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a b  s  t  r  a c t

Bovine respiratory syncytial  virus (BRSV)  and  bovine coronavirus  (BCoV)  are  considered widespread
among  cattle  in Norway  and  worldwide. This cross-sectional study was  conducted  based  on antibody-
ELISA  of bulk  tank milk  (BTM) from  1347  herds in two neighboring  counties  in western Norway.  The
study  aims were  to  determine  the seroprevalence at herd level,  to evaluate  risk factors  for BRSV and
BCoV  seropositivity,  and to assess  how these factors  were  associated  with  the  spatial  distribution of pos-
itive  herds.  The overall  prevalence of BRSV and  BCoV  positive herds in the region was  46.2%  and  72.2%,
respectively.  Isopleth maps of the  prevalence risk distribution showed  large  differences in prevalence
risk  across the  study  area,  with  the highest  prevalence in the northern  region.  Common  risk  factors  of
importance  for  both viruses were  herd  size, geographic  location,  and proximity to neighbors.  Seroposi-
tivity  for  one virus was  associated with  increased  odds of seropositivity for  the  other virus.  Purchase of
livestock  was  an additional risk factor for  BCoV  seropositivity,  included in the  model as  in-degree, which
was  defined as  the  number of  incoming  movements  from  individual  herds, through  animal  purchase,  over
a  period of five years.  Local dependence and  the  contribution  of risk factors  to this effect  were assessed
using  the residuals  from two logistic  regression  models  for  each virus.  One  model contained only the x-
and  y- coordinates  as  predictors,  the  other had all  significant  predictors  included. Spatial clusters  of high
values  of residuals  were  detected  using  the  normal model  of  the  spatial  scan  statistic  and  visualized on
maps.  Adjusting for  the risk factors in the final models  had  different  impact  on the  spatial clusters for
the  two viruses: For  BRSV the  number of clusters was  reduced from  six  to  four, for  BCoV  the number
of  clusters  remained the  same,  however the  log-likelihood ratios changed notably. This indicates  that
geographical  differences in proximity  to neighbors, herd  size and animal movements  explain some of the
spatial  clusters  of BRSV-  and BCoV  seropositivity,  but far  from  all. The  remaining local  dependence in the
residuals  show that the  antibody  status  of one  herd  is influenced by  the  antibody  status  of its neighbors,
indicating  the  importance  of  indirect transmission and that increased  biosecurity  routines  might  be an
important  preventive strategy.

©  2016 The Authors.  Published by  Elsevier B.V.  This is an open access  article  under the  CC BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The overall health among Norwegian dairy cattle is  good with
few endemic infectious diseases present. Several infections, such
as  bovine tuberculosis, bovine brucellosis and bovine viral diarrhea
(BVD), have been eliminated through successful control programs
(Sviland et al., 2015a, 2015b; Åkerstedt et al., 2015).  However,

∗ Corresponding author.
E-mail addresses: ingrid.toftaker@nmbu.no, ingridtoftaker@gmail.com

(I. Toftaker), maria.stokstad@nmbu.no (M.  Stokstad), ane.nodtvedt@nmbu.no
(A. Nødtvedt).

bovine respiratory syncytial virus (BRSV) and bovine coronavirus
(BCoV) are endemic and prevalent in the national herd (Gulliksen
et  al., 2009). The prevalence of these infections is considered high in
most parts of the world, and they cause disease problems leading to
reduced animal welfare, increased use of antibiotics and financial
loss for the farmer (Valarcher and Taylor, 2007; Boileau and Kapil,
2010;  Sacco et al., 2014).  BRSV causes respiratory disease, most
often in  young animals, and bronchopneumonia due to secondary
bacterial  infection is  common (Larsen, 2000).  BRSV was the most
commonly isolated agent in  respiratory outbreaks in cattle herds
in  a  recent Norwegian study (Klem et al., 2014a).  BCoV is the cause
of  calf diarrhea, respiratory disease and winter dysentery (conta-
gious diarrhea in adult cattle) (Boileau and Kapil, 2010).  Studies

http://dx.doi.org/10.1016/j.prevetmed.2016.09.003
0167-5877/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
0/).
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Fig. 1. Study area: Møre og Romsdal and  Sogn og Fjordane county located at  the
northwest coast of Norway.

have shown significant effects of BCoV infection on production in
terms  of decreased milk yield and poor growth rate (Tråvén et  al.,
2001; Beaudeau et al., 2010b) which both result in economic loss.

Bulk  tank milk (BTM) serology is  a  cheap and effective method
used to screen herds for infectious diseases. However, due to long
lasting seropositivity after infection, a  herd will stay test-positive
for  many years after circulation of virus in the herd (Alenius et  al.,
1991; Tråvén et al., 2001; Klem et al., 2014b). Likewise, test-
negative herds might have been virus free for years and serology
on  bulk tank milk is therefore an indicator of herd status with an
inherent time-lag.

Herd level risk factors previously found to be of importance
for  BCoV status in Swedish dairy herds are herd size, not provid-
ing  boots for visitors and geographic location (Tråvén et al., 1999;
Ohlson et al., 2010). For BRSV seropositivity, herd level risk factors
found to be of importance both  in  Scandinavia and beyond are herd
size, age profile of the herd, type of production and existence of
bordering cattle herds (Norström et al., 2000; Solís-Calderón et al.,
2007; Ohlson et al., 2010; Saa et al., 2012).

Previous studies in Scandinavia have indicated large variations
in  prevalence of BRSV and BCoV between regions (Elvander, 1996;
Tråvén et al., 1999; Beaudeau et  al., 2010a; Klem et al., 2013),
but  spatial analyses involving BRSV and BCoV infections are infre-
quently reported. For control- and eradication purposes, locating
high and low risk areas is important in  order to know which con-
trol  strategies should be applied to different regions. Risk factors
like herd size, animal movement between herds, and proximity to
neighbors are likely to vary geographically. However, it is currently
not known how geographical differences in risk factors are associ-
ated with the spatial variation in  prevalence of positive herds for
these  two viruses. Because the spatial pattern of antibody-positive
herds may  be largely driven by the spatial patterns of herd charac-
teristics, such as herd size and distance to neighbors, spatial clusters
of  positive herds might only be reflecting the geographical distri-
bution of known characteristics. Hence, it is of major interest to

determine if adjusting for these factors changes the appearance of
the  spatial clusters.

BRSV and BCoV can be spread between herds by direct animal
contact and indirect transmission. Direct contact includes physical
contact between animals from different herds, for  instance through
shared pasture, or by live  animal trade. Indirect transmission hap-
pens  through passive transfer of animal secretions and excretions
between herds by fomites like clothing or equipment.

The  topography in western Norway, where the area under
investigation is located, is  characterized by  mountains and fjords
separating the herds and limiting direct contact. However, ani-
mal  movements between holdings might provide an important
route of transmission. In-degree is  a  measurement of animal contact
which is  defined as the number of incoming animal movements
from individual herds, through animal purchase, over a defined
time period (Nöremark and Widgren, 2014).  Livestock movements
are often registered in  central databases which allows for calcu-
lation of in-degree, but factors affecting indirect transmission can
be more difficult to assess because information on movement of
people and biosecurity routines are not readily available in  cen-
tral registries. Nevertheless movement of people is  associated with
herd size, because larger herds have more visitors (Nöremark et al.,
2013).

The aim of this study was  to determine the spatial varia-
tion  in herd-level prevalence of BRSV and BCoV, as measured by
BTM-antibodies, across the study region in western Norway. Fur-
thermore, the effect of the risk factors herd size, location, animal
movement, and proximity to neighbors were evaluated and the
effect of these risk factors on the spatial distribution of positive
herds was assessed.

2. Materials and methods

2.1. Study population

This cross-sectional study was  performed in “Sogn og  Fjor-
dane” and “Møre og Romsdal” counties on the west coast of
Norway (Fig. 1).  The region was thought to be a suitable study
area  because of an expected mix of BTM-positive and negative
herds. One BTM sample from each of 1347 herds was collected
by  the dairy company (Tine, Norwegian Dairies SA), between
December 2012 and June 2013. In 2013, 1854 herds delivered
milk  in  the two  counties, which means samples were collected
from 73% of all  eligible dairy herds. Milk samples were treated
and analyzed as described in  Section 2.2,  and each herd was
categorized as either positive or negative based on the BRSV
and BCoV antibody test  results, respectively. If  a herd con-
tributed more than one sample during the study period, only
the result from the first sample was  included. Prevalence esti-
mates were calculated for  the region as a whole and for each
county separately. True prevalence was calculated using the Rogan-
Gladen-estimator based on the sensitivity and specificity of the
tests as specified by the manufacturer (Greiner and Gardner,
2000).

During the study period, 98% of all dairy herds were mem-
bers of the Norwegian Dairy Herd Recording System (NDHRS)
which provides reliable records on herd characteristics, produc-
tion  parameters and disease occurrence (Espetvedt et al., 2013). The
medical company distributing the only registered BCoV vaccine in
Norway was contacted to get information regarding the number of
units  sold. The use of the only registered BRSV vaccine was recorded
by  contacting the veterinary practitioners by phone. Veterinarians
in  all  municipalities of the study area with more than 10 herds were
contacted, covering 1295 of 1347 herds.
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Herds deli veri ng mil k in Møre og 
Romsdal and Sogn og Fjordane at the 
�me of sampling
n = 185 4

ANIMAL MOVEMENTS AND MULTIVARIABLE
ANALYSIS:
xy-models: n = 1194
Mul�varIa ble models :  n = 119 4
Residual  anal yses: n = 119 4
In-degree : n = 119 4

Herds prov iding BTM sa mples
n = 1347

Herds  with complete regis tra �ons in t he 
NDHRS and  geographic  coo rdinate s
n = 119 4

Did not provide 
BTM sa mple
n =  50 7

Of herds with geographic  coo rdinate s, 
these were the exclusions:
Not member of NDHRS: n= 13 4
Not member the e n�re year  of 2012:   n =  1
Inconsis tent regis tra �ons
of animal movements: n = 7

Herds with geographic coordinates
n =  133 6

PREVA LENCE  ESTIMATES
n = 1347

Herds missi ng geographic 
coordinates
n = 11

POI NT MAPS, PREVA LENCE  DENSITY  
MAPS AND INITIAL CLUSTER  ANALYSIS:
n = 1336

Fig. 2.  Flow diagram of eligible, sampled and analyzed herds.

2.2. Laboratory analysis/outcome variable

BTM samples were collected by the milk truck drivers and trans-
ported at a temperature of 4 ◦C  to the dairy plant were they were
frozen at between −18 and −20 ◦C,  and were kept at this tem-
perature until thawing at the time of laboratory analysis (Tine
mastittlaboratoriet in Molde). All BTM samples were analyzed
using indirect ELISA (SVANOVIR® BRSV-ab and BCoV-ab, Svanova
Biotech, Uppsala, Sweden). The optical density (OD) reading of
450 nm was corrected by the subtraction of OD for the negative
control antigen, and per cent positivity (PP-value) (Takiuchi et al.,
2009) was calculated as (corrected OD/positive control corrected
OD) × 100. The cut-off for a positive result was set at a  PP-value
of  10 for both tests (Anon., 2016a,b)  and the dichotomized results
(BRSV +−/and/or BCoV +−) were used as the outcome in all  anal-
yses.  The sensitivity and specificity of the ELISAs provided by the
manufacturer were 94% and 100% for BRSV, and 84.6% and 100% for
BCoV  respectively (Alenius et al., 1991; Elvander et al., 1995).

2.3.  Explanatory variables

Test results were combined with production data and health
recordings from the NDHRS. All statistical analyses were done
using Stata/SE (StataCorp. 2011. Stata Statistical Software: Release
12.  College Station, TX: StataCorp LP) unless otherwise specified.
Permission to use the database was given by the owner, Tine, Nor-
wegian Dairies SA. All recordings were from the year of 2012. To
describe the general characteristics of the herds in the area the
mean, standard deviation and range were calculated for  the follow-
ing  herd parameters retrieved from tables of annual summary data
in  the NDHRS: herd size, milk production, somatic cell count (SCC),
overall herd disease incidence, and replacement rate. Herd size was
defined as the herds’ mean number of cow-years in 2012 (one cow-
year = 365 days for a cow in  a  herd, calculated for each cow from
date  of first calving). SCC was measured as mean somatic cell count
in  BMT  and milk production was measured as kg milk produced
per  cow-year. Herd disease incidence was the combined incidence
rate for all recorded diseases per  100 cow-years in 2012, where
recorded diseases include all cases treated by a veterinarian as this
is  reported in on-herd health recordings. Replacement rate was  the
number of cows in first lactation divided by the herds’ number of

cow-years, multiplied by one hundred. Reports of respiratory dis-
ease was  available at the individual level, and this information was
dichotomized to whether or not  the herd had one or more animals
with reported respiratory disease during the year of 2012. Herds
that were not NDHRS members, or had incomplete registrations
during this time, had to be excluded from the risk factor analysis,
but  were still included in prevalence estimates, point maps and
isopleth maps. For an overview of eligible, sampled and analyzed
herds see Fig. 2.

Data on animal movements between holdings were provided
by  the Norwegian Food Safety Authority, and in-degree was  cal-
culated as a measure of animal purchase as described in  Section
2.4. Access to recordings on the location of each herd, given by
geographic coordinates (latitude, and longitude, projection: EPSG:
4326-WGS 84), was  provided by Tine, Norwegian Dairies SA.  No
information on the location of non-dairy cattle holdings was avail-
able. As a measure of proximity to neighbors, the mean Euclidian
distance to the five closest dairy herds was calculated. This calcu-
lation also included herds outside the study area to avoid biased
values for herds close to the county borders. The date at which the
sample was collected by the tank milk driver, was divided into two
categories: winter; December 1st–March 31th vs. summer; April
1st–June 30th.

2.4.  Animal movements

In  this study, the term ‘animal movement’ refers to change
in  ownership of an animal. Registration of cattle purchases is
mandatory in Norway. In-degree was used as a measure of live-
stock movement, and is the number of direct ingoing contacts,
from individual herds, through animal purchase (Nöremark and
Widgren, 2014).  In-degree was  calculated as a sum of purchases
from individual herds for a  period of almost five years; January 1st
2008–December 5th 2012. I.e. an in-degree of five for  a given herd
in  this study indicates that the herd has purchased live animals
from five different holdings during the five year period described.
Purchases reported after December 5th were excluded from the
in-degree calculations because this was  the date of collection of
the  first BTM sample. A total of 347 holdings had not registered
purchases during this time period. This was assumed to be true
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and no herds were excluded due to missing values, but herds with
inconsistent duplicate registrations were omitted (Fig. 2).

2.5.  Risk factor analysis

2.5.1. Univariable analyses
A  total of 1194 out of the 1347 sampled herds, or 89%, had com-

plete records, and were included in the risk factor analysis. To assess
the probability of selection bias the proportion of positive herds
was calculated for the 153 herds (11%) that did not have com-
plete  NDHRS records as well as all sampled herds. Herds lacking
geographic coordinates were excluded from the maps and spatial
analyses (Fig. 2).

Univariable analyses for a set of 11 predictors were performed in
order to select which variables to include in the multivariable mod-
els.  These predictors were chosen from the available data based
on  a causal diagram and biological plausibility of an association
with the dichotomized test result of BRSV and BCoV antibodies in
BTM.  The same variables were evaluated for both viruses. Contin-
uous variables assessed for  an effect on the outcome were: herd
size, herd disease incidence, average milk production per cow-year,
replacement rate, mean SCC in BTM, geographic coordinates and
average distance to the five nearest herds. The continuous variables
were included as such in the analyses unless otherwise mentioned.
Dichotomous variables were: time of sampling (winter; December
1st–March 31th vs. summer; April 1st–June 30th) and whether
or  not the herd had reported respiratory disease the year before
sampling. The association between in-degree and the outcome was
assessed treating in-degree both as a  continuous- and as a categor-
ical  variable. For analytical and interpretational reasons in-degree
was  eventually included as a  categorical variable with three cat-
egories: category 1 for 0–1 direct ingoing contacts, category 2 for
2–9  direct ingoing contacts and category 3 for more than 9 direct
ingoing contacts.

For all variables the association with the outcome was evalu-
ated by simple logistic regression (Wald-test), and the predictor
was  included in the subsequent model-building process if the p-
value < 0.2.

Linearity of continuous predictors was assessed by grouping
observations in groups of equal size, and making plots of the group
means against the log odds of the outcome. In case of non-linearity,
different transformations were evaluated. To  avoid multicollinear-
ity  in the model, correlation coefficients between all pairs of two
predictors were calculated before the multivariable analysis was
performed (Dohoo et al., 2003).

2.5.2. Multivariable analyses
Based upon the significant associations from the univariable

analyses, two logistic regression models with different outcomes
were  built: one with the BRSV antibody status of the herd as the
outcome and the second with BCoV antibody status as the outcome.
Large  scale trends, also called first-order spatial effects, relate to
variation in the mean value of a spatial process (Dohoo et  al., 2003),
and  to control for possible first-order effects the x-coordinate (lon-
gitude) and y-coordinate (latitude) were added in the model as
continuous variables. Biologically plausible pairwise interactions
between significant variables from the final models were assessed
by  adding their cross-product in the model and then determining
if  the coefficient for the term was statistically significant. For inter-
actions, a more stringent criterion was used for model inclusion
(p  < 0.02) in order to choose the most parsimonious model. Possible
confounding factors were identified through a  causal diagram and
monitored by calculating the changes in other covariates when one
factor  was added and withdrawn from the model. The final models
were fitted using a manual backward stepwise procedure, with a
selection threshold of p < 0.05. The area under the curve (AUC) of

the receiver operating characteristic (ROC) was used to evaluate
overall model performance, and the Hosmer-Lemeshow test was
used as a test for the modelı́s goodness of fit, with data grouped in
ten groups on the basis of percentiles of estimated probability.

Pearson and standardized deviance residuals were calculated
for  both models. To detect possible influential observations, Q–Q
plots of Pearson residuals were made, and the delta beta statistics
were  calculated. Observations with high residual values or delta
beta value above 0.2 were omitted, and the analyses were rerun to
evaluate their impact on the estimates.

