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  ABSTRACT 

  Surveillance programs for animal diseases are critical 
to early disease detection and risk estimation and to 
documenting a population’s disease status at a given 
time. The aim of this study was to describe a risk-based 
surveillance program for detecting Mycobacterium avi-
um ssp. paratuberculosis (MAP) infection in Norwegian 
dairy cattle. The included risk factors for detecting 
MAP were purchase of cattle, combined cattle and goat 
farming, and location of the cattle farm in counties con-
taining goats with MAP. The risk indicators included 
production data [culling of animals >3 yr of age, carcass 
conformation of animals >3 yr of age, milk production 
decrease in older lactating cows (lactations 3, 4, and 
5)], and clinical data (diarrhea, enteritis, or both, in 
animals >3 yr of age). Except for combined cattle and 
goat farming and cattle farm location, all data were 
collected at the cow level and summarized at the herd 
level. Predefined risk factors and risk indicators were 
extracted from different national databases and com-
bined in a multivariate statistical process control to 
obtain a risk assessment for each herd. The ordinary 
Hotelling’s T2 statistic was applied as a multivariate, 
standardized measure of difference between the cur-
rent observed state and the average state of the risk 
factors for a given herd. To make the analysis more 
robust and adapt it to the slowly developing nature of 
MAP, monthly risk calculations were based on data ac-
cumulated during a 24-mo period. Monitoring of these 
variables was performed to identify outliers that may 
indicate deviance in one or more of the underlying pro-
cesses. The highest-ranked herds were scattered all over 
Norway and clustered in high-density dairy cattle farm 

areas. The resulting rankings of herds are being used 
in the national surveillance program for MAP in 2014 
to increase the sensitivity of the ongoing surveillance 
program in which 5 fecal samples for bacteriological ex-
amination are collected from 25 dairy herds. The use of 
multivariate statistical process control for selection of 
herds will be beneficial when a diagnostic test suitable 
for mass screening is available and validated on the 
Norwegian cattle population, thus making it possible to 
increase the number of sampled herds. 
  Key words:    risk-based surveillance ,  Mycobacterium 
avium ssp. paratuberculosis ,  multivariate statistical pro-
cess control ,  cattle 

  INTRODUCTION 

  Surveillance programs for animal infections are de-
signed for early detection of emerging infections in a 
population, to document that a population is free from 
a variety of infections, or to estimate the prevalence of 
an infection in a population. The veterinary field faces 
challenges in developing surveillance programs for rare 
or low-prevalence infections because such diseases are 
rarely homogeneously distributed within a susceptible 
livestock population (Hadorn and Stärk, 2008). Random 
sampling implies choosing in a way that each unit has 
the same chance of being selected (Thrusfield, 2005). 
However, at the population level, in terms of detecting 
rare diseases, this type of data collection is limited in 
terms of financial and operational feasibility because a 
larger sample size is required with a lower prevalence 
in a specific population (Salman, 2003). Nonrandom 
sampling is therefore more efficient in detecting rare 
diseases. Cameron (2012) proposed that if an infec-
tion is present, the highest sensitivity of surveillance is 
obtained by focusing on units that are most likely to 
be infected. In a risk-based surveillance program, the 
population is divided into strata based on factors that 
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can affect the outcome (risk indicators). Designing sur-
veillance programs so that samples are collected from 
the strata having higher probabilities of being infected 
or acquiring the infection may increase the probability 
of disease detection or decrease the required sample size 
without reducing the probability of disease detection 
(Martin et al., 2007). The success of such a program 
depends partly on proper risk indicator selection, which 
should be based on scientific knowledge and on proper-
ties of the data sources, such as coverage, timeliness, 
availability, and quality of data.

In Norway, Mycobacterium avium ssp. paratuberculo-
sis (MAP) infection in ruminants is a notifiable disease. 
In 1996, a national surveillance and control program for 
bovine MAP was implemented in Norway. During the 
first 2 yr of the program, samples from imported cattle 
and from cattle that had been in contact with imported 
cattle were examined by serology, histopathology, or 
bacteriological cultures from fecal samples or organs. In 
1998 and 1999, the program was expanded to include 
Norwegian cattle that had no contact with imported 
animals. Initially, serological examinations were used to 
screen the herds, and on average, about 8% of the ani-
mals tested were identified as seropositive. However, a 
follow-up study of these seropositive cattle showed that 
the reactions were false positives, probably caused by 
environmental mycobacteria (Fredriksen et al., 2004). 
Paisley et al. (2000) simulated a surveillance program 
for bovine MAP in Norwegian dairy herds assuming 
a prevalence of 0.2%. They concluded that a random-
ized national survey using serological examinations 
would be advisable because of the low probability of 
detecting infected herds and the high number of false-
positive reactions that would be expected. In Norway, 
herds that are suspected of or diagnosed with MAP 
are placed under strict restrictions regarding animal 
movement, sales, shared pasture, and manure deposit. 
False-positive reactions arising from low specificity of 
the serological examinations, eventually followed by a 
long period to confirm or reject the diagnosis, could 
cause extreme hardship to many dairy farmers. Given 
the cost of false-seropositive cattle, the current national 
surveillance program for MAP in cattle relies on bacte-
riological examination of fecal samples. Fecal samples 
are collected from the 5 oldest cows in 50 randomly 
selected herds from a total of approximately 15,000 
dairy and beef herds.

A risk-based surveillance program has been devel-
oped for MAP to increase the sensitivity of the surveil-
lance. Thus, the aim of this paper was to describe the 
risk-based selection of herds for the MAP surveillance 
program in dairy cattle herds in Norway by applying 
multivariate statistical process control (MSPC; Hotel-
ling, 1947). In MSPC analyses, several variables are 

combined in a training data set to establish a normal 
range in which the process is assumed to be in control. 
Afterward, monitoring of these variables is performed 
to identify outliers that may indicate deviance in one or 
more of the underlying processes, suggesting that a unit 
(herd) should be flagged for further inspection, and to 
assess whether the herd should be incorporated in the 
national surveillance program for MAP.

