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  ABSTRACT 

  The Alberta Johne’s Disease Initiative (AJDI) is a 
Johne’s disease (JD) control program with the goal of 
reducing the spread of Mycobacterium avium ssp. para-
tuberculosis (MAP) through implementation of best 
management practices. The objective was to estimate 
the economic benefit of participation in the AJDI. A 
decision tree was constructed in which disease preva-
lence, test characteristics, and probabilities for imple-
mentation of best management practices suggested by 
herd veterinarians were implemented. Analysis was per-
formed using a Markov analysis, and input data were 
assigned using estimates from the AJDI and published 
data. A cost-effectiveness analysis was performed and 
the net benefit of participation (from the perspective 
of a dairy farmer) in the AJDI compared with no par-
ticipation was calculated. A series of 1-way sensitivity 
analyses were used to control for uncertainty. Farms 
participating in the AJDI were estimated to have a net 
benefit of Can$74 per cow over the course of 10 yr. If 
project costs were covered by the participating farm, 
the net benefit was Can$27. In addition to the effects 
on MAP infection, a reduction in calf diarrhea was 
modeled for farms that improved their calf manage-
ment through the use of pasteurizers. In that case, the 
additional costs outweighed additional revenues com-
pared with the baseline analysis, resulting in a reduced 
net benefit of Can$19. Participation would not be cost 
effective if cows in early stages of MAP infection did 
not have decreased production and if prevalence of 
MAP infection did not increase on farms with poor 
management. A limitation of the study, despite high 
uncertainty in some input parameters, was the lack of 
knowledge regarding changes in prevalence on farms 
with various management strategies. In conclusion, 
participation in the AJDI was cost effective for the 
average Alberta dairy farm. 

  Key words:    Johne’s disease ,  management practices , 
 economic benefit ,  Alberta 

  INTRODUCTION 

  Johne’s disease (JD) is a chronic progressive enteritis 
caused by Mycobacterium avium ssp. paratuberculosis
(MAP). In cattle, infection usually occurs in young 
calves by ingestion of infectious feces. The incubation 
period is typically 2 to 5 yr, but can be as long as 10 
yr after initial infection. Cattle that develop clinical 
symptoms suffer from a chronic untreatable diarrhea 
that leads to cachexia and ultimately culling or death 
(Fecteau and Whitlock, 2010). Direct losses for the 
dairy industry are due to decreased milk production, 
premature culling, and decreased slaughter value of 
infected animals (McKenna et al., 2006). Annual losses 
due to JD were estimated at Can$2,472 for a 50-cow 
herd with a mean MAP within-herd prevalence of 7% 
(Chi et al., 2002). However, in addition to direct losses, 
an unproven association exists between MAP infection 
in cattle and Crohn’s disease in humans (Barkema 
et al., 2010; Behr, 2010). Should this association be 
proven, consumers would reduce consumption of cattle 
products, which would decrease prices for both dairy 
and beef products (Groenendaal and Zagmutt, 2008). 
These factors motivate producers to participate and 
decision makers to give JD control programs a high 
priority. In countries with endemic MAP infection, 
the focus of almost all control programs is to promote 
implementation of best management practices on dairy 
farms, with the aim of reducing transmission of MAP 
and therefore reducing the within-herd prevalence to 
a low level, or keeping the herd uninfected (McKenna 
et al., 2006; Bakker, 2010; Kennedy and Citer, 2010; 
Whitlock, 2010). Knowing the expected costs and bene-
fits due to participation in a JD prevention and control 
program is essential for farmers to make an informed 
decision whether to participate or not. 

  In previous studies, changes in management were cost 
effective but estimates varied widely (Appendix). Most 
of the studies were conducted in the United States, 
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where herds are larger and production costs and reve-
nues are lower than in Canada. In addition, these stud-
ies did not include detailed information on management 
strategies used and expected changes in management 
available to accurately estimate all expected costs and 
benefits that arise through participation for a whole 
population of farmers. However, the large amount of 
data collected by the Alberta Johne’s Disease Initiative 
(AJDI), with participation exceeding 50% of the ap-
proximately 580 Alberta dairy farms, provided a great 
opportunity to assess accurate data on management, 
changes in management, and the prevalence of the dis-
ease in a simulation model. The objective of the study 
was therefore to determine whether participation in a 
JD prevention and control program such as the AJDI 
is cost effective for a dairy farm. As implementation of 
best hygiene management practices will also reduce the 
transmission of other diseases (Johnson et al., 2011), 
expected additional benefits through reduction of losses 
caused by other fecal-orally transmitted diseases were 
also incorporated.

MATERIALS AND METHODS

Alberta Johne’s Disease Initiative

In 2010, Alberta Milk and the Department of Pro-
duction Animal Health of the University of Calgary 
(Calgary, AB, Canada) launched the AJDI. The aims 
of the program were to increase awareness of JD among 
dairy farmers and to decrease the prevalence of MAP 
infection in the province through implementation of 
best management practices (BMP). The program has 
3 components: (1) collection of 6 environmental samples 
each year to assess the infection status of a herd. These 
are processed using a commercial liquid culture protocol 
(Trek Diagnostic Systems, Cleveland, OH) and subse-
quent IS900 PCR for detection of the MAP-specific in-
sertion sequence 900. The case definition used is positive 
for IS900 PCR; (2) a risk assessment to analyze strengths 
and weaknesses in farm management; and (3) a manage-
ment plan that includes implementation of a maximum 
of 3 changes in management, agreed upon by the herd 
veterinarian and the farmer(s), which should reduce the 
risk of MAP transmission. In contrast to many other 
programs, the AJDI does not include individual cow 
testing. Procedures are conducted by specially trained 
herd veterinarians and the costs for veterinarians’ time 
and sample processing are covered by the project. How-
ever, the participating farm is responsible for costs as-
sociated with changes in management.

