
1
2
3+
Cross sectional
Longitudinal
Cross sectional
Longitudinal

−1.30
−1.87
−1.03
−1.23
−1.58
−0.34
−1.11
−1.50
−1.74
−1.68
−1.01
−0.50
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95% CI
−1.72,
−2.34,
−1.53,
−1.69,
−2.31,
−1.08,
−2.08,
−2.71,
−2.26,
−3.38,
−1.53,
−2.97,

−0.89
−1.40
−0.54
−0.78
−0.84
0.40
−0.15
−0.29
−1.22
0.03
−0.48
1.96

Between-study
heterogeneity
(I2)

Effect size
(% of overall
yield)

73.0%
28.9%
71.2%
66.6%
62.8%
81.3%
80.6%
90.3%
0.0%
51.9%
68.7%
65.0%

−4.30
−5.90
−3.46
−4.36
−4.64
−1.38
−3.72
−4.76
−6.17
−4.97
−3.51
−1.69

95% CI
−5.61,
−7.50,
−5.09,
−6.05,
−6.67,
−4.18,
−6.89,
−8.78,
−8.18,
−10.69,
−5.43,
−9.08,

−2.99
−4.29
−1.83
−2.68
−2.61
1.42
−0.54
−0.75
−4.17
0.75
−1.59
5.70

Between-study
heterogeneity
(I2)
72.6%
29.6%
72.2%
72.5%
60.2%
82.5%
81.6%
91.6%
11.9%
53.5%
73.3%
57.7%
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Figure 1. A forest plot of the effect size (ES) and 95% confidence intervals (CI) for studies investigating the association between paratuberculosis diagnostic test positivity and deviation in milk production in individual cows compared with test-negative herdmates. The studies have
been subgrouped according to case definition. Point estimates and CI for each study are presented on each line. Relative weighting of each study
is represented by the gray box surrounding the point estimate. Combined effect estimates (◊) are presented at the bottom of each subgroup.
Studies are listed by first author’s last name and year only.

(2001) study was responsible for a significant proportion of the heterogeneity observed in the original analysis. When data based on an assumed P-value (0.05)
were excluded, only the ELISA subgroup was affected.
The effect on the point estimate was minimal (−1.02
kg) and an increase in between-study variation was
observed (I2 = 73.8%)
DISCUSSION

The aim of our study was to investigate the effect
of paratuberculosis on milk yield. Using either ELISA
positivity or fecal detection as the case definition resulted in a statistically significant reduction in milk
yield associated with paratuberculosis, albeit with
varying levels of between-study heterogeneity.
Pooling of study data could be justified for studies
using fecal detection methods given the acceptable
level of between-study variation. In this instance the
calculated combined effect was −1.87 kg/cow per day

or −576.45 kg/cow per 305 d of lactation, estimated
at −5.90% of milk yield. This figure represents the deviation in milk yield in the lactation corresponding to
when the animal tests positive for paratuberculosis and
is corrected for the lactation number or age of the cow
and the herd of origin of the animal.
Interestingly, point estimates from studies utilizing
fecal culture as the case definition tended to find a deviation in milk yield that was greater than that found
by studies utilizing ELISA as the diagnostic test. One
possible explanation for this is that the specificity of
fecal culture is assumed to be close to 100%, whereas
ELISA specificity is generally reported to be somewhat
less than fecal culture (Nielsen and Toft, 2008). Positive
predictive values of test-positive animals vary strongly
according to prevalence (Brenner and Gefeller, 1997);
therefore, in low animal-level seroprevalence conditions, such as paratuberculosis, a greater proportion of
false positive serological results may be expected. It is
likely that the ELISA case definition may have falsely
Journal of Dairy Science Vol. 99 No. 2, 2016
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Figure 2. A forest plot of the effect size (ES) and 95% confidence intervals (CI) for studies investigating the association between paratuberculosis diagnostic test positivity and deviation in milk production in individual cows compared with test-negative herdmates. The studies
have been subgrouped according to lactation number. Point estimates and CI for each study are presented on each line. Relative weighting of
each study is represented by the gray box surrounding the point estimate. Combined effect estimates (◊) are presented at the bottom of each
subgroup. Studies are listed by first author’s last name and year only.

