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Economic decision analysis model of a
paratuberculosis test and cull program
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Summary: A spreadsheet program was written fo
perform decision tree analysis for control of paratu-
berculosis (Johne’s disease), when testing all adults in
a herd and culling all animals with positive test
results. The program incorporated diagnostic test sen-
sitivity, specificity, and test cost with the cost or value
of each of the 4 possible outcomes; true-positive, true-
negative, false-positive, and false-negative test results.
The program was designed to repeat the analysis for the
independent variable pretest paratuberculosis preva-
lence (0 to 100%). Model output was graphed as profit
or loss in dollars vs pretest prevalence. The threshold
was defined as the pretest prevalence at which benefit-
cost equaled zero, Reed-Frost disease modeling tech-
nigues were used to predict the number of Mycobac-
terium paratuberculosis-infected replacement heifers
resulting from infected cows during a control pro-
gram. Sensitivity analysis was performed on variables
of the decision tree model; test sensitivity, specificity,
test cost, and factors affecting the cost of paratubercu-
losis to a commercial dairy. A test and cull program
was profitable when paratuberculosis caused = 6%
decrease in milk production if the pretest prevalence
was > 6%, test sensitivity was 50%, test specificity was
98%, and the testing cost was $9/cow. Test specifici-
ties > 98% did not markedly affect the threshold for
tests with a 50% sensitivity and costing $4/cow. Test
sensitivity had minimal effect on the threshold. Using
a diagnostic test with a 50% sensitivity and a 98%
specificity as an example, test cost was shown to affect
the threshold prevalence at which the test and cull
program became profitable. Any test costing = $8/
cow was roughly equivalent in profit threshold. Given
the characteristics of most diagnostic tests for paratu-
berculosis in use today, and assuming that paratuber-
culosis causes al least a 6% decrease in milk produc-
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tion of cows, the decision analysis model suggested g
test and cull program should be profitable when pre-
test paratuberculosis herd prevalence is > 53%.

jective information to guide veterinarians and
animal owners in the diagnosis and management of
animal diseases. The net return on purchase of di-
agnostic test results to the herd owner depends on
a number of factors including, but not limited 1o;
the cost of the disease, the cost of the diagnostic
test, the accuracy of the test, and the actions taken
by an animal owner or veterinarian on the basis of
the test resulis. Analysis of the benefit versus cost
of a diagnostic test is one means of comparing tests
to help the manager of a diagnostic laboratory de-
cide which tests to offer,

A simple and effective method for comparing
alternative courses of action is decision analysis,
using a decision tree. It helps to clarify the decision
making process and provides a means of measur-
ing the net outcome of each decision. It has been
avaluable tool in human medicine for many years,’
and is increasingly used for analysis of the complex
decisions facing veterinarians in production med-
icine. 2-1Y

Diagnosis of clinical paratuberculosis (Johne’s
disease) is not a difficult problem. Diagnosis of the
disease in its subclinical form, however, has been
difficult for veterinarians and laboratory diagnosti-
cians worldwide because of ihe lack of rapid, accu-
rate, and cost-effective diagnostic tests. Recently
several new techniques and commercial kits for
diagnosis of the disease have become available. 1%
Although precise estimates of the sensitivity, spec-
ificiry, and cost of most of these tests have not yet
been published, we developed a computer decision
analysis model to examine factors that affect the
net benefit-cost of using paratuberculosis diagnos-
tic tests. Because the largest volume of testing tor
paratuberculosis is for disease control purposes at
the herd level, we designed the model 1o evaluate
a test for use in a test and cull program at a com-
mercial dairy. The primary objective was to use the
model to evaluate factors affecting the economics

‘ Feterinary diagnostic laboratories provide ob-
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of a paratuberculosis test and cull control program,
not to predict the actual benefit-cost.

Materials and Methods

Overview of the model and definition of terms—
The program was written by use of a software pro-
gram® and is similar in many respects to other de-
cision analysis models with veterinary applica-
tions.* %1023 We modified the threshold ap-
proach to decision making®*?> by graphing rhe
benefir-cost against pretest prevalence of disease.
The threshold for using a given test was the pretest
prevalence of paratuberculosis at which the bene-
fit-cost equaled zero. Standard equations for cal-
culating apparent prevalence from true preva-
lence?®?" and the predictive value model equa-
tons?®2® were used to calculate the probabil-
ities of getting true-positive, true-negative, false-
positive, or false-negative test results (Fig 1). Test-
ing and culling were done once a year, the basic
unit of time in the model. Costs associated with
each of these 4 possible diagnostic test outcomes
were estimated from the literature. Sensitivity
analysis was performed by holding all variables
constant except the one under examination to de-
termine how it influenced the benefit-cost out-
come.!