2.6. Spatial patterns

2.6.1. Point maps and maps of the prevalence risk distribution
All maps were created using QGIS 2.4.0  (QGIS Development

Team, 2014). Point maps were created to show the point loca-
tion  of all  study herds with respect to their antibody status for
the two viruses. Kernel density estimation was  used for both
BRSV  and BCoV positive herds in addition to all  herds, using the
isotropic Gaussian kernel function implemented in the “spatstat”
library in  R (Baddeley and Turner, 2005).  Kernel density estimation
is  a weighted moving average method that can be used to esti-
mate  the intensity, or mean function, for point processes (Berke,
2005).  The resulting values can be presented as a raster map
with one density value for each grid cell. A common fixed band-
width determined from the coordinate ranges from the study herds
((1/8)  × min(xrange,yrange)) was used. Dividing the range distance by
eight  was done to avoid over smoothing the intensity function, as
reported elsewhere (Vanderstichel et  al., 2015).  Generating a risk
map  with spatial point data (locations of cases and non-cases) is
based on the ratio of two intensities as described by Berke (2005).
Thus,  the isopleth map  showing prevalence risk on a smoothed
color scale was made by dividing the Kernel density raster layer
for  the cases by the Kernel density raster layer for the background
population.

2.6.2. Local clusters
The spatial scan statistic test was applied to explore spatial clus-

ters  of positive herds by using the software SaTScan version 8.1.1
(Kulldorff, 2009).  The spatial scan statistic can analyze spatial point
data (Kulldorff and Nagarwalla, 1995; Kulldorff, 1997), and cluster
detection is done by gradually scanning a  window across space, not-
ing  the number of observed and expected observations inside the
window at each location (Kulldorff, 2015). Clusters of positive herds
were detected using the Bernoulli model with analysis settings as
purely spatial, scanning for areas with high rates and maximum
spatial cluster size 20% of population at risk. No  overlap of clusters
was  allowed. Results from the analyses includes location of clus-
ters, the value of observed/expected cases, the relative prevalence
(not shown) and a p-value for each cluster obtained by the Monte
Carlo method (999 iterations).

To evaluate spatial clusters of positive herds first after correcting
for  first order effects and then after adjusting for other herd level
risk factors, two  sets of logistic regression models were built using
BRSV-  and BCoV-test results (0/1) as the outcome. One set included
only the x-  (longitude) and y- (latitude) coordinates (called the
xy-models). The other set also included the predictors of inter-
est that remained in the model as described in section 2.5.2. After
model diagnostics and evaluation of model fit, the deviance resid-
uals from all  four models were obtained and analyzed using the
spatial  scan test under the normal probability model with analysis
settings as purely spatial, scanning for areas with high values of
residuals, and maximum spatial cluster size 20% of population at
risk.  No  overlap of clusters was  allowed. The output reports key
statistics, including the location, the number of herds, the log-
likelihood ratio and a  p-value for each cluster obtained by the
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Table  1
Mean, standard deviation (STD) and range for herd parameters obtained from NDHRS from the year 2012 in 1194 dairy herds, included in a study of BRSV and BCoV as
measured  by bulk tank milk antibodies in the study area of Sogn og Fjordane and Møre og Romsdal county on the  northwest coast of Norway.

Variable Mean Overall mean STD Range

BRSV+ BRSV− BCoV+ BCoV−
Herd size 25.8 16.8 23.3 14.9 20.9  14.7 3.3–123.6
Average  milk production per cow-year, in kg 7295 7161 7306 7012 7222 1123 2984–13682
Mean  somatic cell count in BTM 122.8 116.0 121.3 113.0 119.1 40.4 24–273
Mean  distance to the 5 nearest herds, in km 1.8 2.3 1.9 2.6 2.1 1.7 0.19–18.0
Replacement  rate 41.9 42.2 42.9 40.0 42.0  16.9 0–128(IQR: 31–51)
Herd  disease incidence* 94.0 91.4 95.2 86.0 93  66.9 0–500
In-degree** 2 2 2  1 2  9.7 0–181

* Herd disease incidence per 100 cow-years (year 2012).
** In-degree: median number of direct ingoing contacts through animal purchase over a period of almost five years.

Monte Carlo method (999 iterations). Because the same modelling
approach was used for the spatial assessment of the residuals from
both  the xy- and the final model it was possible to compare the
spatial clusters of residuals before and after correcting for the risk
factors.

3.  Results

3.1. Study population

Mean values, standard deviations and ranges of descriptive
parameters for the study population are presented in Table 1. The
overall apparent prevalence of seropositive herds in  the study area
was  46.2% for BRSV, and 72.2% for BCoV. 40.7% of all  herds were
positive for both viruses and 22.3% were negative for both viruses
on  BTM. This means that a herd which is antibody positive for  one
virus  had a 5.3 times increased odds of positivity for the other virus.
The prevalence of positive herds was higher in  the northern county
(Møre  og Romsdal), 54.4% for BRSV and 79.8% for BCoV, compared
to  the southern county (Sogn og Fjordane), where the prevalence
of  BTM positive herds was 36.7% for BRSV and 63.4% for BCoV.

Based on the sensitivity and specificity of the ELISA tests given
by  the manufacturer, the calculated true prevalence was 49.1% for
BRSV and 85.3% for BCoV. For the 153 herds (11%) that provided
milk samples but were not  part of the multivariable analyses (see
Fig. 2), the prevalence was 50.3% and 77.1% for BRSV and BCoV,
respectively.

Vaccination against BRSV was known to have been used in  a
total  of six herds before the time of sampling. Five of these where
in  the northern county (Møre og Romsdal) and one in the south-
ern county (Sogn og Fjordane). It  was decided not to exclude any
herds  due to vaccination because vaccination was so rarely used
and  because the herds that had used it reported a prolonged his-
tory of respiratory disease and were likely to be antibody positive
on BTM sampling regardless of the use of vaccine. Regarding the
BCoV vaccine, no units of the vaccine were sold to pharmacies
in  the study area during 2012. This is not a guarantee that it
is  not used, but strongly implies limited use, and thus the risk
that use of vaccine would influence the results was  considered
negligible.

3.2. Animal movements

Incoming animal movements were registered from most parts
of  the country, but the majority of purchases were across short
distances within the study region. For the 1194 herds that had com-
plete records, the median in-degree over the period of almost five
years (January 1st 2008–December 5th2012) was 2 – with a range
of 0–181.

3.3.  Multivariable model

Time of year for sampling was  excluded from the model due to
collinearity with the geographic coordinates (r = −0.79 for x and
r  = −0.81 for  y). The x-  and y-coordinates were also correlated
(r  = 0.71), which was expected due to the north-east slope of the
coastline.  Because no herds are located off-shore, an increase in
y  will  tend to entail an increase in  x. The stability of the models
was  tested by removing the coordinates one at a  time, fitting the
model  with only the x-coordinate, only the y-coordinate and both.
No  substantial changes were observed in the estimates for the other
covariates in  the model, and it was  decided to keep  both coordi-
nates  despite the correlation in order to correct for large geographic
trends  (first order effects) so that any remaining geographic varia-
tion  in the residuals could be attributed to local dependence. The
distance to the five closest dairy herds showed lack of linearity with
the log odds of the outcome, and was therefore log transformed
(natural logarithm).

3.3.1. BRSV-model
Variables included in the final BRSV logistic regression model

were:  herd size, x- and y-coordinates and log of mean distance to
the  five closest dairy herds (in  km). Results from the BRSV logistic
regression model are shown in Table 2. The area under the ROC
curve was  0.73, and the p-value of the Hosmer-Lemeshow goodness
of fit  test with ten groups was  0.91 indicating acceptable overall fit
of  the model. Calculation of the delta beta statistics revealed no
obvious outliers and no observations had delta beta >0.2.

3.3.2. BCoV-model
Variables included in the final BCoV logistic regression model

were:  herd size, herd disease incidence, x- and y-coordinates, log

Table 2
Estimated odds ratios with 95% CI and coefficients with standard errors, along with p-values based on a logistic regression model on factors associated with herd level
BRSV-status  as measured by antibodies in bulk tank milk  in 1194 dairy herds in two  counties on the  west-coast of Norway.

Variable OR 95% CI Coefficient Std. Error P-value

Herd size 1.05 (1.04–1.06) 0.046 0.006 <0.01
x-coordinate  (longitude) 0.60 (0.49–0.72) −0.53 0.01 <0.01
y-coordinate  (latitude) 3.55 (2.58–4.90) 1.27 0.16 <0.01
Log  of mean distance to 5 nearest herds, in km 0.53 (0.44–0.64) −0.63 0.09 <0.01
Constant  – −76.08 9.66 <0.01
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Table  3
Estimated odds ratios with 95% CI and  coefficients with standard errors, along with p-values based on a logistic regression model on factors associated with herd level
BCoV-status  as measured by antibodies in bulk  tank milk in 1194 dairy herds in two  counties on the  west-coast of Norway.

Variable OR 95% CI Coefficient Std. Error p-value

Herd size 1.05  (1.03–1.07) 0.052 0.009 <0.01
Herd  disease incidence* 1.003 (1.001–1.005) 0.003 0.001 <0.01
x-coordinate  (longitude) 0.78  (0.63–0.95) −0.25 0.11 0.017
y-coordinate  (latitude) 3.54 (2.53–4.95) 1.26 0.17 <0.01
Log  of mean distance to 5 nearest herds, in km 0.46  (0.37–0.56) −0.78 −0.78 <0.01
In  degree**, category 1 1,  reference
In  degree, category 2 1.73 (1.28–2.34) 0.53 0.15 <0.01
In  degree, category 3 5.97 (2.94–12.10) 1.80 0.36 <0.01
Constant  – −77.02 10.12 <0.01

* Herd disease incidence per 100 cow-years (year 2012).
** The number of a herd’s direct ingoing contacts through animal purchase from unique herds over a period for almost five years. Category 1 includes herds with in-degree

0–1,  category 2 for in-degree 2–9 and  category 3 for in-degree more than 9.

Fig. 3. Point map  showing the location of 1336 dairy herds in the  study area at  the  northwest coast of Norway. Herds were classified based on antibody-ELISA of one bulk
tank  milk sample collected during the period December 2012  to June 2013, and  positive herds are marked as red dots whereas negative herds are marked as blue triangles.
Map  A shows BRSV antibody status and Map  B shows BCoV antibody status.

of the distance to the five closest dairy herds and in-degree. After
the  introduction of in-degree the variables “replacement rate” and
“reported respiratory disease” were no longer positively associated
with BTM positivity. Results from the logistic regression model are
shown in Table 3. The BCoV model had an area under the ROC
curve of 0.81, and a Hosmer-Lemeshow goodness of fit test with
ten  groups gave a p-value of 0.63, indicating good overall fit of the
model. Calculation of the delta beta statistic detected five possible
influential observations (delta beta >0.2). However, omitting these
did  not substantially influence the model estimates. The model had
lowest predictive ability for large BCoV negative herds, with a rel-
atively short distance to the five nearest dairy herds, located in  the
northern county. These herds were BCoV-negative despite the high
probability of a positive outcome predicted by the model.

3.4.  Spatial patterns

3.4.1. Point maps and maps of prevalence risk distribution
The point location of all study herds are shown in  Fig. 3. Ker-

nel  density estimation was used to make smoothed maps of the
prevalence risk distribution for evaluation of large trends regard-

ing spatial variation of positive herds for the two  viruses. These
maps show the density of positive herds over and above the den-
sity  of the background population, and are shown in  Figs. 4 and 5.
The  spatial distribution of risk is  similar for the two  viruses with the
highest prevalence risk in  the northwestern region, and the lowest
prevalence risk in the south.

3.4.2.  Local clusters
Application of the spatial scan test under the Bernoulli model

identified five spatial clusters of BRSV-positive, and four of BCoV-
positive herds (p < 0.05). The BRSV-positive clusters included from
15 to 182 herds and the ratio of observed/expected cases ranged
from 1.91 to 2.17. For clusters of BCoV-positive herds the num-
ber  of herds in a  cluster ranged from 30 to 160 and the ratio of
observed/expected cases ranged from 1.23–1.39.

The location of spatial clusters of high values of deviance residu-
als  from the xy-models and the final models are shown in Fig. 6. Key
statistics from the analyses are shown in Table 4. A spatial cluster of
high values of residuals is an area with an excess of cases based on
what is  expected under the current model. For the xy-models clus-
ter analysis using the spatial scan test identified several areas with
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Table  4
Key statistics from the cluster analyses of residuals from the logistic regression model with x- and y-coordinates as the only predictors, and the  final logistic regression model
with  all risk factors included, for BRSV and  BCoV antibodies in bulk tank milk in 1194 dairy herds in two  counties on the northwest coast of Norway. “Mean inside” and  “Mean
outside”  refers to the mean value of deviance residuals inside and outside the cluster, respectively.

Number of cases Mean inside Mean outside Standard dev. Log-likelihood ratio p-value

BRSV xy-model:
1.  cluster 180 0.66 −0.15 1.11 39.92 0.001
2.  cluster 41 1.21 −0.072 1.12 25.08 0.001
3.  cluster 31 1.08 −0.057 1.13 15.13 0.001
4.  cluster 16 1.38 −0.047 1.14 12.30 0.005
5.  cluster 10 1.55 −0.041 1.14 9.64 0.040
6.  cluster 30 0.86 −0.051 1.14 9.38 0.044

BRSV  final model:
1. cluster 180 0.58 −0.13 1.06 33.32 0.001
2.  cluster 41 0.90 −0.060 1.08 15.51 0.001
3.  cluster 31 0.96 −0.053 1.17 13.22 0.003
4.  cluster 16 1.25 −0.044 1.08 11.27 0.009

BCoV  xy-model:
1.  cluster 160 0.64 0.047 1.03 22.15 0.001
2.  cluster 52 0.86 0.092 1.04 13.52 0.001
3.  cluster 233 0.43 0.052 1.04 12.47 0.001
4.  cluster 72 0.69 0.090 1.04 11.31 0.003

BCoV  final model*:
1.  cluster 72 0.69 0.067 0.96 13.86 0.001
2.  cluster 37 0.88 0.080 0.96 12.46 0.001
3.  cluster 122 0.50 0.060 0.96 11.44 0.003
4.  cluster 233 0.34 0.048 0.96 8.32 0.027

* Note that for BCoV the order of the clusters are not the same from the  two  models because of change in log-likelihood ratio. The 1.  cluster from the final model is
equivalent  (regarding location) to the  4. cluster from the xy-model.

Fig. 4. Isopleth map  of the prevalence risk distribution of BRSV-positivity based on
classification of herds by antibody ELISA on bulk tank milk. Samples were collected
during  the period December 2012–June 2013, and 551 out of 1336 dairy herds were
BRSV  antibody positive.

high values of deviance residuals. These clusters consist of positive
herds with a low probability of positivity predicted by the model,
i.e.  the herds were expected to be negative when correcting for
large  (first order) geographic trends. Clusters with a p-value > 0.05
were excluded. The cluster analyses of model residuals detected six
spatial clusters of BRSV-positive, and four of BCoV-positive herds.
The  BRSV-positive clusters included from 10 to 180 herds, two clus-
ters  were located in Møre og Romsdal, one on the border between
the  two counties, and three were located in Sogn og Fjordane. For
clusters of BCoV-positive herds the number of herds in  a cluster
ranged from 52 to 233, one cluster was located in  Møre og Roms-

Fig. 5.  Isopleth map  of the prevalence risk distribution of BCoV-positivity based on
classification of herds by antibody ELISA on bulk tank milk. Samples were collected
during  the  period December 2012–June 2013, and 863 out of 1336 dairy herds were
BCoV  antibody positive.

dal and the other three in  Sogn og Fjordane. The most northern
cluster had approximately the same geographic location for both
viruses, a peninsula in  the northwest of Møre og Romsdal (Romsdal-
shalvøya). For the final models the deviance residuals were spatially
clustered in four locations for both viruses (p < 0.05, Fig. 6). For the
BRSV-model the number of clusters was reduced, but the changes
in  log-likelihood ratio of the remaining clusters were small. For
BCoV  the number of clusters remained the same, but there were
substantial changes in  the log-likelihood ratio, see Table 4.

The  spatial scan statistic will search for clusters with high values
of residuals, and what is considered high values is  relative to the
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Fig. 6. Geographic map  of the study area indicating the location of clusters of high values of deviance residuals from the BRSV (A and B)  and BCoV (C and  D) logistic regression
models.  Clusters from xy-models are shown in A  and C,  and spatial clusters of high values of deviance residuals after correcting for all the  risk factors in the final logistic
regression  models are depicted in B and D. Analyses were  performed for n  = 1194 herds in the study area situated in the  northwest part of Norway. Clusters were detected
using  the normal probability model of the spatial scan statistic, and all clusters have a p-value < 0.05. Clusters are sorted according to likelihood ratio, with the most likely
cluster  as number one (number displayed in the center).

rest. The reference values was different for the BRSV and the BCoV
models because the BRSV models had higher values of residuals on
average both for the xy-model and for the final model. This means
that the evaluation of spatial clusters must be interpreted as clus-
ters  of unexplained variation in the outcome for that model, and
comparison of the spatial clusters of BRSV positive herds and BCoV
positive herds must be done with caution.

4.  Discussion

The overall apparent prevalence of seropositive herds in  the
study area was 46.2% for BRSV and 72.2% for BCoV, which is  low
compared to reports worldwide (Paton et  al., 1998; Uttenthal et al.,
2000; Ohlson et al., 2010).  This is  also lower than estimates from
previous studies in Norway using serologic methods (Gulliksen
et  al., 2009; Klem et al., 2013).  The present study classified herds
according to detection of antibodies measured in a  milk sample
taken  from the BTM. This methodology generally increases the
prevalence of a disease when compared to individual sampling of a
group of young animals –  the method used by the previous Norwe-
gian studies. Hence, it makes the discrepancy between the present
study and the previous ones even larger, and is most likely due to

differences between study regions. The study region was  selected
as it was believed it would contain a mix of BTM positive and neg-
ative  herds. The large variation in prevalence across regions is  in
agreement with a  study performed by  Klem et al. (2013).

For both models the odds of being BTM positive increased from
south to north (latitude) and for BRSV from east to west (longi-
tude). These large trends can be interpreted as first order effects,
but because the time of sample collection was  correlated with the
geographic coordinates, and had to be omitted from the model, the
observed geographic trends cannot with complete certainty be sep-
arated from a  possible temporal effect. About 40% of the herds were
positive against both  BRSV and BCoV, and the odds of being pos-
itive for one virus were approximately five times larger if a  herd
was  positive for the other virus. The large proportion herds with
antibodies against both viruses was  not surprising given known
common risk factors.

