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Based on the 2016 National Cattlemen's Beef Association statistics, the cattle inventory in
the US reached 93.5 million head, from which 30.5 million were commercial slaughter in
2016. California ranked fourth among all the US states that raise cattle and calves, with 5.15
million head and approximately 1.18 million slaughtered animals per year. Approximately 0.5%
of cattle carcasses in the US are condemned each year, which has an important economic
impact on cattle producers.In this study, we first described and compared the temporal trends
of cattle carcass condemnations in all the US states from Jan-2005 to Dec-2014. Then, we
focused on the condemnation reasons with a seasonal component in California and used
dynamic harmonic regression (DHR) models both to model (from Jan-2005 to Dec-2011)
and predict (from Jan-2012 to Dec-2014) the carcass condemnations rate in different time
horizons (3 to 12 months).Data consisted of daily reports of 35 condemnation reasons per
cattle type reported in 684 federally inspected slaughterhouses in the US from Jan-2005 to
Dec-2014 and the monthly slaughtered animals per cattle type per states. Almost 1.5 million
carcasses were condemned in the US during the 10 year study period (Jan 2005-Dec 2014),
and around 40% were associated with three condemnation reasons: malignant lymphoma,
septicemia and pneumonia. In California, emaciation, eosinophilic myositis and malignant
lymphoma were the only condemnation reasons presenting seasonality and, therefore, the
only ones selected to be modeled using DHRs. The DHR models for Jan-2005 to Dec-2011
were able to correctly model the dynamics of the emaciation, malignant lymphoma and
eosinophilic myositis condemnation rates with coefficient of determination (R?) of 0.98, 0.87
and 0.78, respectively. The DHR models for Jan-2012 to Dec-2014 were able to predict the
rate of condemned carcasses 3 month ahead of time with mean relative prediction error of 33,
11, and 38%, respectively. The systematic analysis of carcass condemnations and slaughter
data in a more real-time fashion could be used to identify changes in carcass condemnation
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trends and more timely support the implementation of prevention and mitigation strategies
that reduce the number of carcass condemnations in the US.

Keywords: syndromic surveillance, dynamic harmonic regression, slaughterhouse, early detection, warning

system

INTRODUCTION

The meat industry is the largest segment of US agriculture based on
economic land use and environmental impact. The United States
Department of Agriculture (USDA) reported that in 2015, more
than 28,296,403 cattle were commercially slaughtered with a total
carcass weight of 3,276,367,000 pounds (1). From those, 141,450
carcasses were condemned, representing approximately 0.5% of
the total cattle carcasses produced in the US. Similar results were
provided from 2003 through 2007 (i.e., 5 years), where more than
163 million cattle (excluding bob veal, veal, and heavy calves)
arrived at USDA-inspected slaughter facilities and 769,339 (0.47%)
were condemned at either antemortem or postmortem inspection
(2).

Slaughter data are valuable sources of information because they
include both demographic (age, type of cattle) and health related
(reason for condemnation) factors. The systematic analysis of
slaughter data can help identify the most important condemnation
reasons, characterize seasonality and emerging spatio-temporal
trends, and provide the foundations of syndromic surveillance
systems and early-detection of outbreaks. Two European countries
and Canada are currently using (e.g., Switzerland; 3) or plan to
use [e.g., France, (4) and Canada (5)] data collected during meat
inspection for syndromic surveillance of animal health. For
example, the French Ministry of Agriculture started the Nergal-
Abattoir project to collect data in real-time during the slaughtering
process for timely surveillance and risk factor analysis (4).
However, there are very few published studies using slaughterhouse
data for outbreak investigation or syndromic surveillance in the
US. The study by White and Moore (2) highlighted the need to
understand condemnation reasons for producer education and
early intervention by veterinarians. Studies by Kaneene et al. (6)
and Humphrey et al. (7) used US slaughterhouse data to trace cattle
to the herd of origin after detection and confirmation of bovine
tuberculosis. Their main concern was the failure to trace back some
bovine tuberculosis-positive animals. Other studies have shown the
value of using slaughter data for example to early detect erysipelas
outbreaks in the US swine industry (8) or predict increases in
transport losses of swine in-transit and just prior to slaughter (9).

Real-time access to slaughter data and a better knowledge of
temporal trends of the number of reported condemned carcasses
in slaughterhouses in the US could be used to identify times, areas
and cattle types with higher than expected numbers of carcass
condemnations that may be associated with specific management
practices, adverse climatic events, or emerging syndromes and new
diseases (e.g., 10). This can help to target the allocation of risk
based strategies or the implementation of education and preventive
management practices in those high risk areas that are particularly
affected by specific condemnation reasons.

However, before the interpretation of results suggesting an
increase or decrease in the number of carcass condemnation

cases it is important to understand and identify seasonal trends
or components, which are considered to be normal variations of the
time series, as without correcting for those trends the results may
be biased (5). A dynamic harmonic regression (DHR) model can
be regarded as a time-series component model, where the phases
and amplitude of seasonal and cyclic components are represented
by “dynamic” or “time-varying” parameters (TVP), reflecting
relevant changes in the evolution of the patterns of different carcass
condemnation reasons. This can be contrasted with conventional
seasonal auto regression, where it is assumed that the amplitude
and phase of the periodic components are time invariant (11). The
DHR model structures can be defined by autoregressive spectrum
analysis thus avoiding the subjective choices of frequencies in the
seasonal and cyclic components (12).