MATERIALS AND METHODS

The target population for the surveillance program 
was the dairy cattle population in Norway. The study 
population included dairy herds in the Norwegian 
Dairy Herd Recording System (NDHRS; Tine SA, 
the Norwegian Dairies, Ås, Norway). The study period 
spanned January 1, 2002, to December 31, 2011, and 
included 95.3 to 98.3% of dairy herds in Norway (Tine 
Rådgiving, 2011). The analyzed data covered a 10-yr 
time period to evaluate how different risk indicators 
changed over time and to determine the time intervals 
over which these indicators should be aggregated.

Data Sources

The NDHRS comprises data on each cow, includ-
ing age, origin, calving dates, number of calves, milk 
production, disease records, movements to or from the 
herd (purchase and culling), and slaughter information 
(Figure 1). Milk production and quality are monitored 
and recorded monthly or every second month. Data 
reporting is mandatory for members, and data are re-
ported directly or indirectly to the NDHRS database 
by the farmer, veterinary practitioner, or abattoir or 
field personnel from the dairy or meat industry (Figure 
1). Since 1975, disease cases have been recorded on 
individual cow health cards, which have been reported 
to the NDHRS (Solbu, 1983). The Carcasses Database 
(Animalia, the Norwegian Meat and Poultry Research 
Centre, Oslo) also transfers data from the slaughter-
houses directly into the NDHRS.

The Register of Production Subsidies (Norwegian 
Agricultural Authority, Oslo) collects information on 
the number of animals distributed, including species 
and production type for all holdings that apply for 
production subsidies. All dairy cattle and dairy goat 
farmers in Norway are entitled to production subsidies, 
and the amount is based on the number of animals. The 
register includes more than 99.7% of the dairy cattle 
and goat herds in Norway; for the present study, all 
cattle and goat herds were extracted from this register.

The Norwegian Goat Health Service (Tine SA, the 
Norwegian Dairies) comprises data on each goat, in-
cluding age, origin, milk production, and disease re-
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cords. Data from the Norwegian Goat Health Services 
database were obtained to identify counties with man-
datory MAP vaccination strategies in goats.

Risk Factors

Since 1996, all MAP infections among cattle in 
Norway have been attributed to import of infected 
cattle or subsequent purchase from importing herds 
(7 cattle herds) or contact with infected goat herds (3 
cattle herds); therefore, cattle purchase and proximity 
to MAP-infected goat flocks were considered as risk 
factors. Caprine MAP was once endemic in parts of 
Norway (Kampen et al., 2010), and a national surveil-
lance and control program for MAP in goats and sheep 
was implemented in 2001 and 2002, respectively. In 

the surveillance program, both vaccinated and unvac-
cinated goat herds have been randomly selected for 
sampling by fecal samples from the 10 oldest goats or, 
if present, from diseased goats. Sheep herds have been 
included in the program both randomly and if they 
are geographically located close to MAP-infected goat 
herds. Fecal samples are collected from the 10 oldest 
sheep. In goat herds, government restrictions combined 
with vaccination are used to control paratuberculosis. 
From 1967 to 2001, goats were vaccinated with a live 
attenuated vaccine (Saxegaard and Fodstad, 1985), but 
from October 2001, inactivated vaccine (García Marín 
et al., 1999) has been used. Djønne et al. (2005) tested 
genotypic variation of MAP isolated from goats and 
cattle in Norway. They concluded that no genotypic 
variation existed that could be explained by different 

Figure 1. Data sources used in the risk-based surveillance system for Mycobacterium avium ssp. paratuberculosis (MAP) in the Norwegian 
dairy cattle population.
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host origin and that the most common MAP isolates in 
Norway may infect both cattle and goats. In counties 
where vaccination has been compulsory, asymptomatic 
vaccinated goats still shed MAP in their feces (Djønne, 
2003; Lybeck et al., 2011). Counties where MAP vac-
cination of goats is mandatory were used as a risk 
indicator because vaccination was mandatory only in 
counties where MAP was endemic. Hence, there was 
a higher probability in these areas for cattle to be ex-
posed to MAP by infected goats.

Purchase. Three variables were constructed: import 
of cattle, purchase of cattle from counties where goats 
are vaccinated, and purchase of cattle from counties 
where goats are not vaccinated. Purchase data were 
obtained from NDHRS, and information regarding the 
vaccination program was collected from the Norwegian 
Goat Health Service. Infection with MAP is most com-
monly transmitted via feces, contaminated milk, or co-
lostrum and fecal-contaminated feed (Sweeney, 1996). 
Sporadic fecal shedding of MAP has previously been 
reported in experimentally infected calves younger than 
8 mo of age (McDonald et al., 1999). Others have sug-
gested that naturally infected calves might shed MAP 
in feces intermittently and possibly in numbers below 
the detection limits of conventional methods (Whitlock 
and Buergelt, 1996; Antognoli et al., 2007). Antognoli 
et al. (2007) found that approximately 3% of naturally 
exposed calves were shedding MAP in feces at 8 mo of 
age. Therefore, calves and young stock were included 
in the purchase variable because they could be infected 
with MAP. The data were summarized at the herd 
level and adjusted for number of cow-years in the herd, 
which was calculated as the total number of lactating 
cows in the herd during a year.

Combined Cattle and Goat Farming. Because 
some of the diagnosed MAP-positive cattle in Norway 
have been linked to MAP-infected goat herds, close con-
tact with goats was considered a potential risk factor. 
Data regarding combined cattle and goat farming were 
obtained from the Register of Production Subsidies, and 
this factor was categorized as a dichotomous variable.