identified a proportion of animals as infected, possibly
resulting in under-estimation of the effect of infection.
Estimates of the pooled serology studies are included
for discussion; however, the substantial between-study
heterogeneity would suggest that pooling of these estimates was not justified. The characteristics of diagnostic tests are assumed to vary within and among animal
populations (Greiner and Gardner, 2000). This variation may be greater in serological testing than in fecal
culture, possibly resulting in greater variation between
populations and, therefore, between studies.
It is possible that a culling bias may have affected the
validity of the effect estimates reported in the studies
analyzed here. In this case, a culling bias would manifest as an underestimation of the detrimental effect of
paratuberculosis on milk production. Low-producing
animals within the test-positive population would likely
Journal of Dairy Science Vol. 99 No. 2, 2016

be disproportionally culled from the herd, resulting in
an inflated estimate of milk yield in the test-positive
population.
Several other factors are likely to affect any effect
estimate. Smith et al. (2009) found that latently infected animals and low-fecal shedding cows produced
more milk than uninfected herdmates, with a decline
in milk production only observed in high-shedding animals. Similarly, Nielsen et al. (2009) investigated the
time to the occurrence of a milk drop in animals with
different antibody profiles and discovered that cows
that became test positive may produce more milk than
negative herdmates 200 to 400 d before testing positive. Therefore, stage of infection is likely an important
effect modifier at the individual animal level. Stagespecific definitions of infected, infectious, and affected
are often used with regard to paratuberculosis (Nielsen
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Figure 3. A forest plot of the effect size (ES) and 95% confidence intervals (CI) for studies investigating the association between paratuberculosis diagnostic test positivity and deviation in milk fat yield (g/cow per day) in individual cows compared with test-negative herdmates. The
studies have been subgrouped according case definition. Point estimates and CI for each study are presented on each line. Relative weighting of
each study is represented by the gray box surrounding the point estimate. Combined effect estimates (◊) are presented at the bottom of each
subgroup. Studies are listed by first author’s last name and year only.

and Toft, 2008). However, analysis at this level was not
possible given the case definitions used in the studies
available. The case definition instead was diagnostic
test positivity either by serological or organism-detection methods. This case definition excludes the infected
or latent subgroup, and is primarily an estimation of
infections, although it is likely that a small number of
affected animals would also be included in the analysis.
The majority of models in this analysis concluded
that paratuberculosis was associated with a statistically significant decline in milk production. However,
the magnitude of the deviation represents a relatively
modest decline in milk yield at the individual animal
level. Herd-level production losses, and therefore the financial cost of the disease to the farmer, will ultimately
depend on the within-herd prevalence. As discussed,
these reductions are likely to be most representative
of the subclinically infected infectious population of
cows in the herd, and it is expected that production
losses for animals displaying clinical signs will be much
greater. Therefore, the financial cost to the farmer
will also depend heavily on the relative proportions
of latent, infectious, and affected animals within the
herd. Interestingly, Donat et al. (2014) investigated

the effect of within-herd prevalence on the magnitude
of the deviation in individual animal milk yield and
found a greater decline associated with test positivity
in herds where a greater within-herd prevalence was
recorded. This observation is relatively recent and has
not been reported in a sufficient number of studies to
allow formal comparison. However, a possible explanation for this finding is that the relative proportion of
infectious and affected animals, as diagnosed through
fecal culture or ELISA, is likely to vary according to
within-herd prevalence. Diagnostic test sensitivity is
known to increase with disease progression; therefore,
the population of diagnostic test-positive animals in
a herd with a high prevalence is likely to contain a
greater proportion of animals in the advanced stages of
the disease as compared with a herd with a low withinherd prevalence. This may be reflected as a greater
reduction in milk yield in the test-positive population.
Analysis of milk constituents was hindered by the
relatively low number of studies that reported on this
outcome. However, a pooled estimate could be calculated for the association between diagnostic test positivity
on milk fat production. In this case, the decline in milk
fat yield was around 22.1 g/cow per day or 6.75 kg/cow
Journal of Dairy Science Vol. 99 No. 2, 2016
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Figure 4. A forest plot of the effect size (ES) and 95% confidence intervals (CI) for studies investigating the association between paratuberculosis diagnostic test positivity and deviation in milk protein yield (g/cow per day) in individual cows compared with test-negative herdmates.
The studies have been subgrouped according case definition. Point estimates and CI for each study are presented on each line. Relative weighting
of each study is represented by the gray box surrounding the point estimate. Combined effect estimates (◊) are presented at the bottom of each
subgroup. Studies are listed by first author’s last name and year only.

Figure 5. A funnel plot of deviation in milk yield associated with paratuberculosis in dairy cattle. Each study is represented (). Plot displays relative symmetry and Egger’s test revealed no significant bias (P = 0.334).
Journal of Dairy Science Vol. 99 No. 2, 2016
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per 305 d of lactation, equivalent to a 2% reduction
in milk fat production. Again, this finding suggests a
modest effect of paratuberculosis on milk production
at the individual animal level. A pooled estimate could
not be calculated for protein yield given the large
between-study heterogeneity observed in these studies.
CONCLUSIONS

This systematic review and meta-analysis demonstrated that, although paratuberculosis was associated
with a statistically significant decline in milk production, the magnitude of the decline was relatively modest. A pooled effect estimate was only indicated for
studies that used fecal organism detection as the case
definition. In this instance, a decline in milk production
associated with diagnostic test positivity of 1.87 kg/
cow per day (95% CI = 2.34, 1.40) was found; this was
calculated to be equivalent to 5.9% of overall production.
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