In this study, our first objective was to describe and compare the
temporal trends of reported condemnation rates in slaughterhouses
in California with those in the US from Jan-2005 to Dec-2011. The
second objective was to identify those condemnation reasons with
a seasonal component using autoregressive spectrum analysis. A
third objective was to evaluate if DHR models could predict the
rate of carcass condemnations that showed seasonality in future
time periods (i.e., from Jan-2012 to Dec-2014) using the seasonal
component of the time series. All this information will be useful
to increase awareness of producers about the main reasons of
carcass condemnations in their specific state and can help them
to prioritize the management practices and risk mitigation
strategies that could be implemented to minimize future carcass
condemnations.

MATERIALS AND METHODS
Data

Data on cattle condemnation reasons were obtained with the
Freedom of Information Act from the Food Safety and Inspection
Service (FSIS) of the United States Department of Agriculture
(USDA), the agency responsible for slaughter conditions and
meat inspection. The FSIS inspectors across the US followed
similar practices/protocols and had similar training (13). Data
consisted of daily reports of condemned carcasses per cattle type
and condemnation reasons reported in 684 federally inspected
slaughterhouses in US from Jan-2005 to Dec-2014, including 29
slaughterhouseslocated in California. For each animal, the database
contained: condemned reason (1 = 35; Figure 1), cattle ID number,
slaughter date, slaughterhouse’s name (n = 684) and state (n = 49).
Slaughtered cattle types were beef cow, bob veal, bull/stag, dairy
cow, formula-fed veal, heavy calf, heifer, non-formula-fed veal and
steer (14). The monthly number of cattle sent to slaughterhouse
per state and per cattle type from Jan-2005 to Dec-2014 was also
provided by FSIS.
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FIGURE 1 | Total number of carcass condemnations per reason in slaughterhouses in California (black) and in other US states (white) from Jan-2005 to Dec-2014.

Dynamic Harmonic Regression Model

The DHR model was conducted using the monthly rate of reported
carcass condemnations for each condemnation reason (i.e., the
number of the carcass condemned for a particular reason divided
by the number of the slaughtered cattle per month and per type of
cattle) in slaughterhouses in California from Jan-2005 to Dec-2014.
The number of condemned carcasses in California slaughterhouses
were reported daily but aggregated on a monthly basis to compute
monthly rates because the number of slaughtered animals were only
available per month. In general, the theoretical seasonal periodic
components are 12, 6, 4, 3, 2.4 and 2 months per cycle (i.e., the
seasonal periodicity is defined as T/j wherej=1,2,...,6 and T =12
is the duration of one year with 12 samples as suggested by Taylor
etal. (12). However, rather than rely on this theoretical periodicity,
we identified the most significant periods in each of the time series
of carcass condemnations using an autoregressive spectrum (15).

The order of the autoregressive spectrum was selected using the
Akaike Information Criteria (16). We considered the rates of
carcass condemnation by each specific reason to have a seasonal
component if it has a pronounced peak value of equal or close to 12
months per cycle and has at least another dominant peak with the
value close to one of the theoretical seasonal periodic component.

For those condemnations reasons that showed evidence of
periodicity based on autoregressive spectrum a DHR model was
used to quantify their seasonality (15). The DHR approach has
been used to quantify periodic components of a time series and
understand seasonal fluctuations and temporal trends of time series
data in previous studies (e.g., 11, 17, 18). The DHR model is defined
as follows (12):

V() =L (1) +Q(1) +e (1) (1)
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where Y(t) is the observed time series (i.e., rate of carcass
condemnations in California slaughterhouses); L (¢) is a trend
or low frequency component; e (t) is a “residual” component,
normally defined for analytical convenience as a normally
distributed Gaussian sequence with zero mean value and variance
o? (i.e., discrete-time white noise); and Q(t) is a cyclical term
defined as follows:

Q) - 217 (o (£) cos (f2nf) + B (f)sin (f2mt) ) (2)

In this model, «; (t) and ; (t) are stochastic time variable
parameters and, f; = %ﬁ’ i = 1,2,.., n are the fundamental and
harmonic frequencies associated with the periodicity (T7i) in the
series (as mentioned before, T is the duration of one year with 12
samples).

The trend components L (t) in equation 1 and time variable
parameters in equation 2 [« (f)and 3 (¢)] were all represented using
a general random walk model. The general random walk family
of models includes the well-known Random Walk and Integrated
Random Walk models (12). We limited analyses to these two types
of models.

In particular, each of the time variable parameters in this

analysis [o; (t) and g; (t) , i=1,2,...,n] were represented as a
Random Walk process of the form:
a(t) =a(t=1) +ma (1) (3)
Bt)=5(t=1) +msi (1) “@

where 7); (t) is an error with zero mean for either « or . In this
manner, the estimation algorithm is instructed that the parameter
in question(cr and f3)is a stochastic variable that is likely to change
by an unknown but small amount over each sampling interval
(here, one month), within the stochastic limits imposed by the
variance oy (t) (12).

The trend component L () in equation 1 was modelled as an
Integrated Random Walk of the form:

L(f)=L(t—1)+I(t—1) (5)
1(t) =1(t—1) +ng (t)

wherel (t) represents the "slope"” of the trend, ny, (t) is a zero mean,
white noise input. Changes in trends [L ()] of the reported reasons
for carcass condemnation in cattle slaughterhouses in California
and US were evaluated by calculating the slope of each of the time
series. The trend is calculated using an integrated random walk
model with noise-variance ratio (NVR) of 0 (equation 5). If the
calculated slope is positive, the rate of condemned carcasses is
increasing. A negative slope indicates a general decrease in the rate
of condemned carcasses. The larger the absolute number of the
slope, the steeper the changes in the rate of condemned carcasses.
The variances of the white noise, n; (t), in the Random Walk and
Integrated Random Walk models (equation 3, 4 and 5) are critical in
estimating the time variable parameters and need to be optimized
against the data. The ratio of these variances to the variance of the
residual e (t) (equation 1) is called the noise-variance ratio (12).