Location of Cattle Farms. Given that caprine 
MAP is considered a risk factor for cattle in Norway, lo-
cation of cattle farms in relation to infected goat farms 
was also considered to be a risk factor. Nielsen and Toft 
(2009) concluded that environmental contamination 
with MAP is a primary source of infection for dairy 
cattle. Smith et al. (2011) determined that environmen-
tal contamination with MAP was significantly corre-
lated with MAP shedding levels in individual animals. 
Shared use of pasture in the mountains or near farms, 
together with shared use of manure equipment, may 
be considered risk factors for cattle acquiring MAP 
infection in Norway. Data on geographical location 

of cattle farms was obtained from NDHRS, and data 
regarding counties with mandatory caprine MAP vac-
cination strategies was obtained from the Norwegian 
Goat Health Service. Both variables were categorized 
as binominal.

Risk Indicators

Culling. Dairy cattle infected with MAP are usually 
culled prematurely (Wilson et al., 1995; Tiwari et al., 
2005; Smith et al., 2010). Data on culling were collected 
from the NDHRS, and the derived variable included 
number of culled animals >3 yr of age adjusted for 
cow-years in the herd.

Decreased Milk Production. Infection with MAP 
can result in decreased milk production, but discrepan-
cies are reported regarding which lactations exhibit the 
largest decrease (Nordlund et al., 1996; Hendrick et al., 
2005; Beaudeau et al., 2007; Gonda et al., 2007; Tiwari 
et al., 2007; Sorge et al., 2011). Milk production de-
crease was divided into 2 variables: a decrease from the 
second to third lactations was the first variable, and a 
decrease from third to fourth, fourth to fifth, or fifth 
to sixth lactation was included as a second variable. A 
milk decrease is defined as the decrease in total volume 
(kg of milk) from the previous lactation to the current 
lactation summarized for all cows in the herd. Posi-
tive changes in lactations are disregarded, whereas any 
negative changes are totaled and divided by the total 
cow-years of the herd. Heifers were not included because 
herd production performance and longevity were not 
impaired in MAP-infected heifers (Pillars et al., 2011). 
Around 18,000,000 milk production records were re-
trieved, including monthly or every-second-month milk 
controls, total kilograms of milk per lactation, DIM, 
and lactation number. To exclude improbable values 
for the milk production–related variables, the 99th per-
centile was used as a cut-off limit. Hence, all lactations 
that had a calving interval >662 d, produced >12,300 
kg of milk, or had more than 442 DIM were excluded. 
All lactations without test-day registrations were also 
excluded. A decrease in total milk production was set 
as a continuous variable, where herds with the largest 
milk decreases were at higher risk than herds with lower 
or no milk decrease. The variable was adjusted for cow-
years. Adjusting for SCC was not performed because of 
discrepancies regarding the association between SCC 
and MAP. Baptista et al. (2008) identified a strong 
association between high SCC and MAP antibodies 
but found no causal relationship. In contrast, others 
(Nordlund et al., 1996; Hendrick et al., 2005; Lombard 
et al., 2005; Gonda et al., 2007) found no significant 
differences between MAP-positive and MAP-negative 
cows in lactation mean linear SCC scores.
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Reduced Slaughter Condition. Weight loss result-
ing from MAP infection is typically referred to as lower 
or reduced slaughter value (Whitlock and Buergelt, 
1996; Manning and Collins, 2001; McKenna et al., 
2006). In Norway, the EUROP grid method of carcass 
classification is used to ensure the uniform classification 
of the carcasses of adult bovine animals (European Eco-
nomic Community, 1988a,b; Regulations No. 1208/81 
and No. 2930/81). The EUROP scheme is used to as-
sess each carcass at the weighing point on the slaughter 
line. Carcass classification is performed subjectively by 
trained classifiers. The carcass classification is based on 
the EUROP scheme consisting of 5 meat conformation 
classes, where E is the highest class and P is the low-
est class and represents little or no meat conformation 
(Animalia, 2011). The P class (like all EUROP classes) 
is further divided into 3 subclasses: P−, P, and P+. 
In addition, the amount of fat on the outside of the 
carcass and in the thoracic cavity is described using 
5 carcass fat classes, represented by the numbers 1, 2, 
3, 4, and 5, where 1 represents little or no fat in the 
thorax cavity. Each fat class is also further divided into 
3 subclasses: 1−, 1, and 1+. Animalia is responsible for 
training and certifying all classifiers and for evaluating 
the different abattoir classifications.

Because MAP infection leads to emaciation and re-
duced slaughter condition, identification of slaughtered 
animals >3 yr of age that had been classified as having 
low conformation and no or little fat was considered a 
risk indicator for MAP. Carcasses that achieved confor-
mation class <P+ and fat class <1+ were considered at 
risk. Reduced slaughter condition was set as a continu-
ous variable; hence, herds with registered emaciated 
animals were considered to have a higher probability of 
having MAP-infected cattle compared with herds with 
no emaciated animals. The variable was adjusted for 
cow-years by dividing the number of emaciated cows 
by the cow-years.

The proportions of carcasses with conformation class 
<P+ and fat class <1+ differed among abattoirs. As-
suming little geographical variation in slaughter condi-
tions in the cattle population, the number of mature 
animals in conformation class <P+ and fat class <1+ 
per herd was adjusted by weighting this value with the 
proportion of animals in this category at the abattoir 
in which the animals had been slaughtered. To avoid 
large differences in estimates for small abattoirs arising 
from casual variation (i.e., that arising from random 
variation caused by small sample size), abattoirs with 
fewer than 100 registered classifications were assumed 
to have proportions of <1+ and <P+ equal to the 
mean of the larger abattoirs.