Herd size was positively associated with seropositivity for both
BRSV  and BCoV. Increasing the herd size by one cow-year increased
the estimated odds of being antibody positive by 5% for both viruses.
This corresponds to a 72% and 84% increase in  the odds of BTM pos-
itivity when increasing the herd size across the interquartile range
for  BRSV and BCoV, respectively. The association between herd size
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and BRSV and BCoV positivity is  well documented (Tråvén et al.,
1999; Norström et al., 2000; Solís-Calderón et  al., 2007; Ohlson
et  al., 2010). The dairy production in  Norway is  typically organized
in  small units with a  mean of 24.2 cow-years per  herd in  2013
(Anon., 2015). Even though this  is smaller than in  most developed
countries this association holds true. The reason for the associa-
tion  remains unclear; however, it may  be linked to larger herds
having more indirect contact for instance via visits from veteri-
narians, AI technicians, advisory personnel or others (Norström,
2001). Furthermore, herd size might be associated with differences
in  management, and larger herds might provide better conditions
for  intra-herd virus circulation.

It is interesting that in-degree was only a  significant predictor
in  the BCoV model, and not for BRSV. For the study population, the
majority of purchased livestock came from within the region, and
the  fairly low herd level prevalence of BRSV in  this region could
explain why the number of ingoing contacts (in-degree) was not
associated with BRSV positivity. The most commonly purchased
animals are calves and young-stock, and because the prevalence
on  calf level is lower than on herd level, the risk of buying a young
animal with either current viral infection or antibodies might not be
high enough to show an association with the outcome. The preva-
lence of BCoV is higher, and thus the risk of buying antibody positive
or  infected animals is also higher, and more likely to affect the
BTM  result. A biological explanation behind differences in the like-
lihood of direct transmission between the two viruses should also
be  considered. An important difference in the pathogenesis of the
two viruses is that BCoV replicates both in cells in the respiratory
tract and intestinal epithelial cells, leading to shedding of virus in
nasal secretions as well as in feces (Boileau and Kapil, 2010).  On
the other hand, BRSV only replicates in  cells of the respiratory tract
(Valarcher and Taylor, 2007).  However, several important aspects
of  the pathogenesis are common for the two viruses: Shedding
of virus is highest in the acute stage of the infection and disease
can  vary from subclinical to severe (Larsen, 2000; Cho et al., 2001;
Boileau and Kapil, 2010).

Increasing mean distance to the 5 nearest dairy herds was  asso-
ciated with a significant decrease in  odds of BTM positivity for
both  viruses. Association between existence of bordering herds and
BRSV was also found by Saa et al. (2012).  Another study found that
the odds of BCoV positivity decreased as the distance to the near-
est  cattle herd increased, but no association was  found for BRSV
(Ohlson et al., 2010). Norström (2001) found an increased risk of
outbreak of BRSV if at least one positive herd was within a radius
of 500 m of a herd. BRSV and BCoV are enveloped viruses, with
relatively short survival time outside the host, depending on envi-
ronmental factors such as temperature, humidity and light (Hall
et  al., 1980; Larsen, 2000; Wolff et al., 2005; Casanova et al., 2010).
As  the number of infective virions on equipment decreases over
time, the likelihood of indirect transmission by fomites decreases
with  increasing travelling time and therefore distance. Distance to
neighbors will also influence on the number of possible indirect
contacts for a herd, and thus the likelihood of exposure. This effect
might be more evident during periods of high infectious pressure
(epidemics). It is also possible that the distance between herds is
associated with the risk of direct transmission, if animals in  herd
dense areas have more contact during pasture time in  the sum-
mer. However, we did not have any information on the location of
pastures.

The  results of this study show that the geographic distribution
of  BRSV and BCoV in the study area are far from uniform, and
that  there are both local high risk clusters (Fig. 6), and large geo-
graphic trends (Figs. 4 and 5).  The cluster analyses on the residuals
showed that some of the local dependence changed when correct-
ing  for other risk factors. In other words, local dependence seems
to  be partially explained by spatial variation in the distribution

of risk factors included in the logistic regression model, such as
proximity to neighbors, herd size and large geographic trends (x-
and y-coordinates). However, spatial clusters of high residual val-
ues from the final models indicates that there are still spatially
dependent unmeasured risk factors. No  information on biosecu-
rity was  available and good hygiene and husbandry practices could
be an unmeasured preventive factor. A study by  Ohlson et al. (2010)
showed a  preventive effect of using boot covers on BCoV positivity.
Other non- measured potential risk factors that could be spatially
dependent include the use of common grazing, and historical data
on previous disease outbreaks. Both winter dysentery and respi-
ratory  disease typically occur as epidemics with years between
(Boileau and Kapil, 2010). An  epidemic spread of these viral infec-
tions  might cause all, or the majority of, herds in an area to be
antibody positive, and thus affect the spatial distribution of positive
herds for years.

For BCoV the number of clusters remained the same after cor-
recting for the risk factors in  the final model, however with large
changes in  the likelihood ratio. These changes in the log-likelihood
ratio  mean that adjusting for geographic differences in  herd size,
proximity to neighbors and in-degree results in  a  more random dis-
tribution of the residuals. However, the effect was not uniform for
all  clusters, indicating that the effect of the risk factors might not
be  the same in all  areas. Compared to the BRSV-model, the mod-
erate values of observed/expected for the BCoV clusters from the
Bernoulli model also support that local dependence might be more
important for BRSV than for BCoV. The spatial clusters of BRSV anti-
body positive herds had high values of observed/expected from
the Bernoulli model, and there were relatively small changes in
log-likelihood ratio of the clusters between the xy- and the final
model, which might indicate strong local dependence. This also
agrees with the lower predictive ability of this model compared to
the  BCoV model (AUC values 0.73 and 0.81, respectively). For BRSV
the results imply the existence of spatially dependent unmeasured
risk factors and that each herd relies strongly on the status of its
neighbors, thus indicating the importance of indirect transmission
routes. The implementation of a  high level of biosecurity could,
therefore, be important to prevent virus introduction. The higher
overall predictive ability of the BCoV model compared to the BRSV
model  means that despite a higher overall prevalence of BCoV it
is  easier to predict the serologic status of a herd, or to locate “high
risk herds”, for BCoV than for BRSV, based on the number of animals
purchased and relatively constant factors like herd size, proximity
to  neighbors and location. The difficulty in finding strong associa-
tions between the investigated risk factors and BRSV positivity, and
the  strong local dependence, could mean that the spread of BRSV in
this  region has been of a more epidemic character, involving more
stochasticity than what has been the case for BCoV.

Classification of herds in this study was based on a single BTM
sample. The use of BTM serology cannot be relied on to give an
updated picture of the infection status of a herd because animals
shed  antibodies for years after infection (Alenius et al., 1991; Tråvén
et  al., 2001; Klem et al., 2014b). The proportion of herds with ongo-
ing  or recent infection is  therefore likely to be much lower than the
prevalence of BTM-positive herds. Several other diagnostic options
for  classification of herds with respect to BRSV and BCoV status
exists. Serology of individual animals, either using milk or blood
samples, can give a  more recent picture of the herds’ infection
history  than BTM samples, depending on the age and number of
animals sampled. (Ohlson et al., 2009; Klem et al., 2013).  The ideal
method for classifying herds with respect to detecting virus circu-
lation would be to detect the virus; however, this is demanding on
a  larger scale (Klem et al., 2013).

The  antibody ELISA tests used to classify herds as either positive
or  negative for  either virus are imperfect. This means that there
will be some misclassification of outcome, which could lead to an
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underestimation of prevalence. (Estimates of true prevalence are
shown in Section 3.1). However, as previously mentioned, preva-
lence  estimates based on bulk tank milk serology will be much
higher than the proportion of herds that have circulating virus, so
compared to this the inaccuracy introduced by an imperfect test is
negligible. When evaluating the effect of the risk factors, misclas-
sification of the outcome was considered non-differential because
the  performance of the tests was not believed to be associated with
any of the risk factors. Hence, this is  not likely to have influenced
the  results.

The internal validity of this  study was deemed high as all dairy
herds in the study area were equally likely to be sampled and
included in the study. The high proportion of sampled herds (73%
of  all eligible herds) also minimizes the risk of severe selection bias
that could have affected the validity of the study. However, the
prevalence estimates in the 153 herds that were excluded from
the  multivariable analysis due to incomplete NDHRS registrations,
were slightly higher than for the entire population of sampled
herds, which could indicate differences in, for example, manage-
ment. But because the excluded herds represented only 11% of
the  sampled herds, and the difference in prevalence was modest,
the  introduced bias is likely to be small. The unknown location
and BRSV-/BCoV status of beef herds in the area could potentially
bias  the results if the proximity to neighbors variable is incorrectly
specified. However, the authors believe it is  unlikely that their geo-
graphic distribution differs substantially from the distribution of
dairy herds. The x- and y-coordinates were included in the mod-
els  to reduce spatial heterogeneity. However, spatial correlation
structures in the data may  be more complex than a simple latitu-
dinal/longitudinal gradient. In case of overdispersion due to spatial
autocorrelation, this could alter the effective sample size, leading to
increased chance of Type I  error. However, given the low p-values
and the inclusion of the x- and y-coordinates in the models, it  is
unlikely that the significance or direction of the effect estimates
would change. The results of this  study are believed to be repre-
sentative for the Norwegian dairy herd as a whole, because the
management systems for dairy production are comparable across
the  country. The external validity is  therefore deemed good, and
the  results might also be valid for other temperate areas of smaller-
scale dairy production.

The study demonstrates that the herd level prevalence of BRSV
and BCoV as measured by antibodies in bulk tank milk varied con-
siderably in the region investigated. Of all the herds, about 40%
were  positive for both viruses. Several herd level risk factors were
of  importance for both BCoV and BRSV, such as herd size, geo-
graphic location and distance to neighboring herds, and for BCoV
also  in-degree. Adjusting for these risk factors explains some of
the spatial clusters of positive herds, but spatial clusters of unex-
plained variation in the outcome was also detected. The remaining
local  dependence indicates that the antibody status of one herd is
influenced by the antibody status of its neighbors and that indi-
rect  transmission is likely to be important. This means that a  joint
effort in terms of implementing preventive measures in  an area
could  be an effective way to lower the prevalence of these infec-
tions. Measures should involve caution when purchasing livestock,
implementing a high level of biosecurity and increased awareness
among farmers and other people travelling between herds in  order
to  prevent between-herd transmission of virus.
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ABSTRACT

Winter dysentery (WD) is a contagious disease 
caused by bovine coronavirus. It is characterized by 
acute onset of diarrhea, fever, depression, and reduced 
milk yield in adult cattle. Although production loss is 
a well-known consequence of WD, large-scale studies 
estimating the effect on milk production are lacking. 
The objective of this study was to estimate the effect 
of farmer-reported WD on herd-level milk production 
and milk composition. A cohort study was performed 
based on reports of herd outbreaks of winter dysentery 
during a regional epidemic in Norway during the winter 
of 2011–2012. Reports were made by farmers, and di-
agnosis was based on a herd outbreak of acute diarrhea 
in adults. Milk shipment data were retrieved from the 
dairy company, and information on herd size and milk-
ing system were retrieved from the Norwegian Dairy 
Herd Recording System. We compared milk production 
in herds with reported outbreaks of WD (n = 224) with 
all herds in the same area without a reported outbreak 
(n = 2,093) during the same period. The outcome vari-
able in the analysis was milk volume per cow per day, 
and the main predictor was whether the herd had a 
reported outbreak of WD or not. We assessed the effect 
of WD on milk production by fitting a linear mixed 
model, adjusting for milk production in the herd before 
the outbreak. Similarly, we assessed the effect of WD 
on milk composition using linear regression, adjusting 
for the levels of milk components before the outbreak. 
This study estimated a total loss of 51 L/cow during 
the study period, from 7 d before to 19 d after a report-
ed outbreak. The lowest estimated production was 2 d 
after the outbreak was reported, when the average milk 
yield was 19.4 L/cow per day, compared with 23.0 L/
cow per day 7 days before notification (i.e., a difference 
of 3.6 L/cow, or 15%). The effect gradually declined 
with time. The estimated effect on milk composition 
was modest, but an increase of 11% in free fatty acids 

and a small increase in fat/protein ratio indicated that 
WD might put cows into negative energy balance. De-
scriptive analysis indicated that herd milk yield was 
still reduced 4 mo after an outbreak. This cohort study 
showed that WD causes considerable decreases in milk 
production, and it alters milk composition. These find-
ings highlight the important negative consequences of 
WD, and should motivate actions to prevent between-
herd spread of bovine coronavirus.
Key words: dairy, bovine coronavirus, milk 
composition, milk yield

INTRODUCTION

Winter dysentery (WD) in dairy herds is character-
ized by the sudden onset of diarrhea in several adult 
cattle (Clark, 1993). It typically occurs as epidemics 
during the winter, and is caused by bovine coronavi-
rus, which is endemic in cattle populations worldwide 
(Saif, 1990; Alenius et al., 1991; Paton et al., 1998; 
Boileau and Kapil, 2010). Previous studies have shown 
high prevalence in the Norwegian national dairy herd 
as well. Gulliksen et al. (2009) found that 39% of exam-
ined calves were antibody positive, and Toftaker et al. 
(2016) found antibodies in bulk tank milk in 72% of all 
study herds. Bovine coronavirus also causes calf diar-
rhea and respiratory disease in both calves and adult 
animals (Boileau and Kapil, 2010). The clinical signs of 
WD include watery diarrhea with or without blood in 
the feces, fever, depression, decreased milk production, 
anorexia, and sometimes cough or nasal discharge (Boi-
leau and Kapil, 2010). Mortality is low, but morbidity in 
affected herds is high, and outbreaks can result in poor 
herd health and reduced animal performance (Clark, 
1993; Tråvén et al., 2001; Boileau and Kapil, 2010). Re-
duced milk production is an important consequence for 
the farmer, because of associated economic losses. The 
acute drop in milk yield associated with WD is well 
known, but estimates of the magnitude of this drop are 
often based on a few animals or on outbreaks in only a 
few herds. Furthermore, the reported magnitude of this 
drop varies widely (Durham et al., 1989; Fleetwood et 
al., 1989; Tråvén et al., 2001).
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Diseases associated with reduced general condition 
often result in reduced milk production. A rapid de-
crease in milk yield has been described for several viral 
diseases in cattle, including foot and mouth disease, 
bovine herpesvirus 1 infection, and bovine leukemia vi-
rus infection (Lyons et al., 2015; Statham et al., 2015; 
Yang et al., 2016). Studies have also shown that viral 
infections can affect milk quality (Rola et al., 2015; 
Yang et al., 2016). However, this has not previously 
been shown for WD on a larger scale. Possible effects 
on milk composition are important because altered 
composition could adversely affect milk quality, which 
in turn has economic consequences for the farmer and 
the processing industry.

The Norwegian dairy herd is a suitable study popu-
lation for quantifying the effects of WD, because the 
presence of other endemic diseases that could confound 
results is low. This also means that the list for differ-
ential diagnosis of WD is limited. Norwegian cattle are 
free of many infectious agents such as bovine viral diar-
rhea virus, bovine herpes virus 1, Mycobacterium avium 
ssp. paratuberculosis, and Brucella abortus, and they 
are virtually free of Salmonella spp. (prevalence <0.5% 
in farmed species; Sviland et al., 2015; Åkerstedt et al., 
2016a; Åkerstedt et al., 2016b; Heier et al., 2016).

The endemic occurrence of bovine coronavirus regu-
larly causes respiratory disease and diarrhea, and is a 
concern for animal health and economic sustainability 
(Gulliksen et al., 2009; Klem et al., 2014). Large-scale 
observational studies estimating the effect of WD on 
milk production under field conditions are lacking, and 
further knowledge in this area is in demand. Reliable 
estimates of both the magnitude and duration of effect 
of WD on milk production are important for motivat-
ing famers and others to prevent the spread of bovine 
coronavirus between herds. Furthermore, quantifying 
the effects of WD on milk composition would add 
valuable input to the overall picture of the economic 
consequences of this disease. The objectives of this 
study were to estimate the effect of an outbreak of 
farmer-reported WD on (1) herd-level milk production, 
as measured by volume of milk per cow per day at the 
time of outbreak, and (2) herd-level milk composition. 
A secondary objective was to explore the duration of 
the effect on milk production.

MATERIALS AND METHODS

Background

During the winter of 2011–2012, a seasonal epidemic 
of WD took place in Norway. It started in the eastern 
part of the country in the autumn, and spread in an 
epidemic pattern throughout most parts of the coun-

try. Initially, bovine coronavirus was confirmed as the 
causative agent in a limited number of herds by antigen 
(PCR) or antibody detection (seroconversion), or both. 
Salmonellosis, bovine viral diarrhea, and Schmallenberg 
virus infection were ruled out. Later in the outbreak, 
laboratory confirmation of the diagnosis was usually 
not performed. During this epidemic, the advisory ser-
vice of the largest dairy company (TINE SA) developed 
a voluntary surveillance system in the eastern part of 
Norway, where farmers and veterinarians were encour-
aged to report outbreaks of contagious diarrhea, so that 
herd-level biosecurity measures could be implemented. 
The farmers were advised to report outbreaks of acute 
diarrhea affecting several adult cattle. These reports 
were the basis for the present study.

Study Population

In total, 241 cases of farmer-reported WD in dairy 
herds were made from November 4, 2011, to March 13, 
2012. These reports were from 7 counties in eastern 
Norway: Østfold, Akershus, Oslo, Hedmark, Oppland, 
Buskerud, and Vestfold, which constituted the study 
area and defined the source population. We performed a 
cohort study, the study unit being the herd. Herds from 
which outbreaks were reported by the producer were 
considered exposed (WD+). All other dairy herds in 
the same area were considered non-exposed (WD−). 
Inclusion criteria were member of the Norwegian Dairy 
Herd Recording System; milk shipment data available 
for the time of the outbreak (at least 21 d before and 19 
d after the day of notification); and location within the 
study area. In this study, the day the farmer notified 
the advisory service of a current outbreak was day 0, 
and all references to time were relative to this. Because 
all included herds had milk shipments throughout the 
study period, study groups were considered closed, and 
a risk-based design was applied (Dohoo et al., 2009). 
For a visual overview of all study herds with respect to 
exposure status, a point map was made.