The DHR algorithm estimates the time variable parameters
using the Kalman Filter (19). First, we used DHR model to simulate
the dynamics of the rates of carcass condemnations from Jan-2005
to Dec-2011. Then, we used the DHR model to predict the rates
of carcass condemnations from Jan-2012 to Dec-2014. The DHR
parameters obtained in the simulation (from Jan-2005 to Dec-
2011) were used to predict the carcass condemnations for the time
period Jan-2012 to Dec-2014. Analyses were conducted using the
Captain toolbox® version 7.5 (12) in Matlab® (version 2016a,
MathWorks Inc., Natick, MA).

The resulting models were evaluated by the coeflicient of
determination (R%) (20), which indicates the goodness of fit
between the regression line (simulated results) and the observed
rate of carcass condemnations.

Evaluation of the Predicted Capability of
the DHR Models

The goodness of fit of the forecasting models were calculated by
using the mean relative prediction error (MRPE) defined as (21):

MRPE (%) = fj [Y(t)_y(t)r x 100 (6)

1
nia Y(t)

where Y (t) ,i=1,2,3..n are the rate of cattle carcass
condemnations reported in California slaughterhouses from
Jan-2012 to Dec-2014, Y (¢) are the last predicted rate of cattle
carcass condemnations at the time to which forecasts were made
(3 to 12 month) and represents discrete-time instants with a
measurement interval of 1 month. For each sample of the data
set (i.e., every month from Jan-2012 onwards), we estimated the
model parameters and generated the 3-month-ahead prediction.
To calculate the MRPE for each predictive horizon (3 up to 12
months ahead), we followed the same processes. MRPE values
were calculated for all samples, and then averaged for the whole
data set. The best model was considered to be the one with the
lowest MRPE value. MRPE has been used by several authors
and considered a good measure to quantify model prediction
performance (22, 23).

RESULTS

Descriptive Analysis and Identification of
Emerging Carcass Condemnation
Reasons in California and the Rest of the
Us

In the US a total of 1,442,745 carcasses were condemned at
slaughterhouses across the US over the 10 year study period
(Jan-2005 to Dec-2014). The most common condemnation
reasons were malignant lymphoma followed by septicemia
and pneumonia, all of them representing 39.6% of the US and
37.6% of the CA condemned carcasses, respectively (Figures 1,
2). Among all condemned carcasses in the US during that time
period, California contributed approximately 50% of the cases
of mastitis and 40% metritis cases and accounted for more than
20% of the condemned carcasses due to pericarditis, toxemia,
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FIGURE 2 | Number of the slaughtered cattle per state from Jan-2005 to Dec-2014 based on the 70, 90 and 100% percentile. The pie chart represents the
percentage of the condemnation due to malignant lymphoma, septicaemia and pneumonia and other reasons of condemnation (red, blue, green and white,
respectively). The size of the pie chart is computed as: log(number of condemnation carcasses)/10. NA = data not available. The accessible and dynamic version of

# slaughtered cattle (thousands)
(15,821 - 68.914)

(2,384 - 15,820)
(0-2383)

# condemnations (%)
malignant lymphoma
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pneumonia, peritonitis, abscess/pyemia, emaciation, nephritis/
pyelitis, eosinophilic myositis, malignant lymphoma and
miscellaneous inflammatory diseases. Although during this
period, California was the main contributing state with 21% of
total number of carcass condemnations in the US followed by
Wisconsin with 16%, the highest rates of carcass condemnations
were observed in New York and Ohio (Figure 3).

Results from the Random walk model with NVR = 0 are
shown in Figure 4. The rate of cattle carcass condemnations per
month associated with most of the condemnation reasons did not
change (slope ~0) over the 10 year study period in both California
and the rest of the US. The rate of cattle carcass condemnations
associated with peritonitis, miscellaneous inflammatory diseases,
abscess/pyemia, pneumonia, metritis, toxemia, nephritis/pyelitis,
mastitis and carcinoma increased in California (slope >0) but
remained stable (slope ~0) in the rest of US during the study
period. Cattle condemnation rates associated with septicemia
and icterus increased in both California and in the other US
states. Cattle condemnation rates associated with epithelioma
decreased in both California and other US states (slope <0);
although the decrease in California was steeper than in the
other US states. Miscellaneous infectious diseases, emaciation,
pericarditis, malignant lymphoma decreased in California (slope
<0) but remained stable in the other US states (slope ~0). Detail
time series of all the cattle carcass condemnations are provided
in the supplementary Figure S1 and Figure S2.

There were 35 different reasons for carcass condemnations
recorded in slaughterhouses in California from Jan-2005 to
Dec-2014 but only one slaughterhouse reported all 35 reasons.
The main condemnation reasons in California were malignant
lymphoma (20%), pneumonia (14%), septicemia (10%) and
peritonitis (10%; Figure 1).

There was an increase in the number of condemned
carcasses in California from 2005 (27,556) to 2014 (39,101).
Similarly, the number of slaughtered cattle in California
increased from 2005 (1,356,302) to 2013 (1,734,792), but it
decreased in 2014 (1,361,047), which lead to an increase in
the rate of condemnations from 175 carcass per 10,000 in 2013
to 287 carcasses per 10,000 in 2014 (Figure 3). Interestingly,
Tennessee was another state experiencing similar changes in
the rate of carcass condemnations, with an increase from 174
carcass per 10,000 in 2013 to 285 carcass per 10,000 in 2014
(Figure 3). The main condemnation reasons contributing
to the increased rate of carcass condemnations in California
during 2014 were Pneumonia, Septicemia, Peritonitis, Abscess/
Pyemia and Toxemia. Slaughtered dairy cows were more likely
to be condemned due to malignant lymphoma, pneumonia,
septicemia and peritonitis (99, 97, 70 and, 95% of the condemned
carcasses, respectively) than beef cows in California (Table 1).
Dairy cows and steers constitute 40 and 41%, respectively, of the
total number of cattle sent to the slaughterhouses in California
from Jan-2005 to Dec-2014, however, most (90%) of all cattle
condemned in California from Jan-2005 to Dec-2014 were dairy
cows (Figure 5, Table 1).