Diarrhea and Enteritis. Infection with MAP 
causes chronic infectious enteritis in domestic and wild 

ruminants. The physiological mechanism for diarrhea 
development in clinically affected animals is related to 
antigen–antibody reactions in infected tissue, with sub-
sequent histamine release (Bendixsen, 1978). In Nor-
way, all veterinarians have to record, describe, and sign 
off on all diagnoses and treatments of each dairy cow on 
an individual health card at the time of the visit. Here, 
all health card registrations on diarrhea and enteritis 
in animals >3 yr of age were included. The number 
of diarrhea registrations was included as a continuous 
variable and adjusted for cow-years.

Diarrhea is probably underreported in the NDHRS 
because it is only mandatory to report diseases that 
are treated by a veterinarian and diarrhea might be 
a condition that farmers treat themselves or do not 
treat at all. In a surveillance system based on veteri-
nary reporting, some loss of events will occur because of 
the farmer’s ability to detect diseases and treat milder 
cases without veterinary care. Some farmers also have 
a higher threshold for calling a veterinarian for help. 
This possibility was compensated for by including the 
days since the last disease registration in the herd as a 
variable in the model. This variable was not adjusted 
for cow-years to emphasize the severity of not reporting 
health events for large herds, given that naturally oc-
curring health events should be more frequent in large 
herds than in small ones. If no registrations were found, 
the number of days equaled the study period.

Statistical Analyses

Data management and statistical analyses were 
performed using SAS for Windows (version 9.1.3; SAS 
Institute Inc., Cary, NC), Stata (version 10; StataCorp, 
College Station, TX), and R 2.15.1 (R Core Team, 
2012). An R-package was developed for the MSPC 
analysis and can be provided upon request (solve.
sabo@nmbu.no).

Most of the database entries used in this paper were 
manually registered; thus, some records are expected 
to contain human errors in addition to instrumental 
errors and randomly occurring extreme events. To limit 
the effect of these events, constraints on some of the 
recorded variables were enforced. All events with obvi-
ous errors were removed, including dates in the future, 
health records predating the birth of the animal, and 
lactation records with obvious errors in calving intervals 
and yield (e.g., extra digit during registration). The 
constraints removed around 4.9% of the milk records 
and <30 of the health records.

Time Variance of the Risk Indicators. All data 
in the databases are registered per individual animal 
with time resolved to dates. The derived risk indicators 
for this analysis were accumulated for 2 yr per herd 
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because of the slowly developing nature of MAP. This 
accumulation was achieved by summarizing all events 
from a given date and back 2 yr, and then moving 
the time window by 1 mo, thus giving overlapping 2-yr 
windows in 23 of the 24 mo (Figure 2). To assess the 
effect of time variance and evaluate the different time 
windows needed to capture a change in the included 
variables, the model was run 3 times with 3 different 
time windows, moving the time window every year, ev-
ery month, or every 15 d. Principal component analysis 
(Pearson, 1901; Johnson and Wichern, 2002) was used 
on the 3 different time window data sets to evaluate 
changes in the variables over time.

Multivariate Statistical Process Control. Multi-
variate statistical process control is the multivariate 
counterpart of statistical process control (Shewhart, 
1931; Ryan, 2011). The latter is used to monitor, for 
example, industrial processes, manufacturing of goods, 
and states of production plants. It is also applied in 
surveillance, especially in human disease monitoring 
and more generally in biosurveillance (Fricker, 2010). 
The many versions of MSPC employ various control 
charts for detecting outliers, drifts in mean values, and 
other properties of the process. In our context, the pur-
pose of using process control was to detect a change in 
the risk factors that might indicate the occurrence of 
MAP. Because of the many potential risk factors and 
risk indicators for the disease, MSPC was used, which 
can take more than one variable into account. To build 
an MSPC model, a data set is required comprising time 

series of the risk factors in a disease-free period. Nor-
way was not disease free during the study period, but 
if the amount of data is large, as in our study, and the 
prevalence of the disease is very low, the few cases will 
have only a negligible influence on the estimates of the 
model parameters.

The risk factors and risk indicators and how they are 
derived are described above. For the calculations, let xij 
denote a vector of p risk indicators observed for herd i 
at time point j. To say whether the observation should 
indicate an elevated chance of MAP for this herd at 
the given time, the difference between the observation 
and the expected values for the risk indicators under 
disease-free conditions must be estimated. A multivari-
ate measure of distance (difference) that also takes into 
account the variance of and covariance between the 
risk indicators is the Hotelling’s T2 statistic (Hotelling, 
1931).

In the Hotelling’s T2 statistic, let μ̂0 be the vector of 
means (p × 1) of the risk indicators computed from a 
(preferably) large number n samples under disease-free 
conditions, and let Σ̂ be the (p × p) covariance matrix 
estimated from the same data. The Hotelling’s T2 sta-
tistic for the observed value xij, denoted t2, is then 
computed as the sum of squared deviation from the 
mean of all variables, weighted by the estimated covari-
ance matrix:

 t n ij ij
2

0
1

0= −( ) −( )−x xˆ ˆ .ˆμ Σ μ′  [1]

Figure 2. The figure shows how risk factor values are aggregated over time using a moving window of a chosen width, here with the number 
of purchased cattle at a randomly chosen farm as an example. The upper panel shows the aggregated curve using a 2-yr window, whereas the 
lower panel displays the corresponding curve based on a 1-mo window. At 4 time points (marked with circles), the corresponding window over 
which the value was aggregated is shown by a double-pointed arrow underneath. The “rugs” under the arrows show the actual dates the cattle 
entered the herd.
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Using Σ̂−1 means that deviations in directions of little 
variation will contribute to the Hotelling’s T2 statistic 
equally to deviations in directions of large variation. 
Herds with a large value for Hotelling’s T2 will have 
unusual values for one or several of the risk factors and 
should be flagged as potential MAP occurrences.