Design

This economic analysis was conducted following 
Canadian guidelines for economic evaluation of health 

technologies (CADTH, 2006). TreeAge Pro (TreeAge 
Software Inc., Williamstown, MA) was used to con-
struct a decision tree to evaluate the cost effectiveness 
of participation in the AJDI compared with no partici-
pation, from the perspective of an Alberta dairy farmer 
(Dijkhuizen et al., 1995). The calculation used farm 
characteristics and economic input data that were pref-
erably recently estimated in Canada (Table 1). Farms 
entered the tree in 1 of 4 management profiles (Figure 
1). Management profiles reflected the risk of horizon-
tal transmission of MAP between adult infectious and 
young susceptible animals, with profiles 1 and 4 having, 
respectively, the best and worst within-herd prevention 
of MAP transmission. Assignment to the 4 manage-
ment profiles considered management in 3 important 
areas, using evidence from previous randomized con-
trolled clinical trials (Stabel, 2008; Pithua et al., 2013) 
and conditions similar to those reported in previous 
simulation studies (Groenendaal et al., 2002; Dorshorst 
et al., 2006). Conditions for assignment included the 
following: (1) calving—only 1 cow present in the calv-
ing pen at least 75% of the time, <10% of the calves 
born outside the calving pen, and <50% of the calves 
nurse the cow; (2) diet—calves are not regularly fed 
unpasteurized pooled colostrum, unpasteurized bulk 
tank milk, or nonsaleable milk; and (3) housing—calves 
do not have any direct or indirect contact with cows or 
cow manure. Farms that met the criteria in all 3 areas 
were assigned to management profile 1 (low risk), farms 
that met the criteria in 2 of 3 areas were assigned to 
profile 2, farms that met the criteria in 1 of 3 areas were 
assigned to profile 3, and farms that did not meet the 
criteria in any of the 3 management areas were assigned 
to profile 4 (high risk). A total of 369 first-year AJDI 
risk assessments, from 64% of the Alberta dairy farms, 
were used to assess the distribution of management 
profiles on Alberta dairy farms (Table 2).

The probability of farms changing management pro-
files was assessed through comparison of management 
profiles in yr 1 with management profiles in yr 2 on 
227 farms participating in the AJDI for 2 consecutive 
years. Management costs and changes in within-herd 
MAP prevalence were dependent on the management 
profile. The tree also incorporated the risk of introduc-
tion of MAP infection into previously uninfected herds 
through purchase of MAP-infected animals. The tree 
was populated using real-time data from the AJDI and 
published data. The databases Scopus (Elsevier, Am-
sterdam, the Netherlands) and Medline (Atlanta, GA) 
were used to search the scientific literature. Variables 
were entered in form of distributions to enable probabi-
listic sensitivity analysis. The weighted averages of esti-
mates from different input sources were used as means 
of the assigned distributions. The standard deviations 
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were approximated using 25% of the difference between 
highest and lowest input estimate. If only 1 source was 
available, the upper and lower limit of the 95% con-
fidence interval was used as basis for the calculation. 
If no confidence interval was reported, a conservative 
range was assigned according to the authors’ opinions 
(R. Wolf, K. Orsel, and H. W. Barkema have a major 
MAP research focus, whereas F. Clement is a health 
economist). Normal distributions were used for normal-
ly distributed unrestricted input data, β distributions 
were used for proportions, and a log normal distribu-

tion was used for the apparent within-herd prevalence 
at the start of the study.

Comparators

The tree compared farms participating in the AJDI 
to farms not participating in the AJDI. The tree de-
sign was identical for AJDI-participating and nonpar-
ticipating farms, except that AJDI-participating farms 
changed their management profile, whereas nonpartici-
pating farms did not. As no information is available on 

Table 1. Farm characteristics and baseline economic data of the average Alberta dairy farm 

Parameter Estimate Reference Model input1

Annual milk production per cow (kg/305-d lactation) 10,126 Government of Canada, 2011 Normal (10,126; 100)
Milk price (Can$/kg)2 0.8 Alberta Milk, 2012 Normal (0.8; 0.1)
Heifer raising costs 
 (Can$/heifer)

2,500 OMAFRA, 2011 Normal (2,312.5; 93.75)
2,125 Mohd Nor et al., 2012

Live weight of a slaughter cow (kg) 700 Holstein Canada, 2013 Normal (700; 88)
Slaughter value (Can$/kg of live weight) 0.87 Alberta Beef, 2012 Normal (0.87; 0.1)
Annual culling rate (%) 38 Government of Canada, 2011 Beta (39.3; 64.12)
Herd size (milking cows) 145 Government of Canada, 2011 145
Calving interval (d) 422 Norman et al., 2009 422
Annual purchase rate (%/cow present) 0.3 Weber et al., 2006 Beta (63.8; 21,204.53)
Labor costs (Can$/h) 17.33 Lang, 2010 17.33
1Normal = normal distribution (mean; SD); Beta = beta distribution (α; β).
2Can$ = Canadian dollars. 