Input variables for the decision analysis model
were:

H = Herd size (fe, adults in the milking
herd = 2 years old).

R = Replacement rate (annual basis for
milking adult cows).

Py = Effective cow-calf contacr rate on the

farm. This parameter was used in
Reed-Frost equations*** 1o calculate
the probability an infected cow would
infect a calf born on the farm that then
became a herd replacement.

Se = Diagnostic rest sensitivity.

Sp = Diagnostic test specificity.

CT = Cost of the diagnostic test to the herd
OWner on a per cow basis,

CR = Cost of replacement heifers.

WN = Average weight of normal, non-M
paratuberculosis-infected, cull dairy
cattle.

W1 = Average weight of M paratuberculosis-
infected cull dairy cattle.

S$ = Slaughter value of animals culled in
dollars/45.5 kg.

M$ = Milk value in dollars/45.5 kg

Av = Herd milk production average (rolling
herd average in kg).

%M = Percent decrease in milk production
expected per animal infected with M
paratuberculosis,

“Lotus 1-2-3, Lotus Development Corp, 35 Cambridge
Parkway, Cambridge, Mass.

Cost of paratuberculosis—In 4 studies it was
shown that subclinical paratuberculosis causes a
decrease in milk production ranging from 7.8 ro
25%.7*37 Using the 1989 rolling herd average for
Wisconsin herds®® and a milk production decrease
of 15%, this results in a loss of $278/infected cow.
The equation to calculate the net cost of paratu-
berculosis in lost milk revenues for a commercial
dairy herd was: Prevalence X H X Av X %M X
(.01 M3,

Infected cattle also were shown to have lower
slaughter weights.*® Loss attributable to the effects
of paratuberculosis on slaughter weights was cal-
culated as: (WN — WT) X 0.01 5%,

Another major cost of paratuberculosis was the
potential for each infected cow to transmit the dis-
ease 1o susceptible calves, and the probability that
aninfected calf might become a replacement heifer
for the herd resulting in a less productive herd
member. The probable number of infected calves
born on a farm was calculated by Reed-Frost
methods.” The number of infected calves born in
a given year that would become replacements in
the herd was calculated as:

- (1 —p)HH XR)

where la = the number of infected adults. A sim-
plifying assumption for the disease cost associated
with each infected replacement produced on a
farm was the equivalent of one year’s lost milk rev-
enue attributable to subclinical paratuberculosis,
All replacements were considered to come from
calves born on the premises (ie, a closed herd). The
economic effects of mastitis and infertility induced
by M paratuberculosis infecrions are controversial
and not well documented. Thus they were not in-
cluded in estimates of the cost of paratuberculosis
in the model.

Cost of false-positive test vesults—In the model,
all animals with positive test resulrs would be
culled. A loss would result if the result was incor-
rect (false-positive), because the owner slaughtered
a non-diseased animal and bought 2 replacement.
The cost of replacements was offset only by the
slaughter value of the cow (WN X S$). In Wis-
consin in 1989, that would translate to a net loss
of about $225/animal.?®

Value of true-positive test resulis—Correct pos-
itive test results caused culling of the cow and the
same economic loss as for false-positive results.
That loss however was partially offset by economic
loss avoided attributable to the cost of the disease,
assuming the culled M paratuberculosis-infecred
animal was replaced with a non-infected animal of
equivalent production capacity. The salvage value
might be lower depending on the slaughter weight
(wi) of M paratuberculosis-infected animals se-
lected at initiation of the model.

Cost of false-negative test results—TFach missed
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Figure 1-——Decision tree model for a paratuberculosis test
and cull conirol program. AP = Prev(Se -+ Sp — 1) —
SP -+ 1; PVP = (Prev)(Se)/[(Prev)(Se} + (1 — Previ(1 —
Sp)j; and PVN = (1—Prev)(Sp)/[(Prev)(1 — Se) + {1 —
Prev)(Sp)], where Prev = true prevalence, AP = apparent
prevalence, Se = diagnostic test sensitivity, Sp = diagnostic
test specificity, and p = probability of getting test resull.

diagnosis by a test would cause an infected animal
to be retained in the herd for another year (lacta-
tion). The net cost of this event was equal to the
cost of the disease as calculated, including both rhe
divect milk revenue losses and the loss atrributable
to infection of herd replacements.

