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Abstract. We developed a model to predict the cyclic pattern of porcine reproductive and respiratory syndrome virus
(PRRSV) RNA detection by reverse-transcription real-time PCR (RT-rtPCR) from 4 major swine-centric veterinary diagnostic
laboratories (VDLs) in the United States and to use historical data to forecast the upcoming year’s weekly percentage of
positive submissions and issue outbreak signals when the pattern of detection was not as expected. Standardized submission
data and test results were used. Historical data (2015-2017) composed of the weekly percentage of PCR-positive submissions
were used to fit a cyclic robust regression model. The findings were used to forecast the expected weekly percentage of
PCR-positive submissions, with a 95% confidence interval (CI), for 2018. During 2018, the proportion of PRRSV-positive
submissions crossed 95% CI boundaries at week 2, 14-25, and 48. The relatively higher detection on week 2 and 48 were
mostly from submissions containing samples from wean-to-market pigs, and for week 14-25 originated mostly from samples
from adult/sow farms. There was a recurring yearly pattern of detection, wherein an increased proportion of PRRSV RNA
detection in submissions originating from wean-to-finish farms was followed by increased detection in samples from adult/
sow farms. Results from the model described herein confirm the seasonal cyclic pattern of PRRSV detection using test results
consolidated from 4 VDLs. Wave crests occurred consistently during winter, and wave troughs occurred consistently during the
summer months. Our model was able to correctly identify statistically significant outbreak signals in PRRSV RNA detection
at 3 instances during 2018.
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surveillance. Three steps should be taken with animal sur-
veillance and disease outbreak investigation®: 1) retrospec-
tive evaluation of the data to identify any temporal or spatial
patterns, or external covariates, or both; 2) model or remove
these explainable patterns from the data (pre-processing);
and 3) monitor pre-processed data prospectively to detect
unexpected clusters of events (possible outbreak signals) in
time or space-time.

Different levels of animal health syndromic surveillance
and various statistical approaches have been applied in dif-
ferent situations and scenarios for veterinary surveillance.*
The most commonly reported approaches in veterinary syn-
dromic surveillance include descriptive summaries, control
charts, Bayesian belief networks, regression models, and
various algorithms from the surveillance package in R.*
Model selection depends on database organization and struc-
tural characteristics, and the monitoring or surveillance
objective. To use a large database for veterinary surveillance,
the ability must exist to process a large volume of data and to
efficiently aggregate it in a structured format, in order for the
data to be used prospectively.”” However, the use of large
datasets in veterinary medicine in a way that generates useful
information in a prospective format is challenging."® Infor-
mation needs to be analyzed and distributed for the users as
quickly as it is generated to allow informed decision-making
on control and management of disease.

The Swine Disease Reporting System (SDRS; http:/
www.fieldepi.org/SDRS) has been aggregating results from
swine samples routinely submitted and tested for PRRSV by
RT-rtPCR from 4 U.S. VDLs: Iowa State University Veteri-
nary Diagnostic Laboratory (ISU-VDL), University of Min-
nesota Veterinary Diagnostic Laboratory (UMN-VDL),
South Dakota State University Animal Disease Research &
Diagnostic Laboratory (SDSU-ADRDL), and Kansas State
University Veterinary Diagnostic Laboratory (KSU-VDL)."
This large database containing PRRSV test results can be
used for PRRSV surveillance and monitoring at the national
level. The 4 VDLs reporting to the SDRS test >95% of all
porcine submissions submitted for the National Animal
Health Laboratory Network (NAHLN) in the United States.'
Submissions with the following reasons were removed: sub-
mission as “research,” reason for testing as “exporting,”
specimen as “vaccine,” or specimen as “environmental sam-
ple.” After removing these submissions, SDRS recorded
547,873 PRRSV submissions between 2007 and 2018, col-
lected from 49 of 50 states in the United States and submitted
for testing by RT-rtPCR."

Historical data on PRRSV RNA testing by RT-rtPCR
viewed as the “PRRSV-positive submissions” tested divided
by total submissions tested for PRRSV (positive, negative,
suspect, or inconclusive) revealed an apparent seasonal
cyclic pattern of PRRSV detection.'® The highest proportion
of PRRSV RT-rtPCR—positive results, organized at a submis-
sion level, was consistently detected during winter (Decem-
ber, January, and February) and spring months (March, April,

and May), and the lowest during summer (June, July, and
August) and fall months (September, October, and Novem-
ber).

In human disease surveillance, the cyclic pattern of dis-
ease occurrence and detection has long been explored to
monitor disease occurrence and identify outbreak signals.
Regression models have been used to predict seasonal
changes in human mortality to allow detection of periods
with excess mortality caused by influenza epidemics.” In
2008, a study from Australia described a refinement of this
model to monitor the proportion of mortality in humans
caused by pneumonia and influenza with a cyclic pattern
of occurrence.® SDRS PRRSV detection information has
demonstrated great similarity to human influenza disease
occurrence, creating an opportunity to apply a cyclic algo-
rithm to proactively detect PRRSV outbreaks in near-real-
time.