Figure 1. Decision tree to assess the economic impact for dairy farms participating in the Alberta Johne’s Disease Initiative from a farmer’s 
perspective. Color version available in the online PDF.
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changes in management on farms not participating in a 
control program, this assumption was necessary.

Benefits

Benefits included revenues through sale of milk and 
slaughter cows minus replacement costs. Revenues were 
reduced by production losses caused by MAP infection. 
Herd and within-herd prevalence estimates were chosen 
from 2 peer-reviewed studies (Sorensen et al., 2003; 
Scott et al., 2006). Environmental sample results from 
the AJDI were used as an additional source for herd 
prevalence data. A log normal distribution was used to 
implement variability of within-herd prevalence among 
Alberta dairy farms; 45% of the farms were recoded as 

uninfected. An animal-level MAP prevalence of 14% 
was chosen as the mean of the distribution (Table 3). 
This resulted in a right-skewed distribution of MAP 
within-herd prevalence, which represents a high pro-
portion of farms either uninfected or infected with a 
low within-herd prevalence and a small proportion of 
“problem farms” with a high within-herd prevalence, 
similar to previous reports regarding Alberta dairy 
farms (Sorensen et al., 2003; Scott et al., 2006).

The 3 main components of losses due to MAP infec-
tion considered in the analysis were (1) loss in milk 
production, (2) increased risk of being culled, and (3) 
decreased slaughter value (Table 3). Only studies that 
used fecal culture as their test method were included 
as sources for production loss estimates (Whitlock et 

Table 2. Baseline management and changes in management profiles of farms participating in the Alberta 
Johne’s Disease Initiative (AJDI)1 

Parameter2 Estimate Input distribution3

Farms in management profile 1 (%) 3 Beta (62.05; 2,006.28)
Farms in management profile 2 (%) 15 Beta (54.25; 307.42)
Farms in management profile 3 (%) 40 Beta (38; 57)
Farms in management profile 4 (%) 42 (100 − profile 1+2+3)4

Farms improving at least 1 management profile (%) 26 Beta (12.31; 35.05)
 Among those, farms improving 2 profiles (%) 19 Beta (9.85; 41.99)
Farms downgrading at least 1 management profile (%) 11 Beta (6.27; 50.69)
 Among those, farms downgrading 2 profiles (%) 4 Beta (2.46; 58.98)
1Data obtained through review of 369 first- and 227 second-year AJDI risk assessments.
2Management profiles reflected the risk of horizontal transmission of Mycobacterium avium ssp. paratuberculosis 
(MAP) between adult infectious and young susceptible animals, with profile 1 having the best within-herd 
prevention of MAP transmission and profile 4 having the poorest within-herd prevention of MAP transmission. 
These profiles were assigned according to the management in 3 areas: A: calving, B: diet, C: housing.
3Beta distribution (α; β).
4To avoid cumulative percentage >100 through random sampling of all percentages in parallel.

Table 3. Estimates for prevalence, test accuracy, and direct costs associated with Mycobacterium avium ssp. paratuberculosis (MAP) infection 

Parameter Estimate (95% CI) Reference Model input1

Prevalence of infected herds (%) 402 (36.4–53.6) Sorensen et al., 2003 55
58.82 (42.2–75.4) Scott et al., 2006
57 (NA)3 AJDI4

True adult cow prevalence (%) 8.12 (7.3–9.0) Sorensen et al., 2003 14.23
17.52 (NA) Scott et al., 2006

Losses in milk production (%) 6.2 (1.9–10.4) Hendrick et al., 2005 Beta (10.95; 113.72)
2.2 (NA) Wilson et al., 1993

12 Raizman et al., 2009
Increase in risk of culling 
(hazard ratio)

3.2 (2.5–4.2) Hendrick et al., 2005 Normal (3.08; 0.425)
3.0 (1.6–5.8) Raizman et al., 2009

Reduced slaughter weight (kg) 59 (NA) Whitlock et al., 1985 Normal (59; 10)
Sensitivity of fecal culture (%) 38 (NA) Whitlock et al., 2000 Beta (26.58; 66.67)

19.4 (13.3–25.5) McKenna, 2005
Percentage of production loss associated with fecal culture-negative,  
MAP-infected cows5

50 (0–100) Assumption Beta (1.5; 1.5)

1Beta = beta distribution (α; β); Normal = normal distribution (mean; SD).
2Based on serum ELISA (herds with 2 or more test-positive cows).
3NA = not assessed.
4Based on results of 2 consecutive years of environmental sampling on 227 farms participating in the Alberta Johne’s Disease Initiative.
5The proportion of these animals in a herd was calculated using the within-herd prevalence and the sensitivity of fecal culture.
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al., 1985; Wilson et al., 1993; Hendrick et al., 2005; 
Raizman et al., 2009). These losses were assigned to 
a proportion of MAP-infected cattle equivalent to the 
sensitivity of fecal culture. Proportionate disease losses 
(50%) were assigned to infected cattle that were nega-
tive by fecal culture (Table 3).