Modeling and Prediction of Temporal
Dynamics of Cattle Carcass
Condemnations in California From Jan
2005 to Dec 2014

Based on the autoregressive spectrum results in California,
only the rate of cattle carcass condemnations associated with
emaciation, eosinophilic myositis, and malignant lymphoma
showed seasonal components (Figure 6). Therefore, three

Frontiers in Veterinary Science | www.frontiersin.org

June 2018 | Volume 5 | Article 87


https://www.frontiersin.org/journals/Veterinary_Science#articles
http://www.frontiersin.org/journals/Veterinary_Science
https://www.frontiersin.org
http://bioportal.ucdavis.edu/

x10%
2005
3.5
2006
2007 3
2008 125
2009
12
2010
11.5
2011
2012 1
2013 05
2014
0
X IXNCOHACTIAIZN><<ALUSZONEOAQWUIDS>>IXKIXyOQZXEISEI=S>
<<<<o8olwI——‘—xx22222g22zzzzZ%zzoooaamwaFD>>>;§;
2005
2006 2500
2007
12000
2008
2009 1500
2010
2011 j 1000
2012
500
2013
2014 0
Hl NaN
XIXNCOHA<TFIAIZN><<ALUSZONEOAQAWUIDS>>IXKIXyOQZXEISEIS>
<<<<o8olwI——‘—xx22252g22zzzzzgzzoooaa“wwkka>>>;§;
FIGURE 3 | Number (top) and rate (bottom) of cattle carcasses condemned per state and per year in the US. The rate is in 10,000 cattle heads.

predictive DHR models were built to detect the annual frequencies
of emaciation, eosinophilic myositis, and malignant lymphoma.
The trend estimate, forecasts of the series (with + two times SE),
seasonal component and the remaining residual components for
the three condemnation reasons, are all illustrated in Figure 7.

The rate of condemnations associated with emaciation showed
pronounced peaks at periods 0f13.3,6.1, 4.3, 2.5 and 2.1 (month/
cycle), with clear increase in spring and fall and decrease in
summer Figures 6 top and 7). The rates associated with
eosinophilic myositis showed both multiannual and seasonal
periodic component by the main pronounced peaks at 29.5,11.8,

8.3,6.8,5.9, 2.6 and 2.4 (month/cycle) that declined in spring
and peaked in summer and winter (Figures 6 middle and 7).
The malignant lymphoma time series contained a 12 month
periodicity and multiannual fluctuations with pronounced peaks
at periods 0f29.9, 12, 6.9, 5.6, 4.5, 3.4, 2.5 and 2.0 (month/cycle)
with an increase observed during the winter (Figures 6 bottom
and 7).

The DHR model simulated the dynamics of the reported rate
of emaciation, malignant lymphoma and eosinophilic myositis
from Jan-2005 to Dec-2011 with an RZT of 0.98, 0.87, and 0.78,
respectively, and could predict the rate of condemned carcasses
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FIGURE 4 | Calculated slope (based on integrated random walk model; Equation 5) for the rate of carcass condemnations (number of the condemned carcasses
per reason/number of the slaughtered cattle heads) associated with different reasons from Jan-2005 to Dec-2014 in slaughterhouses in California (circle) and other
US states (star). A positive calculated slope indicates an increase in the reported rate of carcass condemnations whereas negative slope indicates a decrease in the
rate of carcass condemnations in slaughterhouses.

three months ahead from Jan-2012 to Dec-2014 with MRPE of
33, 11, and 38% for the three carcass condemnation reasons,
respectively (Figure 8). The MRPE was used to compare the

model performance for a range of prediction horizons (from
3-12 month, Figure 8). The rate of the carcass condemnation can
be predicted 12 month ahead with the MRPE of 38, 18 and 32%

TABLE 1 | Number of malignant lymphoma, abscess/pyemia, emaciation and, epithelioma carcasses condemned in California from Jan-2005 to Dec-2014 by type of

cattle. The percentage is presented in parentheses.

Type of cattle Malignant Lymphoma Pneumonia Septicemia Peritonitis
Beef cow 316 (0.51) 262 (0.61) 481 (1.57) 97 (0.32)
Bob veal 18(0.03) 146 (0.34) 7,982 (26.09) 914 (3.06)
Bull/Stag 72 (0.12) 64 (0.15) 104 (0.34) 58 (0.19)
Dairy cow 60,474 (98.71) 41,698 (96.68) 21,415 (70.00) 28,478 (95.38)
Formula-fed veal 0 (0) 4 (0) 0(0) 1(0)
Heavy calf 29 (0.05) 433 (1.00) 83 (0.27) 90 (0.30)
Heifer 88 (0.14) 181 (0.42) 129 (0.42) 83(0.28)
Non formula fed veal 100 47 (0.10) 28 (0.09) 13 (0.04)
Steer 267 (0.44) 296 (0.69) 367 (1.20) 123 (0.41)
Total 61,265 43,131 30,589 29,857
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FIGURE 5 | The rate of carcass condemnations per 10,000 animals per
year (number of condemned carcasses per type of cattle i.e., dairy cow, bull/
stag, beef cow and other)/number of cattle slaughtered per type of cattle) in
California. The category of “other” type of cattle includes bob veal,
formula-fed veal, heavy calf, heifer, non formula-fed veal and steer cattle.

for emaciation, malignant lymphoma and eosinophilic myositis,
respectively (Figure 8).