Because the risk indicators had low inter-correlations, 
no compression of the data was needed before MSPC 
was conducted. However, principal component analysis 
was used for another purpose here; namely, to explore 
the covariance structure of the risk factors and risk in-
dicators and to see if the covariance structure depended 
on the width of the time windows used to aggregate 
the risk indicators, as mentioned in the previous sec-
tion. A time period with test data was then included 
in the surveillance (e.g., the last month of the study 
period) in this analysis. For the test data, t2 values were 
calculated for all herds and ranked according to their 
score. Because the Hotelling’s T2 statistic centers and 
standardizes, any standardizing or weighting of vari-
ables for which a common weight is used on all values 
in the variable will not affect the ranking.

RESULTS

The study included 3,044,262 animals (calves, young 
stock, and dairy cows) originating from 10,717 dairy 
herds from all over Norway. Most of the cattle were of 
the Norwegian Red breed (91.8%) or Norwegian Red 
crossbreeds (5.6%). The remaining cows were Holstein-
Friesian, Jersey, and traditional Norwegian breeds. 
Table 1 shows the results of the descriptive analysis of 
risk factors and risk indicators.

Risk Factors

In total, 1,307 farms did not purchase any animals 
during the study period. Of the included animals, 
494,458 (16.2%) had been purchased within Norway 
during the study period. Of the 10,717 herds, 5,311 
(49.6%) included animals purchased from counties 
in which goats had been vaccinated, and 468 (4.4%) 
farms had combined cattle and goat farming. A total 
of 4,774 (44.5%) of the cattle farms were situated in 
MAP-vaccinated counties.

Cattle import almost completely ceased after 1996, 
being replaced by import of semen and embryos. Dur-
ing the study period, a total of 66 cattle were imported 
(Animalia, 2012). These were beef cattle and non-
NDHRS members and therefore not included in our 
study. Imported cattle have to undergo an extended 
testing regimen (European Commission, 1988), and 
imported live cattle, semen, and embryos undergo ad-
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ditional testing in accordance with the cattle industry’s 
own requirements, handled by the Norwegian Livestock 
Industry’s Biosecurity Unit (KOORIMP). Nevertheless, 
import of cattle is considered a risk factor that may be 
included when selecting herds in a future surveillance 
program for MAP.

Risk Indicators

A total of 1,391,128 individuals were >3 yr of age, 
and 589,214 (42.3%) of these were culled during the 
study period (Table 1). A total of 1,750,770 individuals 
were culled during the study period, and 33.7% were 
animals >3 yr of age. The ranges of the culling data, 
described in percentiles, were 1 (0%), 34 (25%), 48 
(50%), 67 (75%), and 413 (100%). In total, 895,955 
lactating animals were registered, with 2,041,986 lacta-
tions. Overall, 267,045 (29.8%) cows produced less milk 
in the third compared with the second lactation, and 
276,722 (30.9%) cows had any milk decrease from the 
third to fourth, fourth to fifth, or fifth to sixth lacta-
tions during the study period.

In total, 6,185 herds (57.7%) had at least 1 carcass 
classified as <P+ with fat class of <1+, and 15,423 
(1.1%) of the carcasses of animals >3 yr of age were 
classified as < P+ with fat class of <1+. The percent-
age of slaughtered animals classified as <P+ and <1+ 
varied from 0.6 to 9.7% per abattoir, and smaller abat-
toirs exhibited larger variation than larger abattoirs.

Diarrhea or enteritis in animals >3 yr of age was 
registered in 2,185 animals of 1,506 herds during the 
study period.

Statistical Analyses

Hotelling’s T2 values for each farm for all months 
during the study period were calculated. The t2 (ob-
served T2) values from the last month of the data set 
were plotted to show the geographical distribution of 
the estimated risk. High-risk areas were scattered all 
over Norway (Figure 3), both in counties with and 
without caprine MAP vaccination. Risk factors and 
risk indicators for the highest-ranking farms according 
to t2 values are shown in Table 2.

The principal component analysis revealed that mov-
ing the time window every month or every year had 
little effect on the covariance structure of the risk fac-
tors and risk indicators in the analysis. In Figure 2, 
the number of purchased cattle was accumulated over  
2 yr and 1 mo, respectively. In Figure 2, negative peaks 
when periodic events had a negative trend and positive 
peaks when periodic events had a positive trend are 
observed. This pattern can arise when the 2-yr window 
gains a large contribution in the new (right) end and 

loses a large contribution in the old (left) end almost 
simultaneously.

Because the variables did not change much over time, 
the time window was moved every month, which co-
incided well with the frequency with which data were 
reported from the farms and abattoirs. This 1-mo inter-
val gave feedback often enough to show progress in the 
monitored variables. Contribution from combinations 
of several risk factors and risk indicators was needed 
to yield a high-risk status. This requirement is evident 
from the density plots in Table 2, illustrating that the 
highest values for each risk variable are not represented 
among the highest-ranked farms.

DISCUSSION

To our knowledge, this report is the first description 
of a risk-based surveillance program that combines risk 
factors with risk indicators derived from production 
and clinical data. The success of a risk-based surveil-
lance system depends on the choice of included factors 
and how these factors are processed in the analysis. 
This study presents a procedure that can improve the 
selection of herds in a risk-based surveillance program 
for MAP in Norway. By using MSPC, risk factors and 
risk indicators were extracted from different databases 
and combined to provide a quantitative risk assessment 
for each herd. In this way, risk-based surveillance using 
the extensive information in several national databases 
can be designed (Stärk et al., 2006). This approach 
contrasts with non-risk-based random sampling among 
all herds, in which the probability of finding MAP by 
chance is low because of the very low prevalence in 
the Norwegian population. When applying MSPC in 
risk-based surveillance programs, both single herds and 
geographical areas of elevated risk can be included in 
the control program.