Costs

Costs were management costs that depended on farm 
management profile. Changes in management suggested 
by herd veterinarians as part of the AJDI procedures 
were used to assign costs for various management areas 
(Table 4). As veterinarians suggest different solutions 
to meet the criteria for each area, a commonly sug-
gested low-cost solution and a commonly suggested 
high-cost solution were chosen for each area. No costs 
were assigned to farms in management profile 4 (high 
risk). The sum of the costs of all 3 areas (calving, diet, 
housing) was assigned to profile 1 (low risk). As not all 
farms in profiles 2 and 3 met the criteria in the same 
areas, weighted averages according to criteria met in 
first-year AJDI risk assessments were used to assign 
costs for profiles 2 and 3 (Table 4).

Effectiveness

Simulation studies and observational studies were 
used to estimate the longitudinal change in MAP 
prevalence dependent on management in the 3 areas. 
A recent review comparing outcomes of the Dutch JD 
simulation model JohneSSim with the Danish simula-

tion model PTB-Simherd was used to retrieve estima-
tions on the expected change in MAP within-herd 
prevalence for management profiles 1 and 4 (Nielsen 
et al., 2011). Additionally, 2 longitudinal studies were 
considered for estimates on prevalence changes in pro-
file 1 (Benedictus et al., 2008; Collins et al., 2010). 
To avoid bias in these studies by wrong assumptions 
in simulations and by communication of test results 
to participating producers in observational studies, in-
put studies were considered to have equal weight, and 
very conservative estimates (including zero prevalence 
increase or decrease) were chosen for subsequent 1-way 
sensitivity analysis. As no estimates were available for 
management profiles 2 and 3, 50% of the prevalence de-
crease in profile 1 was assigned to profile 2, and 50% of 
the prevalence increase in profile 4 was assigned to pro-
file 3 (Table 5). The change in within-herd prevalence 
was incorporated as a factor of the starting prevalence, 
which was added to the stage-specific prevalence; this 
resulted in a linear increase or decrease of the within-
herd MAP prevalence, at a magnitude dependent on 
the starting prevalence. For farms changing their man-
agement profile, the factor for the prevalence change 
was adjusted after 2 yr, mimicking a delayed response 
in adult cow within-herd prevalence (due to the nature 
of the disease).

Modeling

Data were analyzed using a Markov simulation on 
the herd level (Dijkhuizen et al., 1995). The chosen 
time horizon of the dynamic simulation was 10 yr, with 

Table 4. Costs (Canadian dollars; Can$) for changes in management in 3 areas important for the control of Mycobacterium avium ssp. 
paratuberculosis transmission on Alberta dairy farms 

Management area and suggested changes1
Annual costs 
(Can$/cow) Model input2

Calving Normal (10.17; 2.59)
 Build additional calving pens 10.353

 Remove calves immediately after birth 5.004

Diet Normal (26.86; 10.31)
 Pasteurize colostrum and milk before feeding to calves 47.495

 Feed only dams colostrum or colostrum replacement and milk replacer to heifers 6.236

Housing Normal (3.50; 0.44)
 Keep young stock and cows separated 3.57

1Calving: only 1 cow present in the calving pen at least 75% of the time and <10% of the calves born outside the calving pen, and <50% of 
the calves nurse the cow; diet: calves are not regularly fed unpasteurized pooled colostrum, unpasteurized bulk tank milk or nonsaleable milk; 
housing: calves do not have any direct or indirect contact to cows or cow manure.
2Normal = normal distribution (mean; SD).
3Increase the number of calving pens from 2 pens per 100 cows to 4 pens per 100 cows using existing buildings. The costs for installation of 1 
calving pen were assumed to be Can$5,000 on material and 10 h of labor; projected life time: 10 yr.
4Assuming 20 min extra work per cow and calving.
5Initial investment Can$12,250; projected life time: 6 yr; daily operating costs (energy, maintenance, cleaning): $4.73; waste milk production per 
cow and lactation: 42 kg; waste milk assumed to be free; extra labor: 0.5 h/d.
6Extra work for feeding dams colostrum: 5 min per calving; heifer calves fed colostrum replacer: 25%; costs for colostrum replacer per calf: 
Can$19.70; daily costs for milk replacer: Can$1.20.
7Minor investment into separating housing facilities: material: Can$5,000; labor: 5 h.
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a stage interval of 1 yr. Costs and effectiveness were 
discounted on a value of 5%. The analysis used 5,000 
iterations with 500 samples. The apparent within-herd 
prevalence was resampled per individual simulated farm 
(sample) as it was used as a parameter of individual 
variation among farms. All other distributions were 
resampled per group of iterations, as they were used 
as parameters of uncertainty. Calculation outputs were 
exported into Excel (2010; Microsoft Corp., Redmond, 
WA). The net benefit; namely, the incremental effec-
tiveness minus the incremental costs, was calculated 
for each iteration. The net benefit was reported per cow 
over the duration of 10 yr. The mean and confidence 
intervals of incremental costs, incremental effective-
ness, and net benefit were calculated using Microsoft 
Excel functions (AVERAGE, CONFIDENCE.NORM). 
Means and confidence ellipses were presented using the 
“ellip” command in Stata 11 (Stata Corp., College Sta-
tion, TX).

Uncertainty and Variability

To identify sources of uncertainty, 1-way sensitivity 
analyses were performed around estimates of all input 
variables. Results were ranked in accordance to their 
effect on the mean net benefit, and the most important 
sources of uncertainty were presented in a tornado dia-
gram designed in Excel (Microsoft Corp.). The effect 
of variability in apparent MAP fecal culture within-
herd prevalence was assessed through 1-way sensitivity 
analysis using prevalence values between 0 and 3% (in 
increments of 1 percentage unit).