DISCUSSION

In this study we analyzed slaughterhouse data from the US to
show the value of the systematic analysis of slaughter data and to
describe the most important condemnation reasons in the US and
California, identify emerging condemnation reasons, characterize
seasonality and temporal patterns and predict the rate of carcass
condemnations in different time horizons (i.e., from 3 to 12 months
ahead). We believe that the continuous and systematic analysis of
slaughter data as shown here can lead to establishment of a low-
cost monitoring system for early detection of emerging problems
and zoonotic diseases in food animals.

The rate of carcass condemnations associated with septicemia
and icterus showed clear evidence of increase both in California
and in the rest of the US. Peritonitis, misc. inflammatory diseases,
abscess/pyemia, pneumonia and metritis were increasing only in
California (Figure 4). The emergence of these condemnations
could be the result of a number of impacts in all parts of the food
chain, such as environmental and management conditions, stress,
pathogens, etc. (24). Because the state of origin of the cattle may
be different from the location of the slaughterhouse, a better
understanding of the patterns of carcass condemnations together
with the successful trace back of any diagnostic cases found in
the slaughterhouse could help identify where an animal may have
acquired infection, the location of any other animals that may
have been exposed to the same pathogens, or find locations that
share risk factors or management practices that may lead to carcass
condemnation.

The USDA FSIS data from 2005 to 2015 showed that the cull
dairy cows in CA were more likely to be condemned for malignant
lymphoma, pneumonia, septicemia and peritonitis than the beef
cows (Table 1). This disproportion of condemned carcasses among
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FIGURE 6 | Autoregressive spectrum (23th order) of the reported
emaciation (top), eosinophilic myositis (middle) and malignant lymphoma
(bottom) condemnation cases in slaughterhouses in California. Solid line
indicates the autoregressive spectrum of the carcass condemnation rate. The
dashed line indicates the AR spectrum of the DHR model of the carcass
condemnation rate using frequency domain NVR optimization.

the type of cattle is due to the fact that the priorities in the dairy
industry are milk production, herd reproduction, and prevention
of health conditions such as mastitis (25) and dairy producers also
have a number of other issues that might compete with their need
to change culling policies (2). In general the production system
in dairy cattle is intense and their lifespan is long (around 3-4
years) therefore there is more chance for dairy cattle to develop
age related problems or chronic diseases such as Johne’s disease or
cancer that can cause emaciation and other deteriorating symptoms
in the animals.
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FIGURE 7 | Results of the three Dynamic Harmonic Regression (DHR)
models for the carcass condemnation rate [i.e., emaciation (top), eosinophilic
myositis (middle) and malignant lymphoma (bottom)] in California from
Jan-2005 to Dec-2014. The subplot at the top presents the model simulation
results (in dashed line) from Jan-2005 to Dec-2011, the data (solid line) and
the two times SE bounds (dotted lines) from Jan-2005 to Dec-2014 and, the
3 month ahead DHR model predictions from Jan-2012 to Dec-2014. The
other two subplots present the seasonal component from Jan-2005 to
Dec-2014 and the residuals extracted using the discrete-time white noise
(Equation 1) from 2005 to Dec-2011 and the prediction error from Jan-2012
to Dec-2014
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FIGURE 8 | Mean relative prediction error (MRPE) vs prediction horizon for
the rate of carcass condemnations of emaciation (star), eosinophilic myositis
(square) and malignant lymphoma (triangle) in California. The smaller MRPE
indicates a closer fit of the model to the data.

Seasonality was found to be significant only in three
condemnation reasons in California: emaciation, eosinophilic
myositis and malignant lymphoma (Figures 6 and 7), which are
representing 3.9, 0.5 and 19.9% of total condemned carcasses in
California respectively. The seasonal variation in the number
of condemned carcasses could be linked to management and
environmental factors that vary seasonally (e.g., market costs, land
constraints, or production goals), or to the seasonal occurrence
of diseases or syndromes that lead to carcass condemnation. A
study in Ontario from 2001 to 2007 (5) found seasonal effects for
the number of condemned carcasses showing fewer condemned
carcasses in the summer and fall compared to winter. Vial and
Reist et al. (3) found seasonal patterns in the number of carcass
condemnations in cattle in Switzerland between 2007 and 2012
with a peak in March. A peak in the number of condemned cattle
can also occur when more animals are sent to slaughter or when
lower quality animals are sent to slaughter in specific seasons.
Seasonality could also be associated with forage availability and
feed prices among other seasonal changes in management practices
and in the environment that have a direct impact animal health
(3,5).

Eosinophilic myositis exact causes are unknown although it
has been associated with Sarcocystis cruzi infection (26). A more
refined spatial analysis and trace back of where those carcasses are
coming from may help to identify high risk areas where particular
attention and biosecurity measures should be taken to avoid S.
cruzi infection in cattle.

Emaciation is associated with wasting conditions caused by
chronic diseases. Known causes of emaciation are parasitism, chronic
abscess, chronic musculoskeletal pain, advance neoplasias, Johne's
disease, and malnutrition (27). Dairy cows contribute most to the
number of condemned carcasses in California for these conditions
(85%). Our study shows seasonality in the number of condemned
carcasses due to emaciation, with a peak in spring and fall and a drop
in summer (Figure 7). The observed seasonality most likely has to
do with the number and type of cows culled in the fall that put adult
cows that were not pregnant during the calving season in spring are
more likely to be culled in fall after four or five unsuccessful breeding
attempts (28).