Data

Access to milk shipment data on volume and com-
position was provided by the dairy company (TINE 
SA). The total volume of milk was recorded for each 
shipment (i.e., every time the milk truck collected milk 
from the farm bulk milk tank). Milk quality was evalu-
ated at the dairy plant by analyses of milk composition 
approximately twice per month. The number of cows 
contributing monthly test day samples was retrieved 
from the Norwegian Dairy Herd Recording System, 
along with data on the average annual herd size, milk-
ing system, and production type (freestall/tiestall).
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Variables

Outcome Variables. The continuous outcome 
variable was herd-level milk production, measured by 
volume of milk per cow per day. This was calculated 
as follows. The volume of milk shipped on each ship-
ment date was divided by the number of days since 
the last shipment to obtain the herd’s daily milk 
production. The number of cows contributing to the 
bulk tank each day was estimated from the number of 
cows contributing on 2 consecutive monthly test days, 
calculating the average change in herd size per day, 
allowing imputation of the average herd size per day for 
all days between test days. The volume of milk per day 
was then divided by the estimated number of cows on 
that day to obtain herd-level milk production. Avail-
able data on milk composition consisted of records for 
fat, urea, protein, lactose, free fatty acids, and SCC in 
the analysis description. Fat, protein, urea, and lactose 
were measured in %, free fatty acids was measured in 
millimoles per liter and SCC was measured in 1,000 
cells/mL of milk.

Explanatory Variables. The main predictor 
(i.e., exposure of interest), was the binary variable of 
whether or not a herd had a reported an outbreak of 
WD (WD+/−). To obtain comparable time at risk for 
the exposed and non-exposed herds, we simulated a set 
of pseudo-notification dates for the non-exposed herds 
using frequency distribution of the actual notification 
dates. A pseudo-notification date was randomly as-
signed to each of the non-exposed herds using a list 
of computer-generated random numbers. In this way, 
milk production for the period around the outbreak 
for WD+ herds and around the pseudo-outbreak for 
WD− herds could be compared.

To account for any initial differences in milk pro-
duction between WD+ and WD− herds, we calculated 
pre-outbreak milk production as average production 
(L/cow per day) for the time period from 21 to 8 d 
before the day of notification for each herd. We esti-
mated the number of cows contributing to the bulk 
tank each day as described for herd-level milk produc-
tion. Records from the last week before the notification 
date were omitted to avoid overlap with the disease 
period, because the accuracy of the reported time of 
outbreak was unknown. In a similar way, we calculated 
the average values of the different milk components for 
the period from 21 to 8 d before the outbreak. The time 
variable was the time relative to the notification date. 
The average annual herd size was retrieved from the 
annual summary tables of the Norwegian Dairy Herd 
Recording System, using the number of cow-years in 
2012 (or 2011 for the herds that lacked a record for 

2012). One “cow-year” equaled 365 cow days at risk. 
Milking system was divided into 3 categories: auto-
matic milking system, pipeline milking, and milking 
parlor. Information on whether the herd had tiestalls 
or freestalls was also included.

Descriptive Statistics

We assessed the distribution of milk production and 
herd size among WD+ and WD− herds using histo-
grams (results not shown). We calculated mean values 
and spread for herd characteristics and main variables 
with respect to the herd’s exposure status (WD+/−), 
along with descriptive statistics for milk composition 
before and after the outbreak/pseudo-outbreak in 
WD+ and WD− herds, respectively. We explored the 
duration of effect beyond the modeled time period by 
calculating the average production in 20 d intervals 
(i.e., the first interval was d 10–29, the next d 30–49, 
and so on). We did this for all herds with available 
records, up to d 150. To assess the spread of the drop in 
milk production, we calculated the maximum difference 
between pre-outbreak milk production and herd-level 
milk production for each herd, and visualized it in a 
histogram.

Multivariable Models

Milk Production. We identified possible confound-
ers for the effect of WD on herd-level milk produc-
tion through a causal diagram, and evaluated their 
effects by closely monitoring the other estimates as a 
potential confounder was included and removed from 
the multivariable model. Variables assessed as possible 
confounders were herd size, milking system, and milk 
production in the period before the outbreak. The dis-
tribution of DIM was also calculated in both groups 
of herds. Pairwise correlations between all predictors 
were assessed. To allow for a different effect of time 
since outbreak/pseudo-outbreak for WD+ and WD− 
herds, an interaction term between WD and number 
of days since outbreak was included in the model. To 
assess linearity for the continuous predictor days after 
outbreak, smoothed line plots were drawn visualizing 
their relationship with the outcome. For the WD+ 
herds, the relationship was clearly nonlinear, so differ-
ent transformations were tried. Models were compared 
based on Akaike’s information criteria, and the best 
fit was accomplished by modeling the interaction term 
as a cubic spline. Knots were chosen a priori based 
on biological considerations, and knots at d −3, 2, 7, 
and 14 were used (Vittinghoff et al., 2012). Finally, 
assessment of the effect of WD on milk production was 
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carried out by fitting a linear mixed model with a herd 
random effect to account for dependence between re-
peated milk shipments from each herd. The model was 
fit using a manual backward stepwise procedure, with a 
selection threshold of P < 0.05. We used the restricted 
maximum likelihood approach. Ten different correla-
tion structures were explored for the random effect: 
autoregressive (AR1 and AR2), moving average (MA1) 
and Toeplitz 1 to 7. The different correlation struc-
tures were evaluated by comparing log-likelihood and 
Akaike’s information criteria. Residuals on herd and 
shipment level were assessed for possible outliers and 
normality plots, and plots of residuals against predicted 
values were made. Predicted values were calculated, 
and average herds in terms of milk production before 
outbreak were visualized through a line plot. To obtain 
confidence intervals for selected predicted values, the 
variance was calculated as suggested by Kleinbaum et 
al. (1982). The total loss per cow over the study period 
was calculated as the difference in estimated milk pro-
duction per day between WD+ and WD− herds plus 
the initial difference at the start of the study period (d 
−7).

Milk Composition. We assessed the effect of WD 
on 6 different milk components: fat, urea, protein, fat/
protein ratio, lactose, free fatty acids, and SCC. Free 
fatty acids and SCC were log-transformed. Records 
for milk composition were available for a subset of 
the study population, consisting of 1,539 farms: 167 
WD+ and 1,372 WD−. We used the first available milk 
composition analysis before d 20 for this part of the 
analysis. Assessment of the effect of WD on the differ-
ent outcomes of milk composition were performed by 
linear regression, adjusting for the level of the outcome 
measure before the outbreak, as described in the milk 
production section. Possible confounding factors were 
identified using a causal diagram and monitored by 
calculating the changes in other covariates when one 
factor was added and withdrawn from the model. For 
all outcomes, final models were fitted using a manual 
backward stepwise procedure with a selection threshold 
of P < 0.05.

Software

Data set assembly was done in SAS (version 9.3; 
SAS Institute Inc., Cary, NC) and further processing 
and data analyses were performed using Stata (Stata 
SE/14; Stata Corp., College Station, TX). Maps of the 
study area and study population were created in QGIS 
2.12.2 (QGIS Development Team, QGIS Geographic 
Information System, Open Source Geospatial Founda-
tion, http://qgis.osgeo.org).

RESULTS

Descriptive Statistics

The final study population consisted of 2,317 herds: 
224 WD+ and 2,093 WD−. For an overview of eligible 
and analyzed herds, see Figure 1. An overview of the 
location of all study herds, together with their exposure 
status, is presented in Figure 2. Descriptive statistics 
of daily milk production 21 to 8 d before notification, 
daily milk production 0 to 19 d after notification, herd 
size, milking system, and production type (freestall/
tiestall) in WD+ and WD− herds are shown in Table 
1. The study herds had milk shipments 1 to 16 times, 
with a mean of 11 shipments from 7 d before to 19 
d after the day of notification. Milk shipments hap-
pened at uneven intervals, typically with either 2 or 3 
d intervals [mean 2.5, SD 1.4]. The distribution of milk 
components in the WD+ and WD− groups is shown 
in Table 2. The average herd size was 25.7 cow-years 
(SD 16.0), and the overall average milk production 
from 21 to 8 d before the outbreak was 22.2 L/cow/
day (SD 6.0). Smoothed line plots of milk production 
in WD+ and WD− herds are shown in Figure 3. The 
spread in maximum herd-level milk drop (herd-level 
milk production – pre-outbreak milk production) was 
illustrated by the interquartile range: 13 to 29%. The 
distribution is visualized in Figure 4. For 2 WD+ herds 
we found no drop in milk production. For 212 of the 
224 WD+ herds and 1,977 of the 2,317 WD− herds, we 
were able to follow milk production up to 150 d after 
the outbreak. The average milk production between 
130 and 150 d after reporting was 22.4 L/cow per day 
(SD 5.9) for WD+ herds and 22.7 L/cow per day (SD 
5.8) for WD− herds. For these herds, milk production 
before the outbreak was 23.8 L/cow per day (SD 4.9) 
for WD+ herds and 22.1 L/cow per day (SD 6.0) for 
WD− herds, suggesting that more than 4 mo later, the 
WD+ herds still had not regained the production they 
had before the outbreak. The WD− herds had a slight 
increase in milk production during the same period.

Statistical Analysis

Milk Production. We detected no indications of 
multicollinearity for the factors in the model. Of the 
variables considered as possible confounders, only pre-
outbreak milk production was kept in the final model: 
introducing pre-outbreak milk production led to a large 
change in the estimated effect of the primary predic-
tor WD+/−. Including milking system produced only 
negligible changes in the estimate of the main predic-
tor (3%), and because this variable had a considerable 
number of missing observations (13% of herds), it was 
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not included in the final model. Herd size was not sig-
nificant (P > 0.05) in the model, and its effect on the 
coefficient of the main predictor was negligible, so it 
was also omitted. The distribution of DIM was virtually 
identical in the 2 groups and was not included in the 
model. The best model fit was achieved by applying a 
Toeplitz 6 correlation structure. Residual plots revealed 
no major shortcomings.

Estimates from the linear mixed model are presented 
in Table 3, and predicted milk production values for 
the average herd (milk production before outbreak) 
in the period around outbreak are shown in Figure 5. 

The predicted maximum difference in milk produc-
tion between WD+ and WD− herds occurred at d 2. 
Furthermore, the model predicted that a herd with 
average milk production before an outbreak would fall 
from 23.0 L/cow per day (95% CI: 22.6–23.4 L/cow 
per day) 7 d before an outbreak to 19.4 L/cow per day 
(95% CI: 19.1–19.8) 2 d after an outbreak, whereas for 
a WD− herd we estimated a slight increase (<0.1 L) 
in milk yield during the same period. This equaled an 
estimated maximum herd-level drop in milk yield of 
15% for a WD+ herd. The effect gradually declined 
over time and, around d 10 the slope for milk produc-

Figure 1. Flowchart of eligible and analyzed herds. Herds that reported an outbreak of winter dysentery were WD+ herds, and herds that 
did not make a report were WD− herds.
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tion flattened out for the WD+ herds. However, they 
did not completely regain the milk production they had 
before the outbreak within the modeled time period 
(Figure 5). For an average herd, the total estimated loss 

was 51 L/cow over the study period, from 7 d before to 
19 d after the day of notification.

Milk Composition. Records on milk composition 
from d 0 to 19 were available for 1,539 herds: 167 WD+ 

Figure 2. The study area consisting of 7 counties in eastern Norway. The black triangles (n = 224) were herds that reported an outbreak of 
winter dysentery, and the white dots (n = 2,093) were herds that did not make a report during the study period (November 4, 2011, to March 
13, 2012).

Table 1. Descriptive statistics for the main variables and herd characteristics among herds that reported an outbreak of winter dysentery 
(WD+), and herds that did not report an outbreak (WD−)

Variable

WD+  
(n = 224)

 

WD− 
(n = 2,093)

Mean SD Mean SD

Average herd-level milk production d −21 to −8 (L/d) 570 341 399 308
Average herd-level milk production per cow d −21 to −8 (L/cow per d) 23.8 4.9 22.1 6.13
Average herd-level milk production d 0 to 19 (L/d) 558 334 409 312
Average herd-level milk production per cow d 0 to 19 (L/cow per d) 22.4 4.13 22.2 5.44
Average number of cow-years at risk per herd1 30 16.6 25 15.7
Milking system (n = 1,844; no. of herds)   
 Pipeline 106 1,090
 Milking parlor 44 277
 Automatic milking system 57 270
Barn type (n = 1,815; no. of herds)   
 Freestall 98 546
 Tiestall 107 1,064
1Number of cow-years at risk in 2012 or 2011 for all herds that had missing record for 2012, in total this includes n = 2,069, 223 WD+ and 
1,846 WD− herds.
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and 1,372 WD−. The median time of first available 
composition analysis after outbreak was at d 8. Herd 
size and milking system were tested in the models as 
possible confounders, and after a backward stepwise 
elimination procedure, milking system was kept in the 
model for lactose, protein, and free fatty acids. Herd 
size was not significant in any of the models, and was 
therefore omitted. The effect of WD on milk compo-
sition was statistically significant (P < 0.05) for fat, 
protein, fat/protein ratio, lactose, and free fatty acids. 
We were unable to detect any significant effect on urea 

or SCC. For fat, protein, and lactose, the estimated 
effect of WD was small (i.e., <1% difference between 
WD+ and WD−, given equal values before outbreak/
pseudo-outbreak, results not shown). The observed ef-
fect of WD on fat/protein ratio was also small, in the 
direction of increased fat/protein ratio for WD+ herds: 
the estimated coefficient of WD was 0.018 (95% CI: 
0.009–0.027). For free fatty acids, the estimated coef-
ficient of WD was 0.010 (95% CI: 0.027–0.18), meaning 
the estimated average content of free fatty acids on the 
original scale was 0.029 mmol/L higher for a WD+ 

Table 2. Descriptive statistics for milk composition before and after outbreak/pseudo-outbreak in herds that 
reported an outbreak of winter dysentery (WD+), and herds that did not report an outbreak (WD−)

Milk composition 

WD+ 
(n = 167)

 

WD− 
(n = 1,372)

Mean SD Mean SD

Before outbreak1

 Fat (%) 4.08 0.23 4.14 0.29
 Protein (%) 3.34 0.14 3.38 0.19
 Fat/protein ratio 1.22 0.069 1.23 0.071
 Urea (%) 5.54 0.96 5.59 0.99
 Lactose (%) 4.61 0.08 4.58 0.16
 Free fatty acids (mmol/L) 0.28 0.20 0.33 0.23
 SCC (×103 cells/mL) 138 79.2 141 83.2
After outbreak2     
 Fat (%) 4.16 0.28 4.12 0.30
 Protein (%) 3.30 0.14 3.37 0.19
 Fat/protein ratio 1.25 0.098 1.23 0.074
 Urea (%) 5.50 1.06 5.53 0.99
 Lactose (%) 4.60 0.09 4.59 0.15
 Free fatty acids (mmol/L) 0.32 0.20 0.33 0.21
 SCC (×103 cells/mL) 147 83 147 94
1Average level of milk component in the period from 21 to 8 d before outbreak/pseudo-outbreak.
2Average level of milk component in the period from 0 to 19 d after outbreak/pseudo-outbreak.

Figure 3. Smoothed line plots of the relationship between the number of days after notification and herd-level milk production (in L/cow 
per day) in herds that did not report winter dysentery (WD−; left) and herds that reported an outbreak of winter dysentery (WD+; right). 
Color version available online.
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than for a WD− herd, given equal values before the 
outbreak. This was equivalent to an estimated average 
difference in free fatty acids between WD+ and WD− 
herds of 11%.

DISCUSSION

This study estimated the loss in milk production as-
sociated with a farmer-reported outbreak of WD to be 
15% (2 d after notification) at the herd level. For an 
average herd, the total estimated loss per cow was 51 L 
for the entire study period, from 7 d before 19 d after 
notification. Former studies vary widely with respect 
to the magnitude of drop in milk yield. A few studies 
have explored the effect of WD on milk production at 
the herd level. One study reported that 90% of farmers 

had observed a decrease in milk yield after WD, but 
farmers were not asked to quantify the loss (Tråvén et 
al., 1993). A study describing an outbreak of WD in 2 
herds in Canada reported that herd-level milk produc-
tion dropped to less than half of normal production 
(Durham et al., 1989), and Jactel et al. (1990) estimated 
a drop of 6 to 30%, based on outbreaks in 7 herds. The 
latter study emphasized the large variation in severity 
of disease among the study herds, which was in line 
with the large spread in drop in milk production we 
found in the present study (Figure 4). Studies including 
only a few herds generally have limited generalizability, 
and that, combined with large variations in severity 
at both the cow and herd level, likely contributes to 
variations in estimates of the effect of WD on milk 
production between studies. An observational study 

Figure 4. Histogram showing the distribution of maximum drop in 
milk production for herds that reported outbreak of winter dysentery 
(WD+). Maximum drop was calculated as the difference between the 
minimum daily production from 0 to 19 d after the day of notification 
and the average production before the outbreak (from 21 to 8 d before 
the day of notification).

Table 3. Results from a linear mixed model with a herd random effect and a Toeplitz 6 correlation structure 
estimating the effect of winter dysentery (WD) on herd-level milk production (L/cow per day) in 2,317 herds 
(224 WD+ and 2,093 WD−)

 Coefficient SE P > |z| 95% Lower 95% Upper

Intercept 4.93 0.20 <0.01 4.53 5.32
WD1 −2.52 0.21 <0.01 −2.93 −2.12
Pre-outbreak milk production2 0.77 0.009 <0.01 0.75 0.79
Days3 0.0065 0.003 0.023 0.0007 0.012
Slope 14 −0.50 0.024 <0.01 −0.55 −0.45
Slope 24 2.05 0.10 <0.01 1.85 2.26
Slope 34 −5.01 0.30 <0.01 −5.56 −4.46
1Winter dysentery outbreak versus no outbreak.
2Average milk production (L/cow per day) for 21 to 8 days before the day of notification.
3Number of days after notification of outbreak.
4Slopes 1–3 were the coefficients generated from a cubic spline of the interaction of WD1 × days3.