The results of the analysis depend on the risk factors 
and risk indicators chosen for inclusion in the MSPC 
and how they are handled. The data used in the MSPC 
are skewed, but this skewing will have no effect on the 
ranking of the herds. The normality assumption has 
its implications when it comes to setting control limits 
according to the F-distribution of the Hotelling’s sta-
tistic, but for our purpose of ranking herds, no control 
limits are needed and the normality assumption is in 
fact not needed. The variables had an equal opportu-
nity to contribute to the variation in the model and to 
the final risk assessment. In addition, to contribute to 
a high t2 value, a variable having much variation will 
need a relatively more-extreme event compared with 
a variable of little variation. Historically in Norway, 
association with a goat farm is considered a high risk, 
but because this factor is weighted the same as all other 
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Figure 3. Map of Norway where the t2 (observed T2) values from the last month of the data set are plotted to show the geographical distri-
bution of the 150 farms (indicated with black dots) having the highest estimated risk at the start of 2012. The background colors indicate the 
kernel density of dairy farms ranging from low density (light gray) to high density (dark gray).



6844 WHIST ET AL.

Journal of Dairy Science Vol. 97 No. 11, 2014

T
ab

le
 2

. 
T

he
 t

op
 1

0 
hi

gh
es

t-
ra

nk
ed

 f
ar

m
s 

ac
co

rd
in

g 
to

 H
ot

el
lin

g’
s 

T
2  
st

at
is

ti
cs

1,
2  

Fa
rm

t2  
 

(o
bs

er
ve

d 
T

2 )
  

va
lu

es
 

(m
ea

n 
t2  

=
 1

2)

P
ur

ch
as

e 
fr

om
  

no
nc

ap
ri

ne
  

M
A

P
-

va
cc

in
at

in
g3  

 
co

un
ti
es

P
ur

ch
as

e 
fr

om
 

ca
pr

in
e 

 
M

A
P

-
va

cc
in

at
in

g 
 

co
un

ti
es

C
om

m
on

 
ca

tt
le

  
an

d 
go

at
  

fa
rm

in
g

G
eo

gr
ap

hi
ca

l 
 

lo
ca

ti
on

  
of

 d
ai

ry
 f
ar

m
  

in
 c

ap
ri

ne
  

M
A

P
-v

ac
ci

na
ti
ng

  
co

un
ti
es

C
ul

lin
g 

 
an

im
al

s 
>

 
3 

yr
 o

f 
ag

e

D
ec

re
as

ed
  

m
ilk

  
pr

od
uc

ti
on

  
fr

om
 2

nd
  

to
 3

rd
 

la
ct

at
io

ns

D
ec

re
as

ed
  

m
ilk

  
pr

od
uc

ti
on

  
fr

om
 3

rd
  

to
 4

th
 t

o 
5th

 
la

ct
at

io
ns

R
ed

uc
ed

  
sl

au
gh

te
r 

 
co

nd
it
io

n
D

ia
rr

he
a 

 
an

d 
en

te
ri

ti
s

D
ay

s 
si

nc
e 

 
la

st
 d

is
ea

se
  

re
gi

st
ra

ti
on

1
3,

19
6

0.
00

0.
00

N
o

N
o

0.
23

−
24

.4
2

−
17

1.
00

1.
53

0.
48

70
2

2,
79

7
0.

00
0.

00
N

o
N

o
0.

10
−

93
.2

9
−

38
4.

14
0.

00
0.

45
13

3
1,

60
1

13
.3

2
1.

84
N

o
N

o
0.

27
−

19
6.

64
−

84
.6

1
0.

00
0.

00
68

4
1,

59
4

0.
03

0.
00

N
o

N
o

0.
12

−
13

2.
36

−
36

.4
0

0.
00

0.
34

20
5

1,
22

7
0.

21
12

.5
1

N
o

Y
es

0.
36

−
49

4.
53

−
14

9.
47

3.
92

0.
00

66
6

1,
19

9
0.

00
0.

13
N

o
Y

es
0.

42
−

25
.2

1
−

46
.0

2
0.

00
0.

30
12

7
1,

15
4

0.
00

0.
00

N
o

Y
es

0.
15

−
29

.0
3

−
20

8.
64

0.
00

0.
29

10
6

8
1,

14
3

0.
00

0.
00

N
o

N
o

0.
29

0.
00

−
17

1.
61

0.
00

0.
29

4
9

1,
08

0
0.

45
11

.7
9

N
o

Y
es

0.
67

−
16

1.
38

0.
00

3.
29

0.
00

7

10
1,

03
7

0.
00

0.
00

N
o

Y
es

0.
41

−
15

0.
19

−
40

6.
33

0.
00

0.
28

29

U
ni

va
ri

at
e 

 
de

ns
it
y 

pl
ot

 

>
1 E

ac
h 

ro
w

 c
on

ta
in

s 
th

e 
T

2  
st

at
is

ti
cs

, 
as

 c
om

pu
te

d 
by

 E
q.

 [
1]

, 
an

d 
th

e 
ob

se
rv

ed
 v

al
ue

s 
of

 t
he

 1
0 

ri
sk

 f
ac

to
rs

 f
or

 e
ac

h 
fa

rm
 (

w
hi

ch
 e

nt
er

s 
E

q.
 [
1]

 a
s 

th
e 

ve
ct

or
 x

ij
).