Malignant lymphoma is the clinical manifestation of an infection
caused by the retrovirus bovine leukemia virus (BLV), which infects
cattle’s lymphoid tissue. Once in the herd, the virus can be transmitted
by blood containing infected lymphocytes in shared needles and
during dehorning, tattooing or rectal examination (29). When
tumors are found at slaughter, carcasses are condemned following
federal regulation (30). Malignant lymphoma is the main cause of
carcass condemnation in California and other US states (Figure 1)
and it affects mainly dairy cattle, which contributed to 99% of the
all malignant lymphoma condemned carcasses in California from
Jan-2005 to Dec-2014 (Table 1). In our current study, we found a
declining trend in the rate of condemned carcasses due to malignant
lymphoma in California. Two previous studies in 1996 and 2007
USDA dairy studies showed a slight decrease in prevalence from
89.0 to 83.9% seropositive dairy herds due to BLV (31). However,
the 2007 dairy study also showed higher prevalence in the East
(84.4%) than West (78.4%), which could explain the different
trends observed between California and the rest of US. Condemned
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carcasses due to malignant lymphoma peak in winter. Because
BLV is a chronic disease, the peak is most likely associated with
management decisions. In addition, BLV affects the immune system
(making cattle more susceptible to other diseases), and when this is
combined with winter environmental factors, cows can be clinically
poorer in winter and have decreased milk production, resulting
in the cattle being sent to slaughter. Also, since biting insects can
transmit BLV (32), changing environmental conditions during
the study period can have an impact in insect ecology and disease
dynamics. Since distribution of infection is uneven across farms
within aregion(29), detailed slaughterhouse data with possibility to
trace back those cases to the farm of origin could help approximate
BLV prevalence in different areas in California where BLV has a big
impact on the dairy industry.

In this study we also aimed to evaluate the predictive ability of
our models for different time horizons (3-12 month). Therefore,
we quantified the model performance predicting the rate of
carcass condemnations due to emaciation, malignant lymphoma
and eosinophilic myositis from Jan-2012 to Dec-2014. A better
understanding of the expected rate of condemnation cases by
state, slaughterhouse and farm can definitely help producers and
veterinary practitioners better plan and optimize management
and disease control strategies to mitigate causes leading to those
condemnations. Our results illustrate that the model predicts the rate
of carcass condemnations due to emaciation, eosinophilic myositis,
and malignant lymphoma quite well for one season (3 months) and
up to 12 months ahead with a MRPE of 33, 38 and 11%, respectively
(Figure 8). Although the MRPE values in our study were not
very low, they were around 10% lower than values found by other
researchers for similar modeling approaches in similar applications
(18). Similarly, the RZT values in our study were considerably high
(RZT 0f0.98, 0.78 and 0.87 for emaciation, eosinophilic myositis, and
malignant lymphoma, respectively) showing a good model fit.

It should be noted that our models did not use any variables as
inputs in the data-based model. Taking into account management
and climatic factors are expected to further improve the modeling
results, although the dynamics of the emaciation, malignant
lymphoma and eosinophilic myositis condemned carcasses in
slaughterhouses in California were already predicted satisfactorily
just based on the cyclic components of the time series. The specific
role of environmental and climatic factors in the dynamics of
the reasons for carcass condemnation is an ongoing area of
research. A dataset covering a longer period might also improve
the modeling results. Having access to information on the total
animals slaughtered in each slaughterhouse per day, instead of
just aggregated by month and by state, will allow us to conduct
more detailed spatio-temporal analyses and generating semi-
automatic notifications/alerts when the observed number
of condemned carcasses exceeds the expected condemned
carcasses in a particular slaughterhouse/area. Future studies may
also be conducted to understand and predict how long-term
environmental and climatic trends (e.g., factors associated with
climatic change) and their variability may impact cattle health,
animal welfare and livestock production sustainability.

CONCLUSIONS

Slaughter data is a valuable source of information for animal and
public health. Our DHR modeling approach provided valuable
insights to identify emerging syndromes in the US and quantify
the inter-annual changes in the trend and seasonality of the rate
of carcass condemnations associated with emaciation, malignant
lymphoma and eosinophilic myositis in cattle slaughterhouses
in California. Such a data-based modeling approach could be
easily extended to other species and can provide the foundations
to develop a low-cost syndromic surveillance system using real-
time slaughterhouse information to early-detect outbreaks or
changes in the number of condemned carcasses in specific
locations and time periods. This could be very useful to inform
producers and veterinary practitioners to improve farm level
management practices and interventions to minimize and
prevent the drivers contributing to those condemnations,
saving producers and livestock industry millions of US
dollars annually.
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and two times standard error bounds (dotted lines) for each of the 35
condemnation reasons.

Frontiers in Veterinary Science | www.frontiersin.org

10

June 2018 | Volume 5 | Article 87


https://www.frontiersin.org/journals/Veterinary_Science#articles
http://www.frontiersin.org/journals/Veterinary_Science
https://www.frontiersin.org
http://journal.frontiersin.org/article/10.3389/fvets.2018.00087/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fvets.2018.00087/full#supplementary-material

Amirpour Haredasht et al

Temporal Trends of Cattle Carcass Condemnations

REFERENCES

—

[S8

3.

w

(=}

~

o

°

1

—

—
NS}

13.

15.

16.

. USDA. Livestock Slaughter 2015 summary. Washington, D.C., United States:

National Agricultural Statistics Service (2016).