Figure 5. Predicted values of herd-level milk production (measured 
in L/cow per day) for herds that reported outbreak of winter dysen-
tery (WD+) and herds that did not report winter dysentery (WD−) 
estimated from a linear mixed model, adjusting for milk production 
before the outbreak. Milk production before the outbreak was set to 
the study sample mean of 22.2 L/cow per day for 21 to 8 d before the 
day of notification. Color version available online.
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by Beaudeau et al. (2010) did not reveal any effect of 
seroconversion for bovine coronavirus in pooled milk 
samples of primiparous cows on test-day milk yield. 
However, seroconversion for bovine coronavirus does 
not necessarily mean that the herd had a WD out-
break. Furthermore, samples were taken 6 mo apart, 
making the exact time of virus introduction unclear, 
and the use of test day records for milk yield provides 
an additional limitation, because they are typically 
taken 1 month apart. Tråvén et al. (2001) found that 
milk production was reduced by 19 to 56% at the cow 
level in an experiment with 5 naturally infected cows. 
Comparing herd-level evaluations to cow-level studies is 
problematic, because a herd might consist of a mixture 
of naïve, immune, noninfected and infected animals, 
and the infection might vary from subclinical to severe. 
For the same reason, the results of the present study 
are not generalizable to individual cows. The relatively 
large sample size, the cohort of WD− herds from the 
same area for comparison, and access to milk shipment 
data for calculations of daily milk production were ma-
jor strengths of the present study.

Milk production in the WD+ herds was still reduced 
150 d after outbreak, compared with a slight increase in 
production for the WD− herds. However, uncertainty 
about causal inference increases with time since an out-
break. Furthermore, the long-term effect likely depends 
on the number of cows infected, the duration of clinical 
signs in the herd, and the number of new cows calving 
in the period after outbreak. Hence, the factors affect-
ing long-term effects at the herd level are likely com-
plex. We had no information on the factors mentioned 
in the current study. Virtually no other studies exist 
describing the long-term effects of WD, although Jactel 
et al. (1990) described reduced production up to 28 d 
for 1 study cow, and Clark (1993) stated that decreased 
production might last several months.

This is the first large-scale study to show altered 
milk composition as an effect of WD. The change in 
composition was small except for the increase in free 
fatty acids of about 11% for WD+ herds. Jactel et al. 
(1990) reported a decline in fat and protein content in 
2 herds with WD outbreaks, but did not measure free 
fatty acids. However, an increase in free fatty acids has 
been described for bovine herpes virus 1 (Rola et al., 
2015), and might be associated with negative energy 
balance due to anorexia or increased energy demand in 
diseased cows. The fat/protein ratio has been used as 
an indicator of lipo-mobilization (Toni et al., 2011), and 
the observed increase in this parameter gives additional 
support to the theory that negative energy balance is a 
consequence of WD. Increased free fatty acids in milk 
can be associated with reduced quality and cause off-
flavor (Santos et al., 2003), and are therefore important 

for farmers for economic reasons, because they might 
affect the price of the milk.

In the present study, we found that the maximum 
difference in milk production between the WD+ and 
WD− groups was at d 2 after the notification date. 
However, we did not know the exact date of peak out-
break in terms of severity of clinical signs or maximum 
morbidity, because the farmer might have made the 
report before or after this peak. Figure 4 shows that a 
few herds did not experience a drop in milk production 
within the study period. It seems likely that we failed 
to capture the maximum effect of WD within the inves-
tigated time period for some WD+ herds, contributing 
to underestimation of milk loss.

The diagnosis in this study was based on clinical 
signs without laboratory confirmation for the majority 
of herds. However, the rapid spread of disease strongly 
indicated a contagious disease, and bovine coronavi-
rus was confirmed as causative agent in some herds 
where diagnostics was performed. The Norwegian dairy 
herd is free of many infectious diseases that could be 
mistaken for WD. Feed-related diarrhea is also a dif-
ferential diagnosis for WD, and because farmers’ abil-
ity to distinguish WD from other causes of diarrhea 
probably differs, some exposure was likely misclassified 
in the WD+ group. Reporting of WD to the advisory 
service of the dairy company was done voluntarily, and 
because this might be associated with underreporting, 
misclassification of exposure was also likely present in 
the WD− group. Assigning pseudo-notification dates 
was done to minimize this problem: although many 
herds recorded as WD− probably had an outbreak 
during the winter season of 2011 to 2012 but failed to 
report it, it was less likely that such an outbreak would 
fall within the 27 d that represented the time at risk 
for this analysis. Altogether, the uncertainty regarding 
time of outbreak, the likely underreporting of WD, and 
the fact that the diagnosis was done by farmers means 
that the drop in milk production found in this study 
should be considered a conservative estimate (bias to-
ward the null). As well, the negative effect of WD on 
milk production likely represents only a part of the total 
economic loss associated with a WD outbreak. Other 
effects of WD, such as adverse effects on reproduction, 
effects on calves and young stock, and treatment costs 
were not investigated in this study.

The initial differences between WD+ and WD− herds 
with respect to milk production (before the outbreak) 
were considerable (see Table 1). Hence, it was neces-
sary to adjust for the difference in milk production 
before exposure to draw inferences from comparisons 
of the 2 groups. We did this analytically by including 
prior milk production in the model. The WD+ herds 
were also larger than the WD− herds on average (see 
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Table 1), indicating that large herds were more likely to 
make a report, or that large herds had increased risk of 
clinical outbreak of WD. The latter has been described 
by White et al. (1989). The milk production values in 
Table 1 were averaged over the number of days in the 
table range, and are not comparable to the maximum 
drop estimated by the model.

The internal validity of this study was deemed ac-
ceptable after bias was minimized as described above. 
However, the milk composition analysis data were 
available for a smaller subset of the study herds, so 
selection bias cannot be ruled out for this part of the 
analysis. The external validity was considered good 
for the Norwegian population of dairy herds, because 
98% of all dairy herds were members of the Norwegian 
Dairy Herd Recording System in 2013 (Espetvedt et al., 
2013), and the herds in the study area were not likely to 
differ significantly from Norwegian dairy herds across 
the country with respect to management systems and 
breeds. The results are likely also valid for other popu-
lations of smaller-scale dairy herds in temperate areas.

Our results indicate that the effect of WD on milk 
production at the herd level is considerable. We also 
found an increase in free fatty acids and fat/protein 
ratio, indicating that WD can induce negative energy 
balance and adversely affect milk quality. The findings 
of this study emphasize the importance of preventive 
measures and should encourage farmers, veterinarians, 
and others to avoid between-herd spread of bovine 
coronavirus.
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A B S T R A C T

Bovine respiratory syncytial virus (BRSV) and bovine coronavirus (BCV) are responsible for respiratory disease
and diarrhea in cattle worldwide. The Norwegian control program against these infections is based on herd-level
diagnosis using a new multiplex immunoassay. The objective of this study was to estimate sensitivity and
specificity across different cut-off values for the MVD-Enferplex BCV/BRSV multiplex, by comparing them to a
commercially available ELISA, the SVANOVIR® BCV-Ab and SVANOVIR® BRSV-Ab, respectively. We analyzed
bulk tank milk samples from 360 herds in a low- and 360 herds in a high-prevalence area. As none of the tests
were considered perfect, estimation of test characteristics was performed using Bayesian latent class models. At
the manufacturers’ recommended cut-off values, the median sensitivity for the BRSV multiplex and the BRSV
ELISA was 94.4 [89.8–98.7 95% Posterior Credibility Interval (PCI)] and 99.8 [98.7–100 95% PCI], respectively.
The median specificity for the BRSV multiplex was 90.6 [85.5–94.4 95% PCI], but only 57.4 [50.5–64.4 95%
PCI] for the BRSV ELISA. However, increasing the cut-off of the BRSV ELISA increased specificity without
compromising sensitivity. For the BCV multiplex we found that by using only one of the three antigens included
in the test, the specificity increased, without concurrent loss in sensitivity. At the recommended cut-off this
resulted in a sensitivity of 99.9 [99.3–100 95% PCI] and specificity of 93.7 [88.8–97.8 95% PCI] for the mul-
tiplex and a sensitivity of 99.5 [98.1–100 95% PCI] and a specificity of 99.6 [97.6–100 95% PCI] for the BCV
ELISA.

1. Introduction

Bovine coronavirus (BCV) and bovine respiratory syncytial virus
(BRSV) are commonly occurring agents among cattle worldwide
(Valarcher and Taylor, 2007; Boileau and Kapil, 2010). They are en-
demic and prevalent also in the Norwegian dairy herd (Gulliksen et al.,
2009; Klem et al., 2014a). BCV causes respiratory disease, calf diarrhea
and winter dysentery (contagious diarrhea in adult cattle) (Boileau and
Kapil, 2010). BRSV causes respiratory disease mostly in young animals
but can affect animals of all ages, and is a common cause of respiratory
outbreaks in Norway (Larsen, 2000; Klem et al., 2014a). Consequences
of these infections are herd health problems, reduced animal welfare
and increased use of antibiotics due to secondary bacterial infections

(Larsen, 2000; Valarcher and Taylor, 2007; Boileau and Kapil, 2010).
Therapy costs and reduced production entails considerable financial
loss for the farmer, and contributes to a present focus in Nordic coun-
tries on how to limit the spread of these viruses in the cattle population.

In 2016, a national control program against BRSV and BCV infec-
tions was launched in Norway as a joint initiative between the producer
organizations. This prompted the need for an easy and cost-effective
way to screen dairy herds for a herd level diagnosis for BRSV and BCV.
The initial screening in the control program was conducted using bulk
tank milk samples (BTM). There are already commercially available
indirect enzyme-linked immunosorbent assays (ELISAs) widely used in
routine diagnostics and research in the Nordic countries (SVANOVIR®

BRSV-Ab and SVANOVIR® BCV-Ab) (Tråvén et al., 1999; Klem et al.,
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2014b; Toftaker et al., 2016). However, in order to optimize cost-ef-
fectiveness of the control program, the development of a new multiplex
antibody ELISA was initiated (MVD-Enferplex BCV/BRSV multiplex).
The new test allowed screening for both viruses by the use of a single
test.

The performance of a diagnostic test is characterized by the test’s
sensitivity (Se) and specificity (Sp), where Se is the proportion of true
positives correctly classified as positive by the test, and the Sp is the
proportion of true negative subjects correctly classified as negative. The
true antibody status of each test subject can be determined in two ways:
By use of a perfect reference test, or based on populations with known
status. However, a perfect reference test (often termed a “gold stan-
dard”) is rarely available and for endemic diseases, which is the case for
BRSV and BCV in Norway, no reference population with complete
certainty regarding disease or disease freedom exists. Consequently, the
underlying true infection status for test subjects remains unknown. Test
validation studies (erroneously) assuming perfect reference tests are
common, even though this has been shown to introduce bias in the
estimation of accuracy parameters (Valenstein, 1990; Lijmer et al.,
1999). Latent class analysis (LCA) allows for the estimation of test
parameters in populations where the underlying true infection status
cannot be determined (Hui and Walter, 1980). In LCA the true infection
status is treated as an existing, but unknown (latent), variable and test
accuracy and prevalence are parameterized according to this latent
variable.

As the BRSV/BCV multiplex is a new test, it needs to be validated.
Test characteristics are different when a test is used as a herd test,
compared to when it is used on individual samples (Christensen and
Gardner, 2000) and validation for the relevant application is therefore
important. BTM testing is a key component of the Norwegian BRSV/
BCV control-program, it is therefore of interest to estimate test accu-
racy, at different cut-off values, for this application.

The aim of this study was to estimate the test sensitivity and spe-
cificity of the newly developed MVD-Enferplex BCV/BRSV multiplex
across different cut-off values, for detection of antibodies in BTM. The
BCV part of the multiplex was compared to the commercially available
SVANOVIR® BCV-Ab, and the BRSV part of the multiplex was compared
to the SVANOVIR® BRSV-Ab. As neither test could be considered per-
fect, the evaluation was done using LCA.

2. Materials and methods

2.1. Study population and sample material

A cross-sectional sampling design was used for the present study.
Herds were eligible for inclusion if they delivered milk to the largest
dairy company in Norway (TINE SA), and provided a BTM sample
during the study period (March 2016). Herds from two counties with an
expected difference in true prevalence (TP) were selected in order to
meet the model assumptions, described in the LCA section. Using a
random numbers generator, 360 samples were randomly chosen from
herds in “Oppland” (Pop 1) and 360 from herds in “Sogn og Fjordane”
(Pop 2) counties. “Sogn og Fjordane” is located in western Norway, and
was assumed to have a relatively low prevalence, based on results from
a previous study (Toftaker et al., 2016). Oppland county, located in
eastern Norway, was thought to have higher prevalence based on
known patterns of animal movements and a history of previous out-
breaks of disease (Toftaker et al., 2017).

BTM samples were collected from nearly all Norwegian dairy herds
delivering milk to the largest dairy cooperation (TINE SA) during March
2016. The samples were collected as part of the national control pro-
gram against BRSV and BCV. The milk truck driver collected samples at
ordinary milk shipment using standard procedures for BTM sampling.
The milk was then stored at 4 °C until received at the laboratory (TINE
Mastitis Laboratory, Molde, Norway) where samples were frozen and
shipped over-night to the Enfer laboratory in Ireland (Enfer Scientific,

Naas, Ireland). Samples were kept frozen until the time of laboratory
analysis.

2.2. Diagnostic tests

2.2.1. ELISA
The SVANOVIR® BRSV-Ab, hereafter designated the BRSV ELISA,

and SVANOVIR® BCV-Ab, hereafter designated the BCV ELISA, were
used on all 720 samples, following the manufacturer’s instructions. The
optical density (OD) reading of 450 nm was corrected by the subtrac-
tion of OD for the negative control antigen, and percent positivity (PP-
value) was calculated as (corrected OD/positive control corrected
OD)× 100. According to the test manuals, the recommended cut-off
values of sample positive> 10 PP for both tests were used as a starting
point for these tests (Svanova; Svanova). For the BRSV ELISA the Se and
Sp provided by the manufacturer were 94% and 100%, respectively.
These parameters are calculated from serum samples, and parameters
specific for BTM samples have not been reported (Elvander et al.,
1995). For the BCV ELISA the test parameters provided by the manu-
facturer were Se of 84.6% and Sp of 100%, and as for BRSV the cal-
culations are based on serum samples (Alenius et al., 1991).

2.2.2. Multiplex
All 720 samples were analyzed using the MVD-Enferplex BCV/BRSV

multiplex, hereafter referred to as the BRSV/BCV multiplex (Enfer
Scientific, Naas, Ireland). A panel of three BCV recombinant proteins
(BCV A-C), along with a panel of two recombinant proteins and two
synthetic peptides for BRSV (BRSV A-D) were used as antigens. Briefly,
the antigens were deposited in a multiplex planar array as individual
spots into wells of 96 well microtiter plates to produce arrays of anti-
gens. Samples were diluted 1:3 into sample dilution buffer and mixed
before added to the well and incubated at 37 °C for 60min with agi-
tation. After washing procedures, the detection antibody diluted in
conjugate buffer was added and plates were incubated (37 °C for 60min
with agitation) before new washing. Finally, the chemiluminescent
substrate was added. Relative light units (RLU) were captured (45 s
exposure) immediately, using Quansys biosciences imaging system, and
data was extracted using Quansys Q view software (v 1.5.4.7). Antigens
were combined in a parallel reading, i.e. the test was considered posi-
tive when the RLU-value of at least one antigen was above the applied
cut-off. Laboratory personnel were not formally blinded to test results,
but due to the large volume of samples they were considered blinded
for any practical purposes.

2.3. Data management and descriptive statistics

Because the multiplex consisted of several antigens each giving a
separate response, a separate cut-off value was needed for each antigen.
We calculated the proportion of herds that had a positive response to
each of the individual antigens within the test-positive group (at
manufacturers recommended cut-off values), and defined the antigen
with the highest proportion of positive responses as the most influen-
tial. This was done for both viruses. When later choosing which cut-off
values to assess, changing the cut-off for the most influential antigen for
each virus was prioritized. We used an explorative approach to se-
lecting cut-off values, and several different cut-off values were tried for
the most influential antigen (Fig. 1). Furthermore, we evaluated test
performance when including only the single most important antigen.
Data preparation and descriptive analysis were performed in Stata
(Stata SE/14; Stata Corp., College Station, TX).

2.4. Latent class analysis

In the present study, we used guidelines for reporting of diagnostic
accuracy in studies that use Bayesian LCA (Kostoulas et al., 2017).

The target condition was herds with one or more animals producing
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BCV/BRSV-antibodies while contributing to the bulk tank. The under-
lying latent state could be considered as previous exposure, leading to
antibodies in BTM.

The use of LCA methodology for diagnostic test evaluation requires
a set of assumptions of the tests and test populations to be fulfilled. (1)
two or more populations with different prevalence are included, (2) the
Se and Sp of the diagnostic tests are the same across the populations,
and (3) the tests are conditionally independent (CID) given disease
status (Hui and Walter, 1980). We ran the analyses assuming CID be-
tween tests; however, we also explored the consequences of relaxing
this assumption as explained below. For the CID-models, parameters
were estimated for several cut-off values (Fig. 1). Models were fit using
Bayesian LCA in the OpenBugs version 3.2.1 rev 781 software. We used
non-informative priors in the shape of uniform distributions on the
interval between zero and one, modelled using the beta (1, 1) dis-
tribution for test properties and sub-population prevalence in all ana-
lyses. Models were run with 20,000 iterations, of which 10,000 were
used as burn in and discarded. Convergence of the Markov Chain Monte
Carlo (MCMC) chains were assessed by visual inspection of history
plots, time-series plots and Gelman-Rubin diagnostic plots using three
sample chains with different initial values, as suggested by Toft et al.
(2007). Posterior inference was done by calculating medians and 95%
posterior credibility intervals (PCI) for Se, Sp and true prevalence. The
model description is included in Appendix A.

2.5. Sensitivity analysis

A correlation between tests, if present, is not possible to estimate in
a two tests scenario without including informative priors. We did not
have any reliable prior information on test performance or prevalences
in the present study. However, the consequences of relaxing the as-
sumption of conditional independence given disease status was first
explored by Vacek (1985), who examined the impact of conditional
dependence by assuming a fixed proportion of the maximum possible
covariance between tests. Following this approach we explored the
consequences of conditional dependence between tests for the cut-off
values with the preferred test characteristics. (Fig. 1: alternative 2 for
BRSV, alternative 8 for BCV.) See Appendix A for details.

We compared the results of the conditional independence model to

models allowing 25, 50, 75 and 90% of the maximum possible positive
covariance, as well as a negative covariance of −25%.