Value of true-negative test results—The model
made the assumption that the value of the knowl-
edge gained from all the rrue-negative rests on the
herd was equal to the positive value of the cost of
the disease in a herd of the same size and preva-
lence but not testing for paratuberculosis. Thus if
the net cost of paratuberculosis in a herd not test-
ing was —$500, then the value of all rrue-negative
test results on animals in the herd that was testing
would be +$500.

Sensitivity analysis—Reasonable, mid-range
values were selected for each of the variables in the
model. These were then held constant except for
the one being evaluated. The effect of each variable
on the benefit-cost output of the model was calcu-
lated for 6 parameter values and ploited on a graph
of pretest prevalence of disease versus benefit-cost.
The prevalence at which the benefit-cost was equal
1o zero was defined as the decision threshold, that
is above the threshold, the test and cull program
was profitable, but below the threshold, it was not.
Unless otherwise stated, the mid-range values se-
lected were as follows: herd size == 100 cows; re-
placement rare = 25%; effective contact rate =
0.02; diagnostic test sensitivity = 50%; diagnostic
test specificity = 98%; cost of testing = $4/cow;
cost of replacements = $1,000; average weight of
cull dairy cows®® (non-M paratuberculosis-infect-
ed) = 356 kg, average weight of M paratuberculo-
sis-infected cull dairy cows®® = 498 kg; salvage
value of slaughter cows = $40/45.5 kg, rolling
herd average for milk production = 6,364 kg;
price received for milk == $12/45.5 kg; and the
decrease in annual milk production per M paratu-
berculosis-infected cow = 15%.3777
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Figure 3—Effect of herd replacement rate {range 15 to 40%)

on the profitability of a paratuberculosis test and cull pro-
gram.

Effect of herd size—Herd size varied from 25 to
150 cows {Fig 2). The threshold was insensitive to
herd size and the decision to test and cull was
profitable when pretest prevalence was = 1.0%.
The larger the herd the greater the return on the
investment in the test and cull program for paratu-
berculosis.

Effect of herd replacement rate—Herd replace-
ment rates from 15 to 40% were tested (Fig 3). The
threshold was influenced slightly by the replace-
ment rate but was 1 to 2% for all rates tested. The
higher the replacement rate the greater the profit
on the investment in the test and cull program.

Effect of the contact rate between cows and calves
—Over the range of values tested, 0.010 10 0.035,
the curves generated (Fig 4) resembled those found
when we smdied herd replacement rate. The
threshold was influenced only slightly, ranging
from 1 to 2%, and the slope of the benefir-cost
curves was directly related to the effective contact
rate.

Effect of herd production average—Rolling herd
production averages from 4,545 kg to 9,091 kg/
cow were tested {Fig 5) and had no effect on the
threshold for the benefit-cost analysis. The model
indicated higher producing herds would obtain a
greater return on the investment in the test and cull
program than would low-producing herds.
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Figure 4—Effect of effective contact rate (range 0.010 to
0.035) on the profitability of a paratuberculosis test and cull
program.

Figure 7—Effect of diagnostic test sensitivity (vange 20 to
70%} on the profitability of a paratuberculosis test and cull
program.
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Figure 5—Effect of herd production average (vange 4,545
to 9,091 kg) on the profitability of ¢ paratuberculosis test
and cull program.
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Figure 8—Effect of diagnostic test specificity (vange 90 to
99.9%) on the profitability of a paratuberculosis test and
cull program.
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Figure 6—Effect of the degree of milk suppression (vange 3
to 18%) caused by paratuberculosis on the profitability of
a paratuberculosis test and cull program.

Effect of the decrease in milk preduction caused
by paratuberculosis—Milk production decreases
from 3 to 18% were tested (Fig 6) and heavily in-
fluenced the profit on the investment in the testand
cull program. If the disease only caused a 3% milk
production decrease, the threshold for the benefit-
cost analysis was a pretest prevalence rate of 15%.
Alternatively, if the disease suppressed milk pro-
duction ar the rate of 18%, the threshold was
reduced to 2%. Because, to our knowledge, no
documented evidence exists on whether M paratu-
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Figure 9—Effect of the cost of the diagnostic test {range $1
to $32) on the profitability of a paratuberculosis test and
cull program.

berculosis-infected cows eat more or less than
noninfected cows, feed costs were ignored.

Effect of diagnostic test sensitivity—Test sensi-
tivity increases from 20 1o 70% were tested and
there was little influence on the benefit-cost thresh-
old (Fig 7). More sensitive tests, however, resulted
in greater return on the investment in the test and
cull program.