Scenario Analyses

The fecal-oral pathway is the most important trans-
mission pathway for MAP (Fecteau and Whitlock, 
2010). As management-based JD prevention and con-
trol programs aim to reduce transmission by this route, 

it is reasonable to assume that participation in the 
AJDI reduces the incidence of other fecal-orally trans-
mitted pathogens; for example, Cryptosporidium spp., 
Escherichia coli, rotavirus and coronavirus, coccidia, 
and Salmonella spp. (Johnson et al., 2011). Scenario 
analysis 1 estimated the additional effect of changes in 
the 3 management areas on the incidence of other fecal-
orally transmitted diseases. Estimates on effectiveness 
of immediate separation of cow and calf after birth, 
use of individual calving pens versus multi-cow calving 
pens, and the effect of colostrum pasteurization on the 
incidence of calf diarrhea (management areas 1 and 2) 
were based on results of 3 randomized controlled trials 
(Quigley et al., 1994, 1995; Pithua et al., 2009; Godden 
et al., 2012; Table 6). The cost of calf diarrhea was in-
cluded as a reduction of the benefits in our model. This 
reduction was composed of treatment costs and animal 
losses. However, losses in future performance were not 
considered, because a previous study reported lower 
first-lactation milk production for cows with a history 
of mild calfhood diarrhea, but did not report lower milk 
production for cows with a history of severe diarrhea 
(Svensson and Hultgren, 2008). The costs for focus area 
“diet” were assumed to be Can$47.49/cow per year to 
simulate the situation that all farms meeting the “diet” 
criterion would use on-farm milk pasteurizers.

The second scenario analysis simulated the situation 
in which project costs were covered by the participating 
farm instead of by the project. Annual project costs 
of Can$200 for conducting the risk assessment and 
sample collection, Can$360 for sample processing (liq-
uid culture and subsequent IS900 PCR), and Can$45 
for administrative work were added to the costs for 
participating farms.

RESULTS

Mean incremental costs for participation were 
Can$117 (95% CI: $117–119) and mean incremental 

Table 5. Expected change in within-herd prevalence of Mycobacterium avium ssp. paratuberculosis on dairy farms, depending on the management 
profile 

Parameter Estimate Reference Input distribution1

Annual prevalence reduction for herds in profile 1 (%) 102 Nielsen et al., 2011 Normal (0.08; 0.009)
83 Collins et al., 2010
6.53 Benedictus et al., 2008

102 Nielsen et al., 2011
Proportionate prevalence reduction in profile 2 (%) 50 Assumption Beta (1.5; 1.5)
Annual prevalence increase for herds in profile 4 (%) 202 Nielsen et al., 2011 Normal (−0.19; 0.007)

17v2 Nielsen et al., 2011
Proportionate prevalence increase in profile 3 (%) 50 Assumption Beta (1.5; 1.5)
1Normal = normal distribution (mean; SD); Beta = beta distribution (α; β). 
2Source reviewed 2 simulation studies with similar outcomes.
3Intervention in source study defined as changes in management and testing and culling of test-positive animals.
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effectiveness was Can$191 (95% CI: $190–194) per 
cow per 10 yr (Figure 2). Overall, participating farms 
had a Can$74 (95% CI: $72–76) higher net benefit per 
cow per 10 yr compared with nonparticipating farms 
(Figure 2). The most important sources of uncertainty 
were proportional losses in fecal culture-negative MAP-
infected cattle and magnitude of the MAP prevalence 
increase in management profile 4 (Figure 3). Extreme 
values in those input parameters yielded a negative 
net benefit for producers participating in the AJDI. 

However, net benefit increased with increasing within-
herd MAP prevalence upon initiation of the program 
(Figure 4).

Inclusion of the effect on other fecal-orally transmitted 
diseases (scenario analysis 1) resulted in a net benefit of 
Can$19 ($17–22) per cow per 10 yr. Mean incremental 
effectiveness was Can$200 (95%CI: 198–203) and mean 
incremental costs were Can$180 (95%CI: 179–182). If 
AJDI costs were covered by producers (scenario analy-
sis 2), the net benefit was Can$27 ($25–30).

Table 6. Relationship between management practices suggested for control of transmission of Mycobacterium avium ssp. paratuberculosis and 
the incidence of calf diarrhea and its associated costs (Canadian dollars; Can$) 

Parameter Estimate Reference Model input1

Hazard ratio for scour treatment for calves fed  
non-heat-treated versus heat-treated pooled colostrum

1.32 (1.14–1.53) Godden et al., 2012 Normal (1.32; 0.39)

Effectiveness of immediate cow-calf separation Not significant Quigley et al., 1994, 1995 —
Effectiveness of individual calving pens Not significant Pithua et al., 2009 —
Cumulative incidence of preweaning diarrhea (%) 20.48 Waltner-Toews et al., 1986b Beta (269; 965)

24.7 Wells et al., 1997
Age at first occurrence (d) 16 Waltner-Toews et al., 1986b Normal (16; 2)
Duration (d) 3 Waltner-Toews et al., 1986b Normal (3; 1)
Case fatality rate (%) 5.5–7.1 Waltner-Toews et al., 1986a Beta (14.46; 215.13)
Percentage of total heifer rearing costs before weaning 12.3 Gabler et al., 2000 Beta (4.77; 33.81)
Daily treatment costs for diarrhea (Can$); light/severe case 40/2002 Expert opinion3 Normal (45.33; 5.66)
1Normal = normal distribution (mean; SD); Beta = beta distribution (α; β). 
2Assuming 10% of the patients would require intensive treatment for 1 d.
3Personal communication with an Alberta dairy practitioner and an ex-practitioner currently employed by a major pharmaceutical company.