3. Results

3.1. Descriptive statistics

A combination of different cut-off values for the included antigens,
(cut-off alternatives 1–9) are presented in Fig. 1 for the BRSV- and BCV
multiplex. For the BRSV multiplex, the BRSV-A antigen was responsible
for detecting the majority of the positive samples. For the BCV multi-
plex the antigen detecting the majority of positive samples was the
BCV-A. Counts of test outcomes for the tests are presented in Tables 1
and 2 for the BRSV and BCV tests, respectively.

Fig. 1. To the left are the different cut-off values
(relative light units) for the BRSV antigens (top) and
BCV antigens (bottom) included in the BCV/BRSV
multiplex. To the right are spider plots of median Se
and Sp for the different cut-off alternatives. The
BRSV ELISA cut-off was fixed at sample positive>
10 PP, except for alternative 9 where sample posi-
tive> 50 PP was used. For the BCV ELISA the cut-off
was fixed at sample positive> 10 PP. Test para-
meters are estimated from a Bayesian LCM analysis.

Table 1
Counts of paired test outcomes in the two sub-populations for the BRSV-antibody tests
(BRSV multiplex/BRSV ELISA). For the BRSV multiplex varying cut-off values for the
included antigens were used (shown in Fig. 1). The BRSV ELISA cut-off was fixed at
sample positive>10 PP, except for alternative 9 where sample positive> 50 PP was
used.

BRSV multiplex/BRSV ELISA

Pop 1 Pop 2

Cut-off alternative +/+ +/− −/+ −/− +/+ +/− −/+ −/−

1 299 0 35 26 111 16 103 130
2 299 0 35 26 111 16 103 130
3 287 0 47 26 105 16 109 130
4 283 0 51 26 102 16 112 130
5 272 0 62 26 94 12 120 134
6 274 0 60 26 93 15 121 131
7 289 0 45 26 107 12 107 134
8 264 0 70 26 84 11 130 135
9a 295 4 12 49 105 22 18 215

a BRSV ELISA cut-off: sample positive>50 PP.
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3.2. Latent class analysis

3.2.1. BRSV
Estimates of median Se and Sp and true prevalence in the two sub-

populations for the BRSV-multiplex and BRSV ELISA when applying
different cut-off values are presented in Table 3. As a starting point the
recommended cut-off values from the test manufacturers were applied
(alternative 2 in Fig. 1), resulting in median Se of 94.4 and Sp of 90.6
for the BRSV multiplex, and Se 99.8 and Sp 57.4 for the ELISA. The Sp
of the ELISA increased to 99.4 (Se 93.4) when a cut-off of sample po-
sitive> 50 PP was used. For the multiplex, increasing the cut-off value
for the BRSV-A antigen generally resulted in lower Se and higher Sp
estimates as could be expected. Discarding all antigens except the
BRSV-A resulted in increased specificity, however, with the cost of
significantly reduced sensitivity, as can be seen from comparing cut-off
alternative 2 and 7 in Table 3. Point estimates (median) of true BRSV
antibody prevalence ranged from 84.5 to 87.3 for pop 1, and from 25.2
to 30.5 for pop 2. Results from the COC-models with fixed covariance,
showed that allowing for covariance altered specificity estimates for
both the ELISA and the multiplex. The change was small for a covar-
iance of 0.25 or less of the maximum possible covariance. The Se es-
timates were not noticeably affected by allowing for covariance. Results
from the sensitivity analysis are presented in Table 4.

3.2.2. BCV
Estimates of test parameters and true prevalence in the two sub-

populations across different cut-off values for the BCV multiplex and
the BCV ELISA are presented in Table 5. When we applied the cut-off
values currently recommended by the test manufacturers (alternative 1
in Fig. 1), the estimated median Se and Sp was 99.9 [99.4–100 95%
PCI] and 77.3 [69.8–84.8 95% PCI], for the BCV multiplex, and 99.0
[96.9–100 95% PCI] and 99.5 [97.1–100 95% PCI] for the BCV ELISA,
respectively. Similar to what we observed for BRSV, increasing the cut-
off for the most important antigen (BCV-A) resulted in a lower Se and a
higher Sp for the BCV multiplex. When we used the BCV-A as the sole
antigen (cut-off alternative 8, Table 5) the median Sp increased to 93.7
while the median Se remained unchanged (99.9). Point estimates
(median) of true BCV antibody prevalence ranged from 91.5 to 94.0 for
pop 1, and from 52.4 to 61.5 for pop 2. Results from the sensitivity
analysis, i.e. allowing for covariance between tests, showed negligible
effect on the estimated test-parameters; less than 5% change in para-
meters for covariance at 75% of maximum possible (results not shown).

4. Discussion

We estimated the sensitivity and specificity of a new multiplex and
two commercial ELISAs for detection of BRSV and BCV antibodies in
BTM using LCA. This is the first study evaluating the MVD-Enferplex
BRSV/BCV multiplex. The present study is also the first to present test
parameters for the SVANOVIR® BRSV-Ab and SVANOVIR® BCV-Ab on
BTM. The BRSV multiplex showed a somewhat lower Se, but a much
higher Sp than the BRSV ELISA at the recommended cut-off values.
However, when we increased the cut-off of the BRSV ELISA to sample
positive> 50 PP, this resulted in a large increase in Sp without a no-
table decrease in Se, as shown in Table 3. Our results therefore suggest
that a higher cut-off than recommended by the manufacturer might be
appropriate when using the SVANOVIR® BRSV-Ab on BTM. For BCV,
the specificity of the multiplex was notably lower than the BCV ELISA at
the recommended cut-off when using all three antigens. However, when
using the BCV-A antigen only, the Sp improved without the cost of
reduced Se, and the test performance was then similar to the BCV
ELISA. This implies that the extra antigens are adding false positive
samples, hence reducing Sp. Overall; the two tests in this study both
showed good performance for detection of both BRSV and BCV anti-
bodies. A possible benefit of choosing the multiplex therefore lies in
enabling screening for both agents simultaneously as this will reduce
screening costs. As the multiplex evaluated in the present study is a new

Table 2
Counts of paired test outcomes in the two sub-populations for the BCV-antibody tests
(BCV multiplex/BCV ELISA). For the BCV multiplex varying cut-off values for the in-
cluded antigens were used (shown in Fig. 1). The BCV ELISA cut-off was fixed at sample
positive> 10 PP.

BCV multiplex/BCV ELISA

Pop 1 Pop 2

Cut-off alternative +/+ +/− −/+ −/− +/+ +/− −/+ −/−

1 336 7 0 17 219 34 0 107
2 335 3 1 21 215 14 4 127
3 334 2 2 22 207 11 12 130
4 330 2 6 22 198 9 21 132
5 329 2 7 22 187 9 32 132
6 324 2 12 22 182 9 37 132
7 301 2 35 22 174 9 45 132
8 336 2 0 22 219 10 0 131
9 321 0 15 24 180 1 39 140

Table 3
Test parameter estimates for the BRSV multiplex and BRSV ELISA: Sensitivity, specificity, and estimates of true prevalence (TP) in the two sub-populations. Cut-off alternative 1- 9
represents different cut-off alternatives for the BRSV multiplex (presented in Table 1). The BRSV ELISA cut-off was fixed at sample positive> 10 PP for all alternatives except for
alternative 9, where the BRSV ELISA cut-off was increased to sample positive> 50 PP.

Test Sub-population

BRSV multiplex BRSV ELISA Pop 1 Pop 2

Parameter Se Sp Se Sp TP TP

Cut-off
alternative

Median [95% PCI] Median [95% PCI] Median [95% PCI] Median [95% PCI] Median [95% PCI] Median [95% PCI]

1 94.4 [89.8;98.7] 90.6 [85.5;94.4] 99.8 [98.7;100] 57.4 [50.5;64.4] 87.2 [81.7;91.5] 29.9 [24.1;35.9]
2 94.4 [89.8;98.7] 90.6 [85.5;94.4] 99.8 [98.7;100] 57.4 [50.5;64.4] 87.2 [81.7;91.5] 29.9 [24.1;35.9]
3 90.7 [85.6;96.0] 90.6 [85.6;94.4] 99.7 [98.6;100] 56.7 [49.7;63.9] 86.8 [83.5;92.8] 29.2 [25.6;39.4]
4 89.5 [84.3;95.0] 90.5 [85.5;94.4] 99.7 [98.6;100] 56.3 [49.2;63.4] 87.0 [80.8;91.4] 28.5 [22.5;34.9]
5 86.3 [80.8;92.0] 92.9 [88.3;96.2] 99.7 [98.5;100] 55.8 [48.8;62.9] 86.8 [80.6;91.4] 27.8 [21.8;34.4]
6 87.0 [80.3;91.2] 91.1 [86.3;94.8] 99.7 [98.6;100] 54.8 [47.7;62.0] 86.6 [80.3;91.2] 26.5 [20.4;33.0]
7a 91.2 [86.3;96.3] 92.9 [88.3;96.2] 99.7 [98.6;100] 57.9 [50.8;65.1] 87.3 [81.4;91.7] 30.5 [24.6;36.7]
8a 84.1 [78.4;90.2] 93.4 [89.1;96.6] 99.7 [98.5;100] 53.9 [47.1;60.8] 86.4 [80.0;91.1] 25.2 [19.3;31.7]
9b 97.0 [94.0;99.2] 91.5 [87.6;94.6] 99.4 [97.5;100] 93.4 [89.0;97.0] 84.5 [80.1;88.2] 30.1 [25.1;35.4]

a Only BRSV-A antigen included.
b BRSV ELISA cut-off: sample positive> 50 PP.
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test, there were no relevant studies we could compare estimates to.
However, the multiplex technology has been shown useful for bovine
tuberculosis in cattle and goats (Clegg et al., 2011; O’Brien et al., 2017).
The parameter estimates provided by the manufacturer for the SVAN-
OVIR® BCV-Ab are based on data from a study in which 91 serum
samples were analyzed using both the ELISA and a virus neutralization
test (VNT) (Alenius et al., 1991). The estimates, Se of 84.6% and Sp of
100%, were calculated using VNT as gold standard. For the SVANOVIR®

BRSV-Ab, the Se (94%) and Sp (100%) were calculated in a study
comparing the test results to another ELISA in 151 serum samples.
Thus, test estimates were relative to the other ELISA (Elvander et al.,
1995). Results from the former studies are not comparable to the pre-
sent study due to different sample material (serum vs. BTM). Even so, it
is important to note that in studies assuming a perfect reference test the
estimated Se and Sp of the index test will never exceed those of the gold

standard, thus the higher Se of both the BRSV and BCV ELISA found in
our study was not unexpected.

To explore the effect of different cut-off values on test character-
istics we applied a range of cut-off values for the multiplex antigens.
Whenever the cut-off is changed this could entail a change in the de-
finition of the latent condition and change the number of true positive
and true negative herds. There was relatively little variation in the Se
and Sp estimates of the BRSV- and BCV ELISA across the different cut-
off values explored, and the change in estimates of true prevalence was
minor. The tests generally agreed on the proportion of positive herds
indicating that tests had good agreement on the underlying target
condition. The explorative approach to choosing cut-offs is a potential
weakness of the current study; however, the different scenarios provide
examples of expected performance for different cut-offs and do not
represent an optimization of the diagnostic tests. The chosen cut-off will

Table 4
Results from the sensitivity analysis (BRSV): Median estimates and 95% posterior credibility intervals (PCI) of the sensitivity (Se) and specificity (Sp) of bulk tank milk BRSV multiplex
and BRSV ELISA at the manufacturers’ recommended cut-off (alternative 2, Fig. 1), for the conditionally independent (CID) model and conditionally dependent (COC) models where the
covariance is expressed as proportions of maximum possible value.

Conditional covariancea BRSV multiplex BRSV ELISA

Se Sp Se Sp

Median [95% PCI] Median [95% PCI] Median [95% PCI] Median [95% PCI]

CID model
0.00 94.4 [89.8;98.7] 90.6 [85.5;94.4] 99.8 [98.7;100] 57.4 [50.5;64.4]

COCSeandSp

0.25 94.1 [89.5;98.6] 87.3 [80.5;92.5] 99.6 [98.1;100] 55.2 [48.3;62.3]
0.50 93.6 [88.8;98.3] 80.7 [70.6;88.6] 99.4 [96.9;100] 50.7 [43.3;58.1]
0.75 92.1 [84.9;97.6] 69.3 [62.5;79.4] 98.5 [93.2;100] 42.7 [36.8;50.3]
0.9 89.8 [82.1;96.6] 67.8 [62.1;75.4] 97.1 [91.7;99.9] 40.6 [35.2;46.8]
−0.5 94.5 [89.9;99.0] 93.7 [90.4;96.3] 99.8 [99.1;100] 59.6 [52.5;66.9]

COCSe

0.25 94.1 [89,5;98.6] 90.5 [85.6;94.4] 99.7 [98.1;100] 57.4 [50.5;64,4]
0.50 93.6 [88,7;98.4] 90.5 [85.5;94.3] 99.4 [96.9;100] 57.4 [50.5;64.6]
0.75 91.8 [84.3;97.5] 90.2 [84.8;94.2] 98.3 [92.8;100] 57.3 [50.2;64.4]
0.9 87.4 [81.1;95.6] 89.4 [83.5;93.7] 95.4 [90.9;99.7] 57.0 [49.9;64.1]
−0.25 94.3 [89.8;98.7] 90.5 [85.5;94.4] 99.8 [98.7;100] 57.4 [50.5;64.5]

COCSp

0.25 94.3 [89.7;98.8] 87.3 [80.6;92.5] 99.8 [98.7;100] 55.2 [48.3;62.3]
0.50 94.3 [89.8;98.7] 80.9 [70.6;88.6] 99.8 [98.6;100] 50.8 [43.3;58.3]
0.75 94.3 [89.7;98.8] 69.6 [62.7;79.5] 99.7 [98.6;100] 43.0 [37.0;50.4]
0.9 94.3 [89.6;98.7] 68.2 [62.3;77.0] 99.7 [98.3;100] 40.8 [35.4;47.7]
−0.25 94.4 [89.7;98.8] 92.0 [87.8;95.3] 99.7 [98.7;100] 58.4 [51.7;65.3]

a Proportion of upper limit of conditional covariance.

Table 5
Test parameters for the BCV multiplex and BCV ELISA: Sensitivity, specificity, and estimates of true prevalence (TP) in the two sub-populations. Cut-off alternative 1- 9 represents
different cut-off alternatives for the BCV multiplex (presented in Table 2). The BCV ELISA cut-off was fixed at sample positive> 10 PP for all alternatives.

Test Sub-population

BCV multiplex BCV ELISA Pop 1 Pop 2

Parameter Se Sp Se Sp TP TP

Cut-off
alternative

Median [95% PCI] Median [95% PCI] Median [95% PCI] Median [95% PCI] Median [95% PCI] Median [95% PCI]

1 99.9 [99.4;100] 77.3 [69.8;84.8] 99.0 [96.9;100] 99.5 [97.1;100] 94.0 [91.0;96.3] 61.5 [56.2;66.7]
2 99.6 [98.6;100] 91.1 [85.4;96.0] 99.4 [97.8;100] 97.4 [93.4;99.7] 93.5 [90.5;95.8] 60.3 [55.1;65.5]
3 99.5 [98.1;100] 93.1 [88.0;97.2] 99.5 [98.1;100] 92.3 [87.3;96.7] 93.1 [90.1;95.5] 58.0 [52.7;63.2]
4 98.9 [96.8;100] 94.3 [89.5;98.1] 99.5 [98.0;100] 87.5 [81.1;93.3] 92.6 [89.4;95.2] 55.8 [50.3;61.2]
5 99.0 [96.8;100] 94.3 [89.5;98.1] 99.5 [98.0;100] 81.6 [75.0;87.8] 92.2 [88.9;94.9] 52.4 [47.0;58.0]
6 97.9 [95.1;99.7] 94.3 [89.5;98.1] 99.5 [98.0;100] 79.8 [72.6;86.8] 91.8 [88.2;94.8] 51.5 [45.9;57.3]
7 90.6 [86.6;94.2] 94.3 [89.5;98.1] 99.4 [97.9;100] 82.6 [73.5;92.3] 92.1 [88.3;95.0] 53.3 [46.8;60.1]
8a 99.9 [99.3;100] 93.7 [88.8;97.8] 99.5 [98.1;100] 99.6 [97.6;100] 93.5 [90.6;95.7] 61.2 [56.0;66.2]
9a 97.1 [94.0;99.4] 99.2 [96.9;100] 99.8 [99.1;100] 80.4 [73.1;87.5] 91.5 [87.8;94.5] 51.6 [46.1;57.1]

a Only BCV-A antigen included.
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likely affect the number of antibody producing animals needed for a
positive BTM result, and a positive correlation between within-herd
prevalence and OD-value has been shown for other diseases (Muskens
et al., 2011; Nekouei et al., 2015). Because the typical Norwegian dairy
herd is small (mean herd size 25.7) (Anon., 2015) compared to most
other developed countries, this might influence the generalizability of
our results: In larger herds antibodies might be diluted in the bulk tank,
and hence cause the test Se to decrease. However, larger herds might
also have more positive animals.

Careful evaluation of the model assumptions is crucial when per-
forming LCA, as violation of assumptions might lead to biased results.
The assumption of different prevalence between populations is central
to LCA models, and Toft et al. (2005) showed that the precision of the
accuracy parameters improved with increasing difference in prevalence
among the populations studied. In the present study, the difference in
prevalence between the two sub-populations was relatively large,
which in addition to a sufficient sample size, leads to narrow posterior
credibility intervals for the Se and Sp estimates.

The second assumption is that the test characteristics are constant in
both populations. The Norwegian dairy herd is relatively homogeneous,
and the two sub-populations in this study are likely similar in terms of
breeds and production systems. A potential source of variation in test
characteristics between sub-populations could be antigenic diversity
within the Norwegian dairy herd. Findings of antigenic diversity of BCV
are summarized by Saif (2010) who concludes that only a single ser-
otype is known based on virus cross-neutralization tests, and that a high
level of cross protection has been shown between respiratory and en-
teric isolates. For BRSV, a Norwegian study found that the current
Norwegian strains of BRSV belonged to the same subgroup as other
North European isolates, indicating that the within-country diversity is
likely to be limited (Klem et al., 2014a). Additionally, cross-reaction is
likely to be common, and has even been shown for isolates from dif-
ferent species (Oberst et al., 1993). Even though it seems unlikely that
spatial antigenic diversity plays an important role as source of bias it
cannot be excluded with complete certainty.