The purpose of our study was to develop and apply an
algorithm to historical SDRS results for PRRSV RNA
detection to characterize the cyclic pattern of detection,
construct a capability to forecast the proportion of positive
submissions for the upcoming 52-wk period, and thus iden-
tify weeks having a significant increase or decrease in
detection.

Materials and methods

To confirm the cyclic pattern of PRRSV detection reported
in the SDRS database (Fig. 1), we used the following method
to address the 3 proposed steps for animal surveillance and
disease outbreak investigations. An algorithm (SAS v.9.4;
SAS Institute, Cary, NC) was created to organize SDRS
database results by weekly counts of positive submissions,
negative submissions, and total submissions tested. A func-
tion to calculate the percentage of positive submissions was
applied. Each year was considered and organized in a cycle
composed of 52 observations corresponding to 52wk.
Weekly data from 2015, 2016, and 2017 were used to con-
struct the baseline for PRRSV detection. Further description
of the data structure used in our work is available in detail in
our previous study."”

The model to analyze the cyclic pattern of PRRSV detec-
tion by VDLs was based on the cyclic regression model used
to monitor the proportion of deaths attributable to influenza
in humans in Australia.® We refined the original model used
to calculate the 95% confidence interval (95% CI) for pre-
dicted values and data visualization. A SAS standard proce-
dure resistant to outliers named PROC ROBUSTREG was
used to fit a robust regression model. The M estimation
available using the SAS PROC ROBUSTREG procedure
was used to estimate the predicted percentage of positive
submissions for the upcoming year of 2018. It has been
established that the M procedure can be feasibly used when
outlier contamination is present mainly in the response direc-
tion and produces reasonable estimation.
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Figure 1. Percent of porcine reproductive and respiratory syndrome virus (PRRSV)-positive submissions reported at the Swine Disease
Reporting System (SDRS) project over time and apparent seasonal pattern of detection of PRRSV over time. The seasons are organized by
months: winter (Wi) = December, January, and February; spring (Sp) = March, April, and May; summer (Su) = June, July, and August; fall
(Fa) = September, October, and November. For the SDRS database, a full 4-season cycle starts December 1 and ends November 30 of the

subsequent year.

The cyclic regression model included a linear time term,
T, with values 1, 2, 3, . . . 207, 208. Term T is composed of
4 cycles of 52-wk observations corresponding to the first 3
cycles to each individual historic year period used to con-
struct the baseline (January 2015-December 2017), and the
last cycle for the sequences time series for the upcoming year
(January—December 2018) was filled with blank values dur-
ing the forecast steps. This step triggers the SAS procedure
to insert forecast values for those weeks based on the model
fitted to the earlier data. These forecasted results generated
by the model were used as the upcoming year’s baseline ref-
erence results. The T variable has the function to accommo-
date the long-term linear and curvilinear changes in the
background of the percentage of positive results.® Annual
seasonal harmonic variables were added to describe the
cyclic seasonal background pattern. The harmonic variables
are functions of the week of the year, t, and the periodicity is
in the same units, in this case, yearly (52.18 wk). The 2 har-
monic variables, in this case, are sine and cosine of the week
of the year, t, and calculated as sine of (2m t/52.18) and
cosine of (2r t/52.18),° where T is the constant “Pi.” Each
52-wk year defines a cycle responsible for forming the wave
pattern. Sine and cosine accommodate the curvilinear wave
high, amplitude, wave crest, and wave trough. The final
model can be written as: predicted percentage of weekly
positive results = e +f3 [T+ 82 sine + B3 cosine, in which e
is the intercept estimate for the percentage of positive sub-
missions, 3 1 is the estimate for the T variable, Bz is the esti-
mate for sine, and 83 is the estimate for cosine.

The forecast of the predicted individual results for each of
the 52 wk of the upcoming year of 2018 was retrieved from
the model. A 95% CI for each predicted weekly value was
calculated using the SAS DATA STEP procedure using the
predicted standard error value for each individual weekly
result captured from the output of the robust regression
model. For the purpose of our study and aligned with the
World Health Organization’s definition, an outbreak signal
was defined as the percentage of observed PCR-positive sub-
missions exceeding the number of expected PCR-positive
submissions (i.e., not site-level PRRSV detection). The
goodness of fit of the model with relation to leverage and the
potential influence of extreme outliers was assessed by the
standard procedure available in the PROC ROBUSTREG
procedure. The pattern of detection of PRRSV in the United
States significantly changed during and following the por-
cine epidemic diarrhea virus (PEDV) and porcine deltacoro-
navirus (PDCoV) epidemic years of 2013 and 2014.'%'
Thus, inclusion of historical data was restricted to the period
after 2014. Otherwise, the R* reported by the model output
would have been used to select the number of years included
in the baseline (historic period), and we would have used the
model with the highest R*.