Figure 2. Incremental costs and incremental effectiveness for participation in the Alberta Johne’s Disease Initiative versus no participation. 
Iterations below the dashed line resulted in a positive net benefit.
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DISCUSSION

Participation in the AJDI was cost effective for an 
average Alberta dairy farm. Additional costs through 
implementation of BMP were outweighed by ad-
ditional benefits through lower disease costs. Only a 
small number of iterations resulted in a negative net 
benefit, which means that there is a small chance that 
participation would result in a negative net benefit 
for the average Alberta dairy farmer. This is appar-
ently the first study that incorporated extensive data 
on baseline management and changes in management 
observed within an existing JD prevention and control 
program. As in all simulations, the outcome depends 
on the model design, its assumptions, and parameter 
estimates. Parameter uncertainty was addressed using 
1-way sensitivity analysis on all input parameters. A 
high uncertainty in magnitude was present for several 
parameters, and this uncertainty affected results (Fig-
ure 3). This uncertainty was due to limited knowledge 
regarding pathogenesis of the disease but also to the 
conservatively chosen ranges around estimates of input 
parameters. Consequently, analysis precision was rela-
tively low (Figure 3). Regardless, the most important 
aspect of the information, from a farmer’s perspective, 
is knowing whether participation results in a positive or 
in a negative net benefit.

The uncertainty around the estimates of only 2 
parameters in the model affected farmers’ decisions. 
The first of these parameters was proportional produc-
tion losses in MAP-infected animals in early stage of 
the disease; that is, the fecal culture-negative cattle 
in this simulation. If these cattle produced the same 
amount of milk as healthy cattle and had no greater 
risk of being culled, as well as no reduction in slaugh-

Figure 3. Tornado diagram displaying sources of uncertainty of a simulation model analyzing the economic impact of participation in the 
Alberta Johne’s Disease Initiative (default value; lower limit;upper limit). Color version available in the online PDF.

Figure 4. Effect of apparent within-herd prevalence on the net 
benefit for participation in the Alberta Johne’s Disease Initiative from 
the perspective of an Alberta dairy farmer (fecal culture sensitivity 
mean: 28%; SD: 5%; fecal culture specificity: 100%).
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ter value, participation in the AJDI would not be cost 
effective. However, this was very unlikely, especially 
because an infection trial recently conducted at the 
University of Calgary reported that 18-mo-old steers 
infected with MAP weighed, on average, 39 kg less 
than similarly housed uninfected controls [R. Mortier, 
H. W. Barkema, K. Orsel, R. Wolf, and J. De Buck 
(all from Department of Production Animal Health, 
Faculty of Veterinary Medicine, University of Calgary, 
Calgary, Alberta, Canada), unpublished data; Mortier 
et al. (2013)]. Not all exposed animals had positive test 
results, which gives evidence that animals are affected 
by the disease although they do not consistently test 
positive. Nielsen et al. (2009) reported decreased milk 
production starting 300 d before the first positive milk 
ELISA test result in cows previously negative by ELISA 
(Nielsen et al., 2009). Those authors also reported high-
er milk production in cows with fluctuating antibody 
responses, which was regarded as indicative of possible 
misclassification of cattle caused by imperfect test sen-
sitivity and specificity (Nielsen et al., 2009). Therefore, 
production losses due to MAP infection are generally 
underestimated due to nondifferential misclassification 
(Dohoo et al., 2003), suggesting that estimates used in 
the present study are rather conservative. The second 
parameter affecting farmers’ decisions was the increase 
in within-herd MAP prevalence on farms with poor 
management. In simulation studies, within-herd preva-
lence increased over time if BMP were not implemented 
(Groenendaal et al., 2002; Kudahl et al., 2008; Nielsen 
et al., 2011). In addition, 2 randomized controlled clini-
cal trials provide evidence for an association between 
calving pen design and colostrum source with the risk 
of MAP infection (Stabel, 2008; Pithua et al., 2013). 
Nevertheless, apparently no observational study has 
been published in the peer-reviewed literature on the 
longitudinal change in within-herd prevalence on farms 
not implementing any MAP control strategy. Although 
the mainly fecal-oral transmission of the disease implies 
that within-herd prevalence increases if BMP are not 
implemented, the lack of proof was the reason for the 
use of a very conservative approach in sensitivity analy-
sis, simulating a constant within-herd MAP prevalence 
if BMP were not implemented (management profile 4). 
In that unlikely case, participation in the AJDI would 
not be cost effective.

Results of a previous study (Dorshorst et al., 2006), 
which indicated that the within-herd MAP prevalence 
in the first year was the parameter with the greatest 
effect on the economic results, were confirmed by this 
study. As it is a parameter of variability among farms 
rather than a parameter of uncertainty, it was not in-
cluded in the tornado diagram, but a separate graph 
was constructed that enables farmers with test results 

available to estimate their expected benefit of partici-
pation in the AJDI (Figure 4). The apparent fecal cul-
ture prevalence was used as a basis to show the results 
because it is more often available to farmers than the 
true within-herd prevalence. We concluded that farms 
with an apparent fecal culture MAP prevalence <0.8% 
should not expect to derive a positive net benefit from 
participation in the AJDI.