Effect of diagnostic test specificity—Test speci-
ficity increases from 90 t0 99.99% were tested and
were inversely related to the benefit-cost thresh-
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old. Between test specificities of 98 and 99.99%,
lictle difference in threshold was evident (Fig 8).
The slopes of all 6 curves were the same, indicat-
ing no effect on the rate of rerurn on the investment
in the test and cull program between tests of
different specificites.

Effect of diagnostic test cosi—Diagnostic tests
equivalent in sensitivity and specificity were eval-
uated at costs ranging from $1 to $32/cow (Fig 9).
As expected, the benefit-cost threshold was lower
for the less expensive tests. As in the test specific-
ity analysis, all 6 curves had the same slope, indi-
cating no effect on the rate of return on the invest-
ment in the test and cull program at various test
costs.

Discussion

Paratuberculosis is a production disease and
unlike brucellosis and tuberculosis in that it is not
zoonetic and there are no mandatory state or fed-
eral control programs. However, because of the
considerable impact of the disease on herd pro-
ductivity, farmers should be advised to control the
disease by minimizing the risk for infection of re-
placement calves and removal of infecred cows
from the herd.

Several new diagnostic tests are now available
for paratuberculosis to aid in selection of animals
for culling. 132! They are primarily designed to
detect M paratuberculosis-infected cattle without
any signs of the disease. As such, the tests are ap-
plied to unselected populations and thus the prin-
ciples contained in Bayes’ Theorem and the pre-
dictive value model apply.?” For unselected
populations, the post-test probability of disease in
the animals tested is governed by the test sensitiv-
ity, test specificity, and the pretest prevalence of
disease in the population.?®29 Decision analysis
methods combine the probability of each possible
diagnosis with the economic consequences of the
action taken on the diagnosis to allow calculation
of the net profit or loss. The threshold approach 1o
decision making further develops the method to
produce a rational, quanttative approach to use of
diagnostic tests.?*

Results of the paratuberculosis decision anal-
ysis model were consistent with those of another
report.’® If paratuberculosis causes at least a 6%
decrease in milk production, it would generally pay
to test and cull all test-positive animals once a year
whenever the prevalence of the disease was > 6%
with existing diagnostic methods. Walker ei al*%#
came to similar conclusions when they used a more
complex computer simulation model. In addition,
larger, higher producing herds with higher replace-
ment rates would realize a greater return on the in-
vestment in the test and cull program and could
afford to do so at low (1 to 2%) pretest paratuber-
culosis prevalence (see Fig 2 and 3).

The effective contact rate was the least well

defined parameter in the model. This number rep-
resented the probability of infected cows on a farm
transmitting the disease 1o calves. Conract rares
around 0.02 have been used to model many infec.
tious diseases’™34% and seems appropriate for
modeling the spread of paratuberculosis in typica)
small to medium-size herds.>® Decision analysis
revealed that farms with poor hygiene, thatis, those
with higher effective contact rate, would econom-
ically benefit more from a test and cull program
than herds with calf management practices that
diminish the risk of disease transmission from cows
to calves. Unfortunately there have not been any
studies that quantitated the effective contact rates
for farms with different calf management methods.

The model predicted that the “best” diagnos-
tic test for use in a paratuberculosis test and cul}
program would be the one with the highest spec-
ificity and lowest cost, with test sensitivity of sec-
ondary importance (Fig. 7, 8, and 9). Specifically,
low-cost, high specificity tests would be the ones
most economical for an annual test and cull
paratuberculosis control program. In light of the
cost of various types of diagnostic technology, and
if early reports of the accuracy of the absorbed eLisa
for paratuberculosis are correct,’” absorbed Elisa
may be the most efficient {or paratuberculosis test
and cull prograrms. Testing for pararuberculosis for
other purpeses such as animal export or herd cer-
tification, or in other types of herds such as regis-
tered herds where economic parameters are differ-
ent, would require modification of the decision tree
parameters.

Decision analysis shows the consequences of
applying a diagnostic procedure to a herd. The re-
sulis presented show the profit or loss after a sin-
gle herd test with culling of all test positive cows.
A similar procedure calculated iteratively could be
used to examine the effect of a long-term test and
cull program in a herd, It would likely indicate that
testing was not economical when prevalence had
been reduced, but at that stage, other factors would
determine benefit-cost, that is, the value of total
disease eradication. However, the etfect of a test
and cull program on the sensitivity and specificity
of diagnostic tests must first be determined.

As with most models, the decision analysis
model was not meant to describe the actual bene-
fit-cost of a decision to test and cull for paratuber-
culosis but rather to evaluate the relative impact of
the variables affecting the economics.
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