. White TL, Moore DA. Reasons for whole carcass condemnations of cattle in the

United States and implications for producer education and veterinary intervention.
J Am Vet Med Assoc (2009) 235(8):937-41. doi: 10.2460/javma.235.8.937

Vial E Reist M. Evaluation of Swiss slaughterhouse data for integration in a
syndromic surveillance system. BMC Vet Res (2014) 10(1):33. doi: 10.1186/1746-
6148-10-33

Dupuy C, Morignat E, Maugey X, Vinard JL, Hendrikx P, Ducrot C, et al.
Defining syndromes using cattle meat inspection data for syndromic
surveillance purposes: a statistical approach with the 2005-2010 data from ten
French slaughterhouses. BMC Vet Res (2013) 9(1):88. doi: 10.1186/1746-6148-
9-88

. Alton GD, Pearl DL, Bateman KG, Mcnab WB, Berke O. Factors associated with

whole carcass condemnation rates in provincially-inspected abattoirs in Ontario
2001-2007: implications for food animal syndromic surveillance. BMC Vet Res
(2010) 6(1):42. doi: 10.1186/1746-6148-6-42

. Kaneene JB, Miller R, Meyer RM. Abattoir surveillance: the U.S. experience. Vet

Microbiol (2006) 112(2-4):273-82. doi: 10.1016/j.vetmic.2005.11.018

. Humphrey HM, Orloski KA, Olea-Popelka FJ. Bovine tuberculosis slaughter

surveillance in the United States 2001-2010: assessment of its traceback
investigation function. BVIC Vet Res (2014) 10(1):182. doi: 10.1186/s12917-014-
0182-y

Akkina J, Weber W, Becton L. Detection of a swine erysipelas outbreak using
enhanced passive surveillance. Online ] Public Health Inform (2013) 5(1):e44. doi:
10.5210/0jphi.v5i1.4563

Peterson E, Remmenga M, Hagerman AD, Akkina JE. Use of temperature,
humidity, and slaughter condemnation data to predict increases in transport
losses in three classes of swine and resulting foregone revenue. Front Vet Sci (2017)
4:67. doi: 10.3389/fvets.2017.00067

. Torres G, Ciaravino V, Ascaso S, Flores V, Romero L, Simén E Syndromic

surveillance system based on near real-time cattle mortality monitoring. Prev Vet
Med (2015) 119(3-4):216-21. doi: 10.1016/j.prevetmed.2015.03.003

. Price LE, Bacon MA, Young PC, Davies WJ. High-resolution analysis of tomato

leaf elongation: the application of novel time-series analysis techniques. J Exp Bot
(2001) 52(362):1925-32. doi: 10.1093/jexbot/52.362.1925

. Taylor C, Pedregal D, Young P, Tych W. Environmental time series analysis and

forecasting with the Captain toolbox. Environmental Modelling &~ Software (2007)
22(6):797-814. doi: 10.1016/j.envsoft.2006.03.002

Food Safety and Inspection Service (FSIS). Livestock Postmortem Inspection.
(2015). Available at 02/05/2018. https://www.fsis.usda.gov/wps/wcm/connect/
ad2cab87-9bf9-4ead-969a-cec2d4753¢30/LSIT_PostMortem.pdf?MOD=
AJPERES.

.Food and Drug Administration Center (FDA) for Veterinary Medicine.

Guidance for Industry #191. (2015). Available at 02/05/2018. https://www.
fda.gov/downloads/AnimalVeterinary/ GuidanceComplianceEnforcement/
GuidanceforIndustry/ucm052460.pdf.

Young PC, Pedregal DJ, Tych W. Dynamic harmonic regression. ] Forecast
(1999) 18(6):369-94. doi: 10.1002/(SICI)1099-131X(199911)18:6<369::AID-
FOR748>3.0.CO;2-K

Akaike H. A new look at the statistical model identification. IEEE Trans Automat
Contr (1974) 19(6):716-23. doi: 10.1109/TAC.1974.1100705

17. Amirpour Haredasht S, Taylor CJ, Maes P, Verstraeten W, Jan C, Miguel B.

Model-based prediction of nephropathia epidemica outbreaks in Belgium

19.

20.

2

—

2

23.

2

2

w

26.

2

~

28.

29.

30.

3

—

32.

I

i

based on climatological and vegetation data. Paper presented at the World
academy of science, engineering and technology (2012). p. 1735-1746.
Amirpour Haredasht S, Taylor CJ, Maes P, Clement J, Verstraeten WW, van Ranst
M, et al. Modelling seasonal and multi-annual variation in bank vole populations
and nephropathia epidemica. Biosystems Engineering (2014) 121:25-37. doi:
10.1016/j.biosystemseng.2014.01.006

Kalman RE. A New Approach to Linear Filtering and Prediction Problems.
] Basic Engineering (1960) 82(1):35.

Young PC, Lees M. In: Turkman R, Feridun K, Barnet V, editors. The active
mixing volume: a new concept in modelling environmental systems. Chichester:
Statistics for the environment, John Wiley (1993). p. 2-43.