The final assumption to be met is conditional independence of tests
given the disease status. Several papers argue that if tests have similar
biological basis, this assumption is likely not met (Gardner et al., 2000;
Branscum et al., 2005). Conditional independence between tests means
that the probability of a positive (or negative) result from one test is the
same regardless of the result of the other test, given the true disease
state (Enøe et al., 2000; Toft et al., 2005). Conditional dependence
would, in terms of false positives, mean that the second test is more
likely to pick up a herd as a false positive if it already tested (false)
positive on the first test, for instance due to cross-reactivity with other
agents. To estimate covariance between tests (γSe and γSp) two extra
degrees of freedom are needed. In a two tests, two populations scenario
this results in an unidentifiable model i.e. it is not possible to estimate
covariance without including prior information. No reliable prior in-
formation could be obtained for test parameters or prevalences in the
present study. Another approach potentially allowing for estimation of
covariance would be to include a third test: either another antibody

test, or a test detecting the virus itself (e.g. a qPCR). The first option
would not necessarily allow for estimation of covariance unless the
third test had some underlying properties substantially different from
the two other tests. Adding an antigen test might ensure conditional
independence, however, it would change the underlying disease status
to involve not only serological response, but also a coherent shedding of
virus. We explored the consequences of conditional dependence (sen-
sitivity analysis) by including fixed covariances as proportions of the
maximum possible covariance between tests. For the BCV estimates,
allowing for covariance in the latent class models had negligible effect
on parameter estimates of both tests. As the Se of the BCV multiplex and
the Sp of the BCV ELISA is close to one, the small effect of covariance
was expected. It can be shown mathematically that test Se (Sp) are
conditionally independent whenever one test has Se (Sp)= 1, see
Appendix A for details. This was also the situation for BRSV-Se where
the Se of the ELISA is close to 1. However, the COC-models with fixed
covariances did yield changes in the estimated specificity for BRSV of
both tests. This became most notable when the covariance was assumed
larger than 25% of maximum. In summary, the effect of covariance was
small except for BRSV-Sp for high values of covariance. It is important
to note that the sensitivity analysis gives an indication of the effect of
covariance if present, but does not answer whether covariance exists.
Even though both tests in this study are antibody tests, they differ in the
way they are designed. First, the ELISAs uses crude whole virus in the
ELISA well, whereas the BRSV/BCV multiplex uses peptides and re-
combinant proteins. Second, the tests use different techniques for de-
tection. The ELISAs use a chromogenic substrate and results are based
on a reading of optical density, whereas the BRSV/BCV multiplex uses a
chemiluminescent substrate where results are based on a reading of
light emission. These differences make a violation of the conditional
independence assumption less likely.

In conclusion, the BRSV/BCV multiplex and the BRSV/BCV ELISA
showed similar performance when applied on BTM samples. The Sp of
the BCV multiplex can be improved by using the BCV-A antigen only,
and the low Sp of the BRSV ELISA can be improved by increasing the
cut-off when using this test on BTM.
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Appendix A. Model description

Model description

The assumption of conditional independence between tests given disease status implies that for the population with infection present (D+), the
probability of test 1 and 2 both being positive given the test subject is truly infected is:

=+ + + + + + +T T D T D T DPr( ) Pr( )Pr( )1 2 1 2

Similarly, for the population of non-infected subjects (D−), the probability of test 1 and 2 both being negative given the test subject is truly non-
infected:

=− − − − − − −T T D T D T DPr( ) Pr( )Pr( )1 2 1 2

If we define
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= −+ + + + + + +γ T T D T D T DPr( ) Pr( )Pr( )Se 1 2 1 2

and

= −− − − − − − −γ T T D T D T DPr( ) Pr( )Pr( ),Sp 1 2 1 2

then γSe and γSp are the conditional covariances (COCs) among infected and non-infected test subjects, respectively, and presence of COC between
tests given disease status implies that γSe≠ 0 and/or γSp≠ 0.

The latent class model assumes that for the ith subpopulation the counts (Oi) of the different combinations of test results, e.g. POS/POS, POS/
NEG, etc. for the two tests follow a multinomial distribution

Oi| Sej,Spj,pi∼Multinominal(Probi, ni) for i= 1,2,…,S and j= 1,2.

where S is the number of subpopulations; j is the index for the test; and Probi is a vector of probabilities of observing the individual combinations
of test results for the ith subpopulation (with true prevalence,TPi):
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(Se Se )TP ((1 Sp )(1 Sp ) )(1 TP)
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((1-Se )Se )TP (Sp (1 Sp ) )(1 TP)
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i

i i

i i

i i
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1 2 1 2 1 2

1 2 1 2 1 2

1 2 1 2 1 2

1 2 1 2 1 2

1 2 Se 1 2 Sp

1 2 Se 1 2 Sp

1 2 Se 1 2 Sp

1 2 Se 1 2 Sp

The model with CID between tests can be obtained by letting γSe= γSp= 0 in the above expression.
From the expression for Probi it is possible to derive upper and lower limits for γSe and γSp, since each of the elements of the probability vector

must be between zero and one, thus:

max[−(1− Se1)(1− Se2), −Se1 Se2]≤ γSe≤min[Se1(1− Se2), Se2(1− Se1)]

max[−(1− Sp1)(1− Sp2), −Sp1Sp2]≤ γSp≤min[Sp1 (1− Sp2), Sp2 (1− Sp1)]

If we let the Se or Sp of either test be equal to 1 in the above equations, it follows that the associated conditional covariance is limited to zero from
above and below. Thus implying conditional independence (with respect to Se and/or Sp) between the two tests given disease status. In frequentist
statistics, a 95% confidence interval not including zero is evidence for statistical significance. If a similar approach is adopted in a Bayesian setting,
then a 95% posterior credibility interval for the conditional dependence without zero indicates that the conditional dependence should be included
in the model. This covariance can be expressed as either γSe (or γSp) or as the proportion of covariance relative to its maximum value.
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A B S T R A C T

A national control program against bovine respiratory syncytial virus (BRSV) and bovine coronavirus (BCV) was
launched in Norway in 2016. A key strategy in the program is to test for presence of antibodies and protect test-
negative herds from infection. Because these viruses are endemic, the rate of re-introduction can be high, and a
disease-free status will become more uncertain as time from testing elapses. The aim of this study was to estimate
the probability of freedom (PostPFree) from BRSV and BCV antibodies over time by use of bulk tank milk (BTM)
antibody-testing, geographic information and animal movement data, and to validate the herd-level estimates
against subsequent BTM testing.

BTM samples were collected from 1148 study herds in West Norway in 2013 and 2016, and these were
analyzed for BRSV and BCV antibodies. PostPFree was calculated for herds that were negative in 2013/2014, and
updated periodically with new probabilities every three months. Input variables were test sensitivity, the
probability of introduction through animal purchase and local transmission. Probability of introduction through
animal purchase was calculated by using real animal movement data and herd prevalence in the region of the
source herd. The PostPFree from the final three months in 2015 was compared to BTM test results from March
2016 using a Wilcoxon Rank Sum Test.

The probability of freedom was generally high for test-negative herds immediately after testing, reflecting the
high sensitivity of the tests. It did however, decrease with time since testing, and was greatly affected by pur-
chase of livestock. When comparing the median PostPFree for the final three months to the test results in 2016, it
was significantly lower (p < 0.01) for test positive herds. Furthermore, there was a large difference in the
proportion of test positive herds between the first and fourth quartile of PostPFree. The results show that
PostPFree provides a better estimate of herd-level BTM status for both BRSV and BCV than what can be achieved
by relying solely on the previous test-result.

1. Introduction

Bovine respiratory syncytial virus (BRSV) and bovine coronavirus
(BCV) are widespread infectious agents, present in cattle populations
around the world, including the Norwegian dairy population (Valarcher
and Taylor, 2007; Gulliksen et al., 2009; Boileau and Kapil, 2010).
BRSV causes respiratory disease, mostly in young animals, but can af-
fect cattle of all ages (Valarcher and Taylor, 2007). Clinical signs vary
from none to severe (Valarcher and Taylor, 2007). BCV is responsible
for diarrhea in calves, and for respiratory disease and contagious
diarrhea in adult cattle (winter dysentery) (Boileau and Kapil, 2010).

These infections lead to increased use of antibiotics due to common
secondary bacterial infections, they reduce animal welfare and the as-
sociated economic losses can be considerable (Larsen, 2000; Boileau
and Kapil, 2010). In 2016, a national control program against BRSV and
BCV was launched in Norway, as the first country in the world. The
program is conducted as a joint initiative amongst producer organiza-
tions, and participation is voluntary. In early 2016, bulk tank milk
(BTM) was collected from the majority of Norwegian dairy herds and
analyzed for BRSV and BCV antibodies. In a previous study, dairy herds
in two counties on the west coast of Norway had also been sampled and
tested three years earlier (Toftaker et al., 2016).
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A key strategy of the control program is to protect uninfected herds
by imposing restrictions on livestock trade. A negative herd status based
on BTM lasts for one year after testing, regardless of the degree of
contact with other herds. In a previous Norwegian study, it was shown
that spread of BRSV between herds was rapid i.e. the elimination rates
and introduction rates were high (Klem et al., 2013). Transmission
dynamics for BCV has not yet been investigated in Norway, although
one study describes a regional outbreak of winter dysentery (Toftaker
et al., 2017). Studies from Sweden have shown that recent BCV infec-
tion is common, indicating that the infection is easily transmitted
(Beaudeau et al., 2010; Ohlson et al., 2013). Due to the constant risk of
virus introduction, the assumption that a negative status is valid for a
long time is questionable. Several factors can affect the risk of change in
status. Purchase of livestock is a well-known route of introduction of
infectious agents, and herds that frequently purchase animals are likely
at a higher risk of seroconversion (Elvander, 1996; Frössling et al.,
2012; Toftaker et al., 2016). In addition to purchase of animals, pre-
vious studies have shown that location and herd size are important risk
factors for BRSV- and/or BCV antibody positivity (Ohlson et al., 2010b;
Toftaker et al., 2016)

Demonstration of freedom from different diseases at the national
level is important for international trade purposes, and the use of sce-
nario-tree models has recently provided a more advanced and flexible
approach to these calculations (Martin et al., 2007a). More et al. (2013)
applied this methodology at herd level within the Irish control program
for Johne’s disease. They included information on livestock trade along
with test results to calculate probability of freedom from Johne’s dis-
ease in test-negative herds. In Norway, information on location of
herds, herd size and livestock trade are available from central direc-
tories. It was hypothesized that this information could be used along
with test results to provide updated estimates of herd probability of
freedom from antibodies reflecting the status more accurately than
previous BTM test results alone. Estimating a time-varying probability
of freedom could potentially form a tool for risk assessment in livestock
trade or provide the basis for a risk-based approach to sampling.

The aim of this study was to develop a method for a frequently
updated estimate of probability of freedom (PostPFree) from BRSV- and
BCV antibodies at the herd level, based on information from BTM
testing, geographic location and animal movement data.

2. Materials and methods

2.1. Study area and study population

The study area was two neighboring counties on the west coast of
Norway. The southern county; “Sogn og Fjordane” and the northern
county; “Møre og Romsdal”. Herds located in the study region were
included if they had either at least one ingoing animal movement or
contributed with at least one BTM sample during January 2013 to
March 2016. We had no information on herds without movements or
BTM samples; hence, the total cattle population in the study region was
not known. A flowchart was made to describe the different subsets of
herds used for the different analyses (Fig. 1).

2.2. Sampling and analysis of BTM

During December 2012 to June 2013, BTM samples were collected
from 1347 herds (out of 1854 herds delivering milk in 2013) in the
study area as part of a cross-sectional risk factor study (Toftaker et al.,
2016). For the PostPFree calculations, BTM samples collected in De-
cember 2012 were assigned to the first time period i.e. the first three
months of 2013. Some of the test-negative herds were resampled the
following year (n=275, February 2014–August 2014). Finally, 1148
herds also had a BTM sample collected in March 2016 as part of the
national BRSV/BCV control program. All BTM samples were collected
by the milk truck driver in conjunction with milk collection and cooled

at a temperature of 2–4 °C until received at the laboratory (TINE Mas-
titis Laboratory, Molde, Norway) where samples were frozen between
−18 and −20 °C until the time of analysis. The 2013 and 2014 samples
were analyzed in the Norwegian laboratory, whereas the 2016 samples
were shipped over-night to a laboratory in Ireland (Enfer Scientific,
Naas, Ireland).

BTM samples collected in 2012–2014 were tested for antibodies
against BRSV and BCV using the SVANOVIR® BRSV-Ab and SVANOVIR®

BCV-Ab, respectively. Samples were analyzed following the manu-
facturer’s instructions as described by Toftaker et al. (2016). A cut-off
value of 10 percent positivity (PP) was used for both tests, according to
the test manual (Svanova, 2018a,b). From 2016, all samples were
analyzed with the new MVD-Enferplex BCV/BRSV multiplex, hereafter
referred to as the multiplex. This test detects BRSV and BCV antibodies
simultaneously using a panel of two recombinant proteins and two
synthetic peptides for BRSV (BRSV-A -D) along with one recombinant
protein (BCV-A) for BCV, as antigens. A positive test response results in
chemiluminescence, captured by an imaging system, and measured in
relative light units (RLU) by the Quansys Q view software (v 1.5.4.7).
Antigens were combined in a parallel reading, i.e. the test was con-
sidered positive when the RLU-value of at least one antigen was above
the cut-off. The applied cut-off values for the four different BRSV-an-
tigens were: 2000 for BRSV-A, 4000 for BRSV-B, 7000 for BRSV-C and
1700 for BRSV-D. For BCV-A a cut-off value of 10,000 was used. The
sensitivity (Se) of the multiplex was set to 0.94 for BRSV and 0.995
BCV. The Se was set to 0.998 for the SVANOVIR® BRSV-Ab and 0.999
for SVANOVIR® BCV-Ab. Test parameters at the applied cut-off values
were based on a diagnostic test evaluation study, evaluating the mul-
tiplex along with the SVANOVIR® BRSV-Ab and SVANOVIR® BCV for
BTM (Toftaker et al., 2018).

All the tests detect antibodies, not the antigen itself, consequently
we will in the present study use “positive” when referring to animals,
herds or regions as having BRSV and/or BCV antibodies. Furthermore,
all input variables in the probability model relates to antibodies, hence,
the calculated probabilities relate to presences of antibodies, and not
necessarily infection or presence of virus.

2.3. Data sources and software

The Norwegian food safety authority provided data on cattle
movements (The Norwegian Livestock registry). In the current study,
animal movements refer to movements where there is a change of

Fig. 1. Flow-chart outlining the study sample and subsets of herds included in
different calculations in a study estimating the probability of freedom from
BRSV- and BCV antibodies in dairy herds located in two counties in western
Norway during the period January 2013–March 2016.
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owner, for which reporting is mandatory. Information about herd size
was retrieved from the Norwegian dairy herd recording system
(NDHRS) which in 2011 included 98% of Norwegian dairy herds
(Espetvedt et al., 2013). BTM test results were provided by the largest
producer organisation, TINE SA, and information on location of herds
(coordinates, EUREF89/WGS 1984 UTM-32) was provided by the
Norwegian Agriculture Agency. All data management, calculations and
analyses were performed using Stata (Stata SE/14; Stata Corp., College
Station, TX).

2.4. Animal movements

All recorded animal movements where the destination herd was
located in the study area were included. Duplicate records, i.e. move-
ments where animal ID, source county, destination herd and movement
date where identical, were reduced to single records (n=8237).
Records of movements where the same animal was moved back and
forth between the same two herds, or to two different recipient herds,
on the same day, were omitted (n= 179). Records where the source
county or the source herd was missing, and could not be retrieved from
other variables, were also omitted (n= 56). After editing, the dataset
included records of 45,208 movements to 1802 destination herds lo-
cated in the study region.

2.5. Probability of freedom

PFree was calculated for all herds starting the study period with
negative BTM test results in 2013 (and, if tested, in 2014). This was
done separately for each virus. The probability of freedom was updated
periodically according to the chosen time period; every three months.

The framework presented here is based on a combination of con-
cepts from the following studies; a) scenario-tree modelling of freedom
from disease using multiple sources of data presented by Martin et al.
(2007a, 2007b), b) calculations of probability of disease freedom on
herd level in the Irish control program for Johne´s disease by More et al.
(2013) and c) a novel method to identify herds with an increased
probability of disease due to animal trade developed by Frössling et al.
(2014). The probability of freedom was calculated for each herd using
the following Eqs. (1)–(5):

First, the probability of introducing at least one positive animal,
PIntroTrade, to the destination herd was calculated for each unique
combination sd of source herd s and destination herd d for each time
period:

= − − +P DPIntroTrade 1 (1 ( ) )a n
sd (1)

where P(D+)a was the within-herd prevalence in the source herd, set to
0.5 (i.e. a 50–50 probability of infection/freedom) for all herds, and n
was the number of animals purchased from the source herd.

The total probability of introduction from all animal purchases
within each time period t was calculated for each destination herd:

∏= − − × +PIntroTrade P DPIntroTrade 1 (1 ( ( ) ))sd hall (2)

where P(D+)h is the probability that the source herd is antibody po-
sitive at the herd level. As an estimate of P(D+)h the herd prevalence in
the county of the source herd, based on the national BTM screening was
used.