Based on the economic simulation model, uninfected 
herds had a negative net benefit, as MAP-associated 
production losses could not be reduced. For a test-and-
cull control program, this finding might be close to 
reality, because such a program would only influence 
the prevalence of MAP. However, for a control program 
based on reduction of disease transmission through 
management changes, it is an oversimplification. A pro-
gram that reduces the fecal-oral transmission pathway 
of MAP should also reduce fecal-oral transmission of 
other pathogens. This was the rationale for the first 
scenario analysis, which included additional benefits 
through reduction of other fecal-orally transmitted 
diseases. Although the scientific literature has many 
reports estimating the association between young stock 
health and management (Johnson et al., 2011), most 
of the studies could not be used as sources of estimates 
on the effectiveness of management changes on the 
risk of fecal-orally transmitted diseases. In that regard, 
most studies were observational, and their quantitative 
estimates, which varied widely among studies, could 
be biased by confounding through other uncontrolled 
factors affecting the study participants. Therefore, only 
estimates from 3 randomized controlled clinical trials 
were included in the analysis (Quigley et al., 1994, 1995; 
Pithua et al., 2009; Godden et al., 2012). Surprisingly, 
immediate separation of calves from their dams and the 
use of individual calving pens versus multi-cow calving 
pens were not described as effective in reducing calf-
hood disease, although an observational study reported 
decreased risk of mortality for calves immediately re-
moved from their dams (Wells et al., 1996). Because we 
aimed to conduct a conservative analysis, we did not 
simulate a reduction in calfhood diseases for these man-
agement practices, again probably underestimating the 
true net benefit. In contrast, strong evidence was found 
for the effectiveness of heat treatment of calves’ liquid 
diet for control of calfhood diseases (Godden et al., 
2012). To simulate this effectiveness, we assumed that 
all farms controlling management area “milk” would 
purchase an on-farm pasteurizer, which increased the 
annual costs in this area from Can$27 in the baseline 
analysis to Can$47 in the scenario analysis. Although 
the incremental effectiveness increased through addi-
tional revenues (Can$199 to Can$210) caused by in-
creased calf health, the net benefit decreased (Can$73 
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to Can$17) as a result of increased costs (Can$126 to 
Can$191). Moreover, this scenario analysis was con-
ducted conservatively, as it did not include any losses 
in milk production or lower fertility for cows with a 
history of diarrhea. This decision was made because 
a previous publication estimated a 344-kg lower milk 
production in cows with a history of mild diarrhea 
but no significant losses in production for cows with 
a history of severe diarrhea (Svensson and Hultgren, 
2008). Assuming cows with a history of diarrhea would 
have a 344-kg reduction in milk production during their 
first lactation would result in a net benefit of Can$46 
per cow over 10 yr (results not shown). Based on the 
analysis shown, increased investment costs led to a 
significant reduction in expected net benefit, emphasiz-
ing the need for governmental support or funding from 
producer organizations to support investments into 
biosecurity. The second scenario analysis estimated the 
net benefit after expiration of AJDI project funding in 
mid-2013. In that case, participation would still be cost 
effective.

Major limitations of this study were the extensive 
knowledge gaps on MAP transmission and changes in 
prevalence over time. The objective was to construct 
a simple model and add complexity only in the case 
of sufficient knowledge available to support it. Con-
sequently, longitudinal changes in within-herd MAP 
prevalence were modeled as a linear change dependent 
on the starting prevalence. An alternative approach 
would be to model various transmission pathways 
through the use of contact structures and estimates 
for intrauterine transmission, as well as transmission 
through contaminated environment. The approach 
used could be regarded as an oversimplification; nev-
ertheless, it answered the research question and was 
less vulnerable to incorrect assumptions than an ex-
tensive simulation model. Another limitation was the 
insufficient knowledge regarding the effectiveness of 
the implementation of specific management practices 
for control of MAP. Consequently, the effect of specific 
management practices on MAP within-herd prevalence 
was not assessed. When assigning costs for changes in 
management practices, we assumed that extra labor 
would be available on farm and no additional personnel 
had to be hired. This assumption was valid for manage-
ment practices suggested in the AJDI, as veterinary 
practitioners are instructed to suggest changes that 
can be implemented easily with low financial burden 
and limited extra work, as this will maximize the prob-
ability of implementation. No information was available 
on baseline management and management dynamics on 
farms not participating in the control program. The 
assumption that the baseline on AJDI participating 
farms is representative of dairy farms in the province 

poses only a minor risk for bias in the analysis because 
sensitivity analysis showed that variations in base-
line management did not have a major effect on net 
benefit. Assumptions that nonparticipating farms will 
keep their management constant over 10 yr, whereas 
participating farms change their management repeat-
edly throughout the years may seem inappropriate. 
Nevertheless, it still represents a conservative assump-
tion: management changes on participating farms were 
modeled bidirectionally. Therefore, farms not only 
progressed to a better (lower risk) management profile, 
but also downgraded to a worse (higher risk) manage-
ment profile according to observations made within the 
AJDI. Therefore, progress on management profiles on 
participating versus nonparticipating farms was limited 
to the observed progress minus the observed downgrad-
ing, which represented a rather conservative approach.