 A
t 

th
e 

bo
tt

om
 o

f 
th

e 
ta

bl
e,

 u
ni

va
ri

at
e 

de
ns

it
y 

pl
ot

s 
su

m
m

ar
iz

e 
th

e 
di

st
ri

bu
ti
on

 o
f 
th

e 
va

lu
es

 o
f 
ea

ch
 r

is
k 

fa
ct

or
 a

cr
os

s 
al

l 1
0,

71
7 

fa
rm

s 
on

 D
ec

em
be

r 
31

, 2
01

1.
 P

lo
ts

 a
re

 c
ut

 a
t 

th
e 

99
th

 p
er

ce
nt

ile
 f
or

 
th

e 
co

nt
in

uo
us

 v
ar

ia
bl

es
, 
an

d 
di

ch
ot

om
ou

s 
ye

s/
no

 v
ar

ia
bl

es
 a

re
 c

od
ed

 a
s 

1/
0.

2 T
ot

al
 n

um
be

r 
of

 l
ac

ta
ti
ng

 a
ni

m
al

s 
is

 8
95

,9
55

.
3 M

A
P

 =
 M

yc
ob

ac
te

ri
um

 a
vi

um
 s

sp
. 
pa

ra
tu

be
rc

ul
os

is
.



Journal of Dairy Science Vol. 97 No. 11, 2014

RISK-BASED SURVEILLANCE PROGRAM 6845

risks, it does not seem to figure prominently among 
the top 10 herds by Hotelling’s T2 statistic (Table 2). 
Other, more-extreme values from the other risk indica-
tors moved these herds to the top 10 list. Common 
cattle and goat farming was present in only 4.4% of the 
farms, whereas the 10 highest-ranked herds included 
only 0.1% of the farms. If the list were expanded to 
include 50 herds, 5 herds with common cattle and goat 
farming would be included, and if the list were further 
extended to the top 500, >50% of the common goat 
and cattle farms would be included.

Analysis of multiple data sources is becoming more 
feasible as data are more easily available electronically. 
The use of MSPC was suggested by Deming (1942) 
for disease surveillance and monitoring of rare events. 
Other more recent but less intuitive multivariate con-
trol chart statistics are also used in surveillance; for 
example, multivariate cumulative sum (MCUSUM) 
and multivariate exponentially weighted moving aver-
age (MEWMA; Fricker et al., 2008; Dubrawski, 2011), 
but these methods are more complex to work with, and 
we chose to work with MSPC. Buckeridge et al. (2005) 
concluded that an approach to conducting simultane-
ous analysis of multiple data sources is to use MSPC 
methods that explicitly account for the covariance 
among data sources. They found that MSPC meth-
ods tended to have greater sensitivity than univariate 
methods but that the MSPC methods also produced 
more false alarms. A modified version of the Hotelling’s 
T2 statistic (Ye et al., 2000) can avoid this oversensitiv-
ity to some extent, and future research on directional 
adaptations of the newer methods seems warranted

No screening for MAP in the dairy population in 
Norway has been conducted, and no results are avail-
able that could have been used to validate and optimize 
the model. With the expected low prevalence of MAP 
in the Norwegian population and low specificity of 
serological tests for MAP, a high proportion of false 
positives would be expected. Therefore, the result of 
a survey would not be sufficiently precise to validate 
or reject the model. The risk indicators included in 
the model are based on factors associated with MAP 
in Norwegian cattle herds or on factors previously re-
ported as risk factors for MAP. Herds selected based 
on these risk indicators are expected to have a higher 
probability of being infected with MAP. Although a 
quantitative estimate of the increase in sensitivity of 
the surveillance program has not been made, the im-
provements are assumed to be cost efficient because 
the cost of applying the method is low as soon as the 
system is established.

In the current surveillance program for MAP, the 
requirement of using bacteriology to obtain 100% 
specificity as well as economic constraints limited the 

number of annually examined dairy herds to 25. A 
dairy herd may yield high values for risk factors and 
risk indicators for several reasons. Using multivariate 
analysis should increase the specificity of the selec-
tion and, with the expected low prevalence of MAP in 
Norway dairy herds, obtaining a high rank for other 
reasons should be expected. Therefore, an increase in 
the number of herds examined is probably necessary 
to realize the full potential of using MSPC selection. 
Consequently, there is a need for specific tests suit-
able for screening purposes and validated on the Nor-
wegian population. This need is in agreement with a 
study on the Swedish surveillance program for MAP, 
whose authors concluded that intensification of current 
activities or new surveillance activities are needed and 
that all the surveillance activities would benefit from 
improved diagnostic methods (Frössling et al., 2013). 
Jayarao et al. (2004) suggested that the IS900 PCR 
assay for MAP using bulk tank milk may not be useful 
for screening herds with MAP-infected animals. Timms 
et al. (2011) reviewed the sensitivity and specificity of 
different techniques for detecting MAP and concluded 
that development of more accurate and sensitive PCR 
assays is warranted. Thus, further research is needed 
into optimal diagnostic and sampling combinations to 
identify MAP-positive herds and avoid false-negative 
results, especially in groups of animals where the preva-
lence of MAP is expected to be low. Implementation 
of a risk-based surveillance in Norway will, at least 
theoretically, increase the prevalence of MAP-positive 
herds, and the rate of false-negative MAP herds will be 
reduced.

Making the development of diagnostic tests even 
more complex, differences in immune response may ex-
ist in different cattle breeds. Verschoor et al. (2010) 
suggested a mixed pro- and antiinflammatory pheno-
type from MAP-infected compared with healthy control 
animals and inherently different levels of immune and 
inflammatory-related gene expression between MAP-
infected Holsteins and Jerseys. Woodbine et al. (2009) 
also found a significantly higher seroprevalence of MAP 
in dairy breeds, especially Jersey, compared with suck-
ler breeds. They also found that smaller dairy herds 
(<100 cattle) had a relatively lower seroprevalence of 
MAP than dairy herds with >99 cattle. Infection with 
MAP was considered to be a clinical problem in the 
Norwegian cattle population during the first part of 
the 20th century. Different local cattle breeds made up 
the cattle population in Norway at that time. Since 
1970, the predominant breed has become the Norwe-
gian Red, which is a mix of different breeds. Thus, one 
can speculate that the Norwegian Red is more resistant 
to clinical infection with MAP than the local cattle 
breeds. The average herd size in Norway is 23 cow-
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years, which could also lower the seroprevalence, and 
hence MAP could be more difficult to detect.