. Oltjen JW, Owens FN. Beef cattle feed intake and growth: empirical Bayes

derivation of the Kalman filter applied to a nonlinear dynamic model. ] Anim Sci
(1987) 65(5):1362-70. doi: 10.2527/jas1987.6551362x

Aerts JM, Lippens M, de Groote G, Buyse ], Decuypere E, Vranken E, et al.
Recursive prediction of broiler growth response to feed intake by using a time-
variant parameter estimation method. Poult. Sci. (2003) 82(1):40-9. doi: 10.1093/
ps/82.1.40

Amirpour Haredasht S, Taylor CJ, Maes P, Verstraeten WW, Clement J, Barrios
M, et al. Model-based prediction of nephropathia epidemica outbreaks based on
climatological and vegetation data and bank vole population dynamics. Zoonoses
Public Health (2013) 60(7):461-77. doi: 10.1111/zph.12021

Skovgaard N. New trends in emerging pathogens. Int ] Food Microbiol (2007)
120(3):217-24. doi: 10.1016/j.iffoodmicro.2007.07.046

. Vanbaale MJ, Galland JC, Hyatt DR, Milliken GA. A survey of dairy producer

practices and attitudes pertaining to dairy market beef food safety. Food
Protection Trends (2003) 23(6):466-73.

Ely RW, Fox JC. Elevated IgG antibody to Sarcocystic cruzi associated with
eosinophilic myositis in cattle. J Vet Diag Invest (1989) 1(1):53-6.

. Divers TJ, Peek SE. Rebhun's Diseases of Dairy Cattle. 3rd ed. Philadelphia:

Saunders Elsevier (2007).

Hadley GL, Wolf CA, Harsh SB. Dairy cattle culling patterns, explanations,
and implications. J Dairy Sci (2006) 89(6):2286-96. doi: 10.3168/jds.S0022-
0302(06)72300-1

Schwartz I, Lévy D. Pathobiology of bovine leukemia virus. Vet Res (1994)
25(6):521-36.

USDA. Chapter III, Food Safety and Inspection Service. Code of Federal
Regulations, Title 9 Parts 200-End (2016), Animals and Animal Products. United
States: United States Department of Agriculture (2016).

. USDA. Bovine leukosis virus (BLV) on US dairy operations, 2007. United States:

United States Department of Agriculture (2008).

Ohshima K, Okada K, Numakunai S, Yoneyama Y, Sato S, Takahashi K.
Evidence on horizontal transmission of bovine leukemia virus due to blood-
sucking tabanid flies. Nihon Juigaku Zasshi (1981) 43(1):79-81. doi: 10.1292/
jvms1939.43.79

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Amirpour Haredasht, Vidal, Edmondson, Moore, Silva-del-Rio and
Martinez-Lépez. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

11

June 2018 | Volume 5 | Article 87


https://www.frontiersin.org/journals/Veterinary_Science#articles
http://www.frontiersin.org/journals/Veterinary_Science
https://www.frontiersin.org
http://dx.doi.org/10.2460/javma.235.8.937
http://dx.doi.org/10.1186/1746-6148-10-33
http://dx.doi.org/10.1186/1746-6148-10-33
http://dx.doi.org/10.1186/1746-6148-9-88
http://dx.doi.org/10.1186/1746-6148-9-88
http://dx.doi.org/10.1186/1746-6148-6-42
http://dx.doi.org/10.1016/j.vetmic.2005.11.018
http://dx.doi.org/10.1186/s12917-014-0182-y
http://dx.doi.org/10.1186/s12917-014-0182-y
http://dx.doi.org/10.5210/ojphi.v5i1.4563
http://dx.doi.org/10.3389/fvets.2017.00067
http://dx.doi.org/10.1016/j.prevetmed.2015.03.003
http://dx.doi.org/10.1093/jexbot/52.362.1925
http://dx.doi.org/10.1016/j.envsoft.2006.03.002
https://www.fsis.usda.gov/wps/wcm/connect/ad2cab87-9bf9-4ead-969a-cec2d4753c30/LSIT_PostMortem.pdf?MOD=AJPERES
https://www.fsis.usda.gov/wps/wcm/connect/ad2cab87-9bf9-4ead-969a-cec2d4753c30/LSIT_PostMortem.pdf?MOD=AJPERES
https://www.fsis.usda.gov/wps/wcm/connect/ad2cab87-9bf9-4ead-969a-cec2d4753c30/LSIT_PostMortem.pdf?MOD=AJPERES
https://www.fda.gov/downloads/AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry/ucm052460.pdf
https://www.fda.gov/downloads/AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry/ucm052460.pdf
https://www.fda.gov/downloads/AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry/ucm052460.pdf
http://dx.doi.org/10.1002/(SICI)1099-131X(199911)18:6<369::AID-FOR748>3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1099-131X(199911)18:6<369::AID-FOR748>3.0.CO;2-K
http://dx.doi.org/10.1109/TAC.1974.1100705
http://dx.doi.org/10.1016/j.biosystemseng.2014.01.006
http://dx.doi.org/10.2527/jas1987.6551362x
http://dx.doi.org/10.1093/ps/82.1.40
http://dx.doi.org/10.1093/ps/82.1.40
http://dx.doi.org/10.1111/zph.12021
http://dx.doi.org/10.1016/j.ijfoodmicro.2007.07.046
http://dx.doi.org/10.3168/jds.S0022-0302(06)72300-1
http://dx.doi.org/10.3168/jds.S0022-0302(06)72300-1
http://dx.doi.org/10.1292/jvms1939.43.79
http://dx.doi.org/10.1292/jvms1939.43.79
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	﻿Characterization of the Temporal Trends in the Rate of Cattle Carcass Condemnations in the US and Dynamic Modeling of the Condemnation Reasons in California With a Seasonal Component﻿
	Introduction
	Materials and Methods
	Data
	Dynamic Harmonic Regression Model
	Evaluation of the Predicted Capability of the DHR Models

	Results
	Descriptive Analysis and Identification of Emerging Carcass Condemnation Reasons in California and the Rest of the US
	Modeling and Prediction of Temporal Dynamics of Cattle Carcass Condemnations in California From Jan 2005 to Dec 2014

	Discussion
	Conclusions
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	R﻿eferences﻿