Results of this study were comparable with those of 
previous studies in the sense that all studies reported 
a positive net benefit if BMP were implemented (Ap-
pendix). With a net benefit of Can$7 per cow per year, 
the present study resulted in higher estimates than 
previous simulation studies (Groenendaal et al., 2002; 
Cho et al., 2013) and lower estimates than an obser-
vational study (Groenendaal and Wolf, 2008). Differ-
ences of that magnitude can be expected, as all studies 
considered different populations with different cost and 
revenue estimates and differences in disease prevalence. 
In addition, studies varied significantly in their designs 
and assumptions.

This study was conducted from the perspective of an 
Alberta dairy farmer. Results are most generalizable to 
other parts of Canada in which the within-herd preva-
lence and cost and revenue estimates are similar. It is 
expected that the net benefits would be slightly lower 
for eastern Canada due to a tendency toward lower 
herd prevalence and within-herd prevalence (Tiwari et 
al., 2006). It is more challenging to generalize results 
to herds outside Canada. The milk price in the United 
States is lower, thereby reducing the expected net ben-
efit (Geuss, 2013). Conversely, a higher herd prevalence 
of MAP increases the net benefit (Lombard et al., 
2013). Herd size is another important factor that should 
be considered. Although average herd sizes are similar 
between Alberta (145 cows in 2011) and the United 
States (172 cows in 2010), some areas in the United 
States, such as California or New Mexico, include an 
increasing number of very large dairy operations with 
>1,000 cows (Hoard’s Dairyman, 2010; Government of 
Canada, 2011). For those herds, some investments into 
biosecurity, as well as project costs, could be amortized 
across more cows, which would reduce the burden of 
these costs. In addition, management of those opera-
tions is very different from the management on farms 
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in Alberta, making generalizability of results more 
challenging. Generalization to Europe is not feasible, as 
the dairy industry (management and structure) varies 
significantly among countries. Another challenge is that 
knowledge on MAP prevalence is limited (Nielsen and 
Toft, 2009). All of these issues in generalizability led to 
the conclusion that input of region-specific parameters 
is required to use the current model as a support tool 
for dairy farmers and decision makers worldwide. Re-
gardless, a major advantage of the presented model is 
that most area-specific input parameters can be studied 
easily and are available online for most dairy popula-
tions (the model operated with TreeAgePro is available 
upon request from the authors).

To fill persistent knowledge gaps, an extensive longi-
tudinal study estimating the association between man-
agement and changes in MAP within-herd prevalence, 
as well as estimating production losses of MAP-infected 
animals, should be conducted. Such a study should be 
done on several herds representing various management 
strategies, and test results should not be communicated 
with producers.
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APPENDIX

Table A1. Review of the economic effect of changes in management to control transmission of Mycobacterium avium ssp. paratuberculosis 
(MAP) on dairy farms 

Reference; 
Study location; 
Study design Losses due to MAP infection Analyzed interventions Economic outcome1

Groenendaal et al., 2002; 
Netherlands; 
Simulation

Lower milk production 
Diagnosis and treatment costs 
Reduced slaughter value 
Increased risk of being culled

Better calving hygiene and immediate 
removal of newborn calves from the 
dam, colostrum from own dam followed 
by milk replacer, separation of cows 
and calves, and test and cull

Net benefit: €1,183 for a 50-cow herd 
over 20 yr

Groenendaal et al., 2002; 
United States; 
Simulation

Lower milk production 
Diagnosis and treatment costs 
Reduced slaughter value 
Increased risk of being culled

Rearing of heifers off site from d 1. 
Simulations were conducted with and 
without improvements in management 
before the calves were sent to the 
rearing facility

Net benefit: US$29,905 without 
improved management and US$ 
43,917 with improved management 
for a 100-cow herd over 20 yr

Dorshorst et al., 2006; 
United States; 
Simulation

Lower milk production 
Decreased fertility 
Reduced slaughter value 
Increased risk of being culled

Better calving hygiene and immediate 
removal of newborn calves from the 
dam, colostrum from only 1 dam 
followed by milk replacer, separation of 
cows and calves

Although improved colostrum 
hygiene and feeding only milk 
replacer yielded a positive net 
benefit, improved maternity pen 
hygiene was not cost effective

Cho et al., 2013; 
United States; 
Simulation

Lower milk production 
Reduced slaughter value 
Increased risk of being culled

Improvements in calf liquid diet 
management, separation of cows and 
calves

Net benefit: US$165,621 for a 100-
cow herd with an initial prevalence 
of 10% over 50 yr

Groenendaal and Wolf, 2008; 
United States; 
Observational

Lower milk production 
Reduced slaughter value 
Increased risk of being culled

Variety of changes in management 
implemented on 40 farms; testing of 
animals (testing costs either included or 
not included)

Net benefit: US$34 per cow-year if 
testing costs were excluded, and −
US$14 if testing costs were included

Kudahl et al., 2008; 
Denmark; 
Simulation

Lower milk production 
Decreased fertility 
Reduced slaughter value 
Increased risk of being culled

Better calving hygiene and immediate 
removal of newborn calves from the 
dam, colostrum from own dam or 
colostrum replacer followed by milk 
replacer, and separation of cows and 
calves

Farms implementing the intervention 
had a higher net benefit than 
farms that did not implement the 
intervention

1Net benefit = economic outcome for farms implementing the intervention – economic outcome for farms not implementing the intervention.
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