Infection of a herd with MAP is a dynamic process in 
which infection status depends on many factors, includ-
ing the number of animals shedding bacteria and the 
management conditions. Calculations and evaluation 
regarding how fast the risk-based surveillance program 
would detect a MAP outbreak have not been conducted 
but will be after some years of running the program. 
Because MAP is a slowly developing disease and the 
sensitivity of the diagnostic tests is poor, it is difficult 
to detect an early presence of the disease. Thus, a risk-
based surveillance program could identify herds with 
an assumed higher risk of having MAP, and different 
tests could be performed in these herds.

National cattle production databases, where all pro-
duction-related and health data on dairy cattle in the 
country are registered, are found in the Nordic coun-
tries, in Israel (Israeli Herdbook), and to some extent in 
Canada (Koeck et al., 2012). These databases provide 
farmers with useful multidisciplinary information, man-
agement analysis, and decision-making processes, and 
they are valuable resources in epidemiological research 
(Valde et al., 2004; Østerås et al., 2007). The colla-
tion of data from several sources can result in miss-
ing values, imprecise data, errors, and a large number 
of variables having nonlinear dependency structures. 
Databases constructed directly for research purposes 
are often referred to as primary research databases, 
whereas those originally constructed for other purposes 
are referred to as secondary databases (Sørensen et al., 
1996). All databases mentioned in this paper are consid-
ered secondary databases because they were created for 
several different purposes and are subject to different 
practical and economic constraints. The interpretation 
and usefulness of data from secondary databases may 
be limited for research or surveillance purposes; hence, 
secondary databases must be validated (Lawrenson et 
al., 1999; Olsson et al., 2001; Mörk et al., 2009, 2010). 
Only a few examples exist in veterinary medicine in 
which the correctness and the completeness of data-
bases have been evaluated (Nødtvedt et al., 2006; Mörk 
et al., 2009, 2010). The NDHRS has been validated 
for use in studies of calf diseases, locomotion disor-
ders, clinical mastitis, and metabolic disease. Overall, 
it is considered (Gulliksen et al., 2009; Espetvedt et 
al., 2012; Lind et al., 2012; Wolff et al., 2012) that 
all studied diseases are underreported and therefore 
underestimated. It is therefore likely that diarrhea and 
enteritis were underreported in our data, potentially 
leading to lower risk scores for herds that actually have 
more prevalent diarrhea and enteritis.

Several factors could underlie the low completeness. 
One is that it is not mandatory to record diseases 

that are not treated by a veterinarian, and diarrhea 
is an example of a disease that farmers might treat 
themselves. Another reason could be that some farmers 
have a higher threshold for calling a veterinarian for 
help in general. The use and handling of diarrhea in a 
risk-based surveillance program is therefore an impor-
tant issue to consider before deploying the procedure 
in real life. In an effort to reduce the underreporting 
problem, the days since the last clinical registration 
was included as a variable, which received high values 
if no diseases were reported on the farm. Because minor 
health-related incidents also occur quite frequently on 
healthy farms, high values for this variable will indicate 
a lack of reporting because of low priority or deliberate 
underreporting.

Dairy herds that did not report data to the NDHRS 
and beef cattle were not included in the analysis. Pro-
duction and clinical data are more limited in these 
herds, and risk-based surveillance is therefore difficult 
to implement. The current national random surveil-
lance program includes these herds. The main reasons 
for choosing dairy herds reporting data to the NDHRS 
were that data on dairy cattle were more complete and 
easily available and that introducing risk-based surveil-
lance for MAP in dairy cattle might make it feasible 
to design more cost-efficient surveillance strategies, re-
gardless of whether risk-based surveillance is also used 
for beef cattle.

The framework presented here is not limited to a par-
ticular infectious disease, and the surveillance program 
can be developed into syndrome surveillance programs 
in which one or several indicators would be routinely 
monitored for the early detection of emerging diseases. 
Madouasse et al. (2014) evaluated the use of regular 
monitoring of milk yield from herds to predict the 
emergence of 2007 bluetongue virus in France. They 
concluded that further research should be conducted on 
improving the prediction of test-day milk yield and on 
combining it with other indicators based on routinely 
collected data. In our study, a chronic disease was 
analyzed and the variables and interpretation chosen 
specifically for MAP. The frequency of updating the 
analysis (i.e., the moving of the time windows) had 
little effect on the risk factor relations results in a MAP 
analysis. However, adapting the procedure for early 
detection of acute infectious diseases might require 
changing the time frames for accumulation of data and 
updating the analysis sufficiently frequently.

CONCLUSIONS

To obtain an integrated and reliable valuation, 
multiple data sources were combined to make use of 
their complementary features. Given that the sampling 
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density is maintained, the sampling of 50 herds selected 
using MSPC to identify herds with a higher probability 
of infection probably increases the surveillance sensitiv-
ity and should be at least equivalent to the current 
random selection. The use of MSPC for selection of 
herds would also be beneficial when a diagnostic test 
suited for mass screening and validated on the Norwe-
gian population becomes available, making it possible 
to increase the number of sampled herds. Before initiat-
ing a new risk-based surveillance system for MAP, it is 
important to thoroughly analyze the data quality and 
the frequency of the events that are to be included. To 
some extent, a risk-based surveillance system will be 
unique for each specific population and will depend on 
the data sources, data quality, and normal frequency of 
the included variables.
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