As virus can be introduced, not only through purchase of livestock,
but also by indirect transfer, we included a factor for probability of
indirect transmission; PIntroLocal. This factor was estimated using the
proportion of herds that were negative at the first sampling (2013) and
positive at the last sampling (2016), in the group that did not purchase
animals, hereafter designated closed herds. This was done separately
for the two viruses and for the two counties as we knew that the pre-
valence, and likely the infectious pressure, was higher in the northern
county (Toftaker et al., 2016). In addition, herd size was taken into

account as several studies have found an association between herd size
and seropositivity (Norström et al., 2000; Solís-Calderón et al., 2007;
Ohlson et al., 2010b; Toftaker et al., 2016). In the study by Toftaker
et al. (2016) conducted in the same region, the odds of testing positive
increased with 12% across the inter quartile range of herd size. The
effect of herd size was the same for both viruses. Based on this, we
divided the study herds into two groups with median herd size as cut-
point and assigned a value of PIntroLocal 12% higher in the “large”
compared to the small herds. In summary, this resulted in four cate-
gories of PIntroLocal for each virus based on herd size below or above
median, and which county the herd was located in (north/south). The
total probability of introduction through animal purchase and by in-
direct transmission for each time period t was then calculated:

= − − × −PIntroTrade PIntroLocalPIntroTotal 1 ((1 ) (1 ))t t (3)

The prior probability of infection at time t, PriorPInft, was estimated
as follows:

= + − ×− −f PIntroTotal PostPInf PIntroTotal PostPInfPriorPIn t t t t t1 1 (4)

For the first time period, the prior probability of infection (PriorPInf)
was set to 0.5, resembling testing a herd with unknown status, i.e. no
prior information on herd prevalence in the region available and an
equal probability of being positive and negative. PriorPInf was then
calculated for each time period by taking the posterior probability of
infection from the previous time period (PostPInft-1) and adding the
probability of introduction during time period t calculated from Eq. (3),
and adjusting for the possibility that the herd might already have been
antibody positive but undetected, at the end of the previous time period
(t− 1).

After each three month period, an updated probability of freedom
(PostPFree) was calculated using Bayes theorem as described by Martin
et al. (2007b):

= −
− ×

PriorPInf
PriorPInf TotalSe

PostPFree
(1 )

(1 ) (5)

The probability of infection (PostPInf) was the complement to
PostPFree. The change in PostPFree over time was visualized for two
example herds in a line plot.

2.6. Sensitivity analysis

Due to the uncertainty of the local factor, a sensitivity analysis was
performed, using 50% lower and 50% higher values of PIntroLocal, and
assessing the effect on the outcome; PostPFree.

2.7. Model evaluation

To assess the usefulness of the developed method, the PostPFree
calculations for the final three month period was compared to the re-
sults from BTM testing in 2016, using a Wilcoxon Rank Sum Test. Bar
charts were made showing the proportion of test positive herds in each
quartile of PostPFree. The accuracy of the PostPInf was explored by
treating it as a diagnostic test, comparing the PostPInf results to the
2016 BTM test-results (used as gold standard). A smoothed line plot of
Se and Sp versus probability cut-off of PostPInf was made, and the Se
and Sp at different cut-offs of PostPInf were tabulated (results not
shown).

3. Results

3.1. Study population

The dataset consisted of 2432 beef and dairy herds located in “Sogn
og Fjordane” and “Møre og Romsdal” counties. A BTM result from 2013
was available for 1347 herds, of which 275 had a follow up sample in
2014. Of the 1347 herds, 676 and 333 did not have antibodies against
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BRSV and BCV (in 2013 or 2014), respectively, and were used for
probability of freedom calculations. Of the 1347 herds sampled in 2013,
1148 also had a BTM sample in 2016 of which 569 and 270 were in-
itially negative for BRSV and BCV, respectively, and were used for
validation of PostPFree/PostPInf. For an overview of study sample and
subset of herds used in different calculations, see Fig. 1.

3.2. BTM results

At the first sampling in 2013, 622 out of 1347 sampled herds were
BRSV-antibody positive and 973 were BCV-antibody positive, i.e. a
proportion of test positive of 46.2% for BRSV and 72.2% for BCV as
previously reported (Toftaker et al., 2016). The national control pro-
gram started in March 2016, resulting in BTM samples from 1565 herds
in the study area. On this final screening, 688 herds (44.0%) were an-
tibody positive for BRSV and 1210 herds (77.3%) were antibody posi-
tive for BCV. Of the initially negative herds that were also sampled in
2016, 178 (29%) had changed status for BRSV and 89 (29%) for BCV.
An overview of counts and proportions of test outcomes are presented
in Table 1.

3.3. Local transmission factor

3.3.1. BRSV
Of the closed herds (n=384), 104 herds were initially test-negative

for BRSV in each county. When retested in 2016, 21 (20%) of the in-
itially negative herds had changed status in the southern county, and 36
(35%) in the northern county.

3.3.2. BCV
For BCV, 60 herds were initially test-negative in the northern

county, and 66 in the southern county in the group that did not pur-
chase animals. When retested in 2016, 16 (27%) and seven (11%) herds
went from negative to positive in the northern- and southern county,
respectively. The resulting local transmission rate, PIntroLocal, per
three month time period for each virus is presented in Table 2.

3.4. Probability of freedom

PostPFree was high after the initial negative tests for both viruses.
The median PostPFree in the 12th, i.e. the last, time period was 0.62
(range 0–0.91) for BRSV and 0.80 (range 0–0.95) for BCV. The dis-
tribution of PostPFree in time period twelve is shown by county in
Fig. 2. Purchase of animals greatly affected the PostPFree for both
agents, resulting in different slopes for herds that purchased animals
compared to closed herds, as illustrated by two example herds, in Fig. 3.

3.5. Sensitivity analysis

For BRSV, reducing the value of PIntroLocal by 50% gave a mean
increase in PostPFree of 10.6% (SD 4.6%), and increasing the value of
PIntroLocal gave a mean decrease in PostPFree of 9.6% (SD 3.8%). For
BCV, reducing the value of PIntroLocal by 50% gave a mean increase in
PostPFree of 5.4% (SD 3.3%), and increasing the value of PIntroLocal by
50% gave a mean decrease in PostPFree of 5.0% (SD 2.9%).

3.6. Model evaluation

The Wilcoxon Rank Sum test showed a significant (p < 0.01) dif-
ference in PostPFree between BTM positive and BTM negative herds in
2016. This was true for both BRSV and BCV.

3.6.1. BRSV
When assessing PostPInf as a diagnostic test, the Se decreased with

increasing cut-off, and when 0.25 was used as cut-off, the Se for de-
tecting herds that were BTM positive in 2016 was 0.76 (95% CI:
0.68–0.82). In a practical sense this means that a recommended re-
testing at this value would capture an estimated 76% of the positive
herds i.e. herds that are misclassified as negative based solely on the
previous BTM test. No herds had PostPInf<0.05 (PostPFree>0.95) at
the end of the study period, but at the lowest estimated value,
PostPInf<0.086, two out of 15 herds (13%) were test positive. The
proportion of test positive herds in each quartile of PostPFree is illu-
strated in Fig. 4, and the Se and Sp of PostPInf is illustrated in Fig. 5.

3.6.2. BCV
For BCV the Se decreased with increasing cut-off as for BRSV,

however when using a cut-off value of 0.25 for PostPInf the Se for de-
tecting BTM positive herds in 2016 was only 0.55 (95% CI 0.42–0.68).
At a cut-off value of 0.1 the Se was 0.83 (95% CI 0.71-0.92). At
PostPInf<0.05, two out of 19 herds (10%) were test positive. The
proportion of test positive herds in each quartile of PostPFree is illu-
strated in Fig. 4, and the Se and Sp of PostPInf is illustrated in Fig. 5.

4. Discussion

This study shows that the PostPFree of BRSV and BCV can be used as
an updated measure of the probability of freedom from antibodies at
the herd level. For both infections, PostPFree of a test-negative herd was
high immediately after a negative test, reflecting the high sensitivity of

Table 1
Overview of BRSV- and BCV antibody test result for bulk tank milk samples in 2013 and 2016, in a study estimating the probability of freedom from BRSV- and BCV
antibodies in dairy herds located in two counties in western Norway.

Year BRSV+ BRSV− BCV+ BCV−
n (%) n (%) n (%) n (%)

2013
n=1347

622 (46.2) 725 (53.8) 973 (72.2) 374 (27.8)

2016
n=1565

688 (44.0) 877 (56.0) 1210 (77.3) 355 (22.7)

2013/2016 +/+ +/− −/+ −/− +/+ +/− −/+ −/−
n=1148 334 (29.1) 200 (17.4) 178 (15.5) 436 (38.0) 724 (63.0) 120 (10.5) 89 (7.8) 215 (18.7)

Table 2
Local transmission rate, PIntroLocal, per three month time period in the four
different categories of herds, in a study estimating the probability of freedom
from BRSV- and BCV antibodies in dairy herds located in two counties in
western Norway. PIntroLocal was estimated from the proportion of herds that
went from antibody- negative to positive during the study period (2013–2016)
and did not purchase livestock.

Herd size PIntroLocal

BRSV BCV

Northern
county

Southern
county

Northern
county

Southern
county

Small herds 0.025 0.015 0.019 0.0078
Large herds 0.028 0.016 0.022 0.0087
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the tests, but gradually decreased with time. It is intuitive that the
confidence of freedom from infection will decrease with time since
sampling, as long as there is a risk of introduction. The advantage of our
approach is that it offers a quantification of this decrease in confidence,
through the regularly updated PostPFree resulting in herd specific slopes
over time based on purchase of livestock, location of the herd and herd
size (Fig. 3). Based on our calculations, the effect of the local factor was
small compared to the effect of purchasing livestock, which had a large
impact on the probability of freedom. Large differences in PostPFree
were observed in the study herds at the end of the study period, de-
pending on to which extent the individual herd had purchased animals.
When herds that were test negative in 2013 were retested in 2016, 29%
had changed antibody status to positive, and even though this pro-
portion was likely lower after only one year (when retesting is re-
quired), this indicated that, in many cases, inferring a herd’s current
status from an old BTM sample is problematic. Because most herds in
the present study were not retested until 2016, a validation before this
point was not possible. Consequently, we could only assess the overall
performance of the method across three years, and not assess any

variations between years. If implemented in the ongoing control pro-
gram a continuous evaluation of the tool would be advisable so that
adjustments can be made accordingly.

The estimated PIntroLocal was smaller for BCV than for BRSV. This
was expected, as previous studies have indicated that the relative im-
portance of purchase of livestock is higher for BCV than for BRSV
(Frössling et al., 2012; Toftaker et al., 2016). The reason for the low
estimated PIntroLocal was that few of the initially negative, closed herds
seroconverted during the study period, 27% for BRSV and 18% for BCV.
When herds purchasing animals also were included, 29% of the pre-
viously negative herds changed status to positive for each of the viruses.
This is within the same range as in a Swedish study where between 11.1
and 66.7% of different categories of study herds went from BCV anti-
body negative to positive during a three-year period, when herd clas-
sification where based on pooled samples of primiparous cows (Ohlson
et al., 2013). Only two herds had a negative BTM test. Even though the
total study period was the same as in the current study, some herds did
not become negative until after the study had started, thus the time at
risk for each herd differed. Compared to our results for BRSV, Klem

Fig. 2. The distribution of the estimated herd level probability of freedom (PostPFree) from BRSV antibodies (top panel) and BCV antibodies (bottom panel), by
county, in the final three-month time period (time period 12) before subsequent testing. Calculations were based on BTM antibody testing, herd location and animal
movement data during the period January 2013–December 2016, and were performed for n= 676 (BRSV) and n=333 (BCV) dairy herds in two counties in western
Norway during the period January 2013–December 2016. All herds had a negative test result at inclusion.

Fig. 3. Herd level probability of freedom (PostPFree) from BRSV antibodies over 36 months for two example herds both starting with a negative test. The herd to the
left has no purchases, but a second bulk tank milk test indicated by a dashed arrow, whereas the herd to the right has purchased livestock on several occasions
indicated by solid arrows. Calculations were based on BTM antibody testing, herd location and animal movement data during the period January 2013–December
2016. PostPFree was updated every three months.
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et al. (2013) found a considerably higher introduction rate (42%) over a
period of only six months in a previous Norwegian study. However, the
latter study differed from the present in two important aspects; it used a
random sample of herds from the national dairy population, and herd
classification was based on serum samples from a group of young stock.
The difference in introduction rates could therefore be due to regional
differences in disease occurrence and dynamics, and/or it might reflect
that BTM negative herds represent a low risk stratum of the population.
A negative BTM test means that the herd has likely been free from
circulating virus for a long time, as animals continue to produce anti-
bodies several years after infection (Alenius et al., 1991; Tråvén et al.,
2001; Klem et al., 2014). If a herd has managed to stay free from in-
fection for many years, it might have certain characteristics that makes
it likely to remain free. PIntroLocal was used as a parameter for trans-
mission through other routes than officially recorded animal move-
ments. Indirect transfer via fomites is likely the most important factor,
however, direct animal contact is possible e.g. on shared pastures, or if
animals are temporarily moved (without change in ownership).

The estimation of PIntroLocal in the present study was based on a
small sample size, and support from literature was scarce. The sensi-
tivity analysis showed that the change in output (PostPFree) was mod-
erate when PIntroLocal was increased or decreased with 50%, sug-
gesting that if the true rate of local transmission is very different from
the estimated local factor, this could affect the predictive ability of the
model. It seems likely that local differences in prevalence and geo-
graphically dependent risk factors such as herd density might cause

important differences in PIntroLocal. Differences in the importance of
local transmission should therefore be investigated for different regions
if the presented framework is to be applied at a national scale.

Currently, the control program is moving towards classification of
herds based on pooled individual serum or milk samples, but these test
results were not yet available for research purposes. The presented
framework could be extended to encompass herd classification based on
individual samples. This would include estimation of herd Se for the
different types of sampling strategies, as described by More et al. (2013)
for Johne’s disease in Ireland and recently by Ågren (2017) for Sal-
monella surveillance in Sweden. When individual samples are used for
herd classification the time span reflected by a positive test, in terms of
time of exposure to virus, is shorter compared to using BTM. The length
of the time span will depend on the age of the tested animals, i.e. young
stock will reflect a shorter time period than primiparous cows. There
might also be differences between categories of herds based on other
factors, such as biosecurity level, production type, and herd size. The
herd size in the study region is smaller than the national average
(Anonymous, 2017), hence herds categorized as “large” in the present
study, are small even in a Norwegian context. A different cut-off be-
tween large and small herds, or more categories of herd size might be
appropriate for application at a larger scale.

As mentioned, PostPFree relates to presence of antibodies and not
necessarily presence of virus. Ideally, one would prefer to use a test
detecting the antigen itself in order to achieve a herd’s true infection
status; however, this is demanding to do on a large scale, and antibody

Fig. 4. Proportion of test positive herds in each quartile of the herd level probability of freedom (PostPFree) from BRSV- (left panel, n= 676) and BCV (right panel,
n= 333) antibodies in the last of 12 (three month) time periods in dairy herds located in two counties in western Norway.

Fig. 5. Relative sensitivity and specificity of PostPInf (the probability of antibody positivity) for BRSV (left panel, n= 569) and BCV (right panel, n= 270)) in the last
three month time period before subsequent bulk tank milk (BTM) testing versus cut-off value, when the subsequent BTM antibody-test was used as gold standard.
Estimation of PostPInf was based on BTM antibody testing, herd location and animal movement data during the period January 2013–December 2016.

I. Toftaker et al.



testing is commonly used (Hägglund et al., 2006; Beaudeau et al., 2010;
Ohlson et al., 2010a). Animal purchase might mean introducing an
antibody positive animal and not necessarily introducing virus. As
Norwegian herds are small the purchase of a single antibody positive
lactating cow will likely suffice to produce a positive BTM test. Because
we used BTM testing as the “gold standard” the herd would be classified
as a “true positive” in the validation. Altogether, it is important to keep
in mind that serologic classification in general as well as the output of
our model (PostPFree) likely overestimates the proportion of herds in
which there is actual virus circulation. Therefore, the estimated PostP-
Free from antibodies is likely lower than the true probability of freedom
from circulating virus. However, the consequences of a positive test
result in the control program is the same, regardless of why there are
test-positive animals in a herd.

In the present study, the within-herd prevalence was set to 0.5
(50%) for all source herds. There are likely variations in within-herd
prevalences depending on time since outbreak, and an increase in ser-
oprevalence with age has previously been shown (Bidokhti et al., 2009).
In a previous Norwegian study, Klem et al. (2013) reported a mean
within-herd prevalence for BRSV of 55% based on serology of young
stock (> 6 months age), and Gulliksen et al. (2009) found a mean
within-herd prevalence of 50% and 39% for BCV and BRSV, respec-
tively, at calf level when calves with maternal antibodies were in-
cluded. Studies sampling across age groups are lacking, hence the va-
lidity of the assumption of a 50% prevalence is hard to asses. Ideally,
studies investigating the range of within-herd-prevalences should be
performed.

The prior probability of infection, PriorPInf, was set to 0.5 for the
first time period. This is a conservative estimate as it assumes no useful
prior information about infection status (Martin et al., 2007b). How-
ever, the high Se of the BTM antibody tests will entail a high probability
of freedom immediately after testing even if the prior probability is low.
The model is therefore robust regarding choice of prior in this case.

Fixed values were used for all parameters in the present study. A
stochastic approach is possible, and could potentially capture some of
the uncertainty in the probability of disease. However, the aim of the
present study was not to simulate disease spread, but to introduce a
herd-specific measure as a decision support tool in the ongoing control
program.

The model evaluation suggested that PostPFree is a useful tool for
updated herd probability of freedom. When comparing PostPFree to the
BTM result from 2016 (Wilcoxon Rank Sum Test), there was significant
difference (p < 0.01) between groups for both models (BRSV and
BCV), suggesting a benefit of using PostPFree instead of relying on the
previous BTM result alone. Another indication of the usefulness of
PostPFree was the clear differences in proportion of test positive herds
between the first and fourth quartile of PostPFree as shown in Fig. 4.
When assessing PostPInf as a diagnostic test we showed how many herds
would be correctly classified at different cut-off values of PostPInf. In a
practical setting, this is equal to the expected proportion of true positive
herds that is detected if retesting is recommended at a certain value of
PostPInf (PostPFree). If used on close to real time data, one could decide
on a cut-off, and have an alarm when PostPFree drops below this value.
This could enable timely intervention and a more risk-based approach
to sampling and re-testing of herds. The relative Se (cut-off Post-
PInf>0.25) was lower for BCV than for BRSV suggesting that a more
stringent cut-off might be appropriate for BCV if used for targeted
sampling. In addition to test strategy purposes, the PostPFree could be
used to classify herds in more than two categories, thus providing a
more updated input for risk assessment prior to livestock purchase.

In conclusion, estimation of the probability of freedom for in-
dividual herds over time, based on the framework presented in this
study, gave considerable variation in values among study herds even
when they had equal starting points, i.e. negative test results.
Validation against subsequent BTM sampling indicated a benefit of
using PostPFree for an updated probability of a herd's antibody status

instead of relying solely on a previous BTM test result.
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