Historical results, 2018 predicted results, and the 95% CI
for the predicted weekly result were plotted using the SAS
PROC SGPANEL procedure. An algorithm was developed to
capture the 2018 weekly results released by participant
VDLs and include them in the SDRS database. The algo-
rithm was also used to calculate the percentage of positive
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Figure 2. Predicted value and 95% confidence interval (CI) for the 2018 forecasted percentage of submissions tested positive for
porcine reproductive and respiratory syndrome virus. Dashed blue line = predicted weekly percentage of positive results. Continuous red
line = observed percentage of weekly positive submissions for 2015-2017. 2018 blue band = 95% CI for the weekly predicted percentage

of positive results.

submissions, integrate the predicted information generated
by the model from historical data, and plot historical and
2018 results. For the purpose of our study, an outbreak signal
was defined as the time at which the percentage of positive
submissions results for PRRSV detection rate crossed the
threshold of 95% CI boundaries.

The use of results from the same dataset to generate a
model is the most plausible way to validate an indicator of
outbreak signals.* During 2018, outbreaks signals were vali-
dated by comparing monthly changes in the pattern of agent
detection by production phase, and by input from a panel of
specialists. The original SDRS project described 8 age cate-
gories: adult, boar stud, breeding herd, replacement, suckling
piglets, nursery, grow-finish, and unknown. To better under-
stand the origin of an outbreak signal, we grouped the age
categories in 3 swine production phases: adult/sow farm,
wean-to-market, and unknown. Adult/sow farm aggregated
the SDRS age categories of adult, boar stud, breeding herd,
replacement, and suckling piglets. Wean-to-market aggre-
gated the SDRS age categories of nursery and grow-finish.
The unknown category corresponds to the SDRS unspecified
age category. Plots of the percentage of positive results by
year and month were constructed (Power Business Intelli-
gence; Microsoft, Redmond, WA). Generated outbreak sig-
nals and monthly changes in the percentage of positive
results by phase were discussed with a panel of specialists
comprised of the SDRS advisory council and VDL diagnos-
ticians during 2018. The SDRS advisory council was com-
posed of swine field veterinarians from different production
systems distributed across the United States. The major
inputs and findings were preliminarily incorporated into the
SDRS monthly report released in 2018.

Results

The proposed work was able to develop and apply an algo-
rithm to scan historical SDRS data, forecast the weekly
expected percentage of RT-rtPCR—positive submissions for
the upcoming year, and characterize a cyclic pattern of
PRRSV RNA detection in the United States using VDL
results. The weekly predicted percentage of positive results
for 2018 followed a consistent pattern for wave crest and
wave trough according to the weekly detected proportion of
positive submissions in 2015-2017 (Fig. 2). The percent of
positive results for PRRSV forecasted by the model was
expected to increase over time. The increase in the wave
crest was expected to increase by 1.5% from 2015 to the pre-
dicted year of 2018, moving from 24.5% in 2015 to0 26.0% in
2018 (Fig. 2).

During 2018, 3 time periods generated outbreak signals: the
first was on week 2 (January 7—13), the second was week 15—
24 (April 8-June 16), and the third was on week 48 (November
25-December 1; Fig. 3A). The first outbreak signal was driven
by increased detection in wean-to-market animals. In week 2 of
2018, 185 of 357 (51.8%) submissions coming from wean-to-
market pigs tested positive for PRRSV, whereas in the previous
week only 128 of 297 (43.1%) tested positive. The second and
largest outbreak signal was driven mainly by increased detec-
tion of PRRSV in adult/sow farms (Fig. 3B). Data suggest that
the second outbreak signal was preceded by an increased per-
centage of positive submissions detected in the production
phase wean-to-market that occurred late in March and April
(Fig. 3B). During 2018, a specimen described as “processing
fluid™ was increasingly used for PRRSV testing. Prior to 2018,
processing fluid was not consistently used for PRRSV testing.
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Figure 3. A. Percentage of positive submissions detected during 2018. Inertia ellipses represent outbreaks signals. Arrows point to the
production phase results (in panel B) that were associated with the outbreak signal. B. Percentage of positive submissions by production
phase over year and month. Each color and marker format represent a different production phase as indicated at the bottom of the chart.

During 2018, processing fluid represented 7,721 of 27,733
(27.8%) submissions tested for adult/sow farms, and 2,513 of
7,721 (32.5%) submissions tested positive; in all other speci-
mens, 3,390 of 20,012 (16.9%) submissions tested positive.
The third outbreak signal was also driven by increased detec-
tion in the wean-to-market phase. In week 48, 228 of 454
(50.2%) submissions tested positive for PRRSV in the wean-
to-market phase, whereas in the previous week 218 of 451
(48.3%) tested positive. Additionally, the average number of
weekly submissions tested from wean-to-market moved from
362 in October to 410 in November, with the percentage of
positive results from 727 of 1,663 (43.7%) to 889 of 1,859
(47.8%), respectively.

The use of production phase—grouped results to validate the
outbreak signal provided 3 pieces of additional information:

1. The wean-to-market pattern of the percentage of pos-
itive submissions was consistent over the years, with

the lowest points of detection between July and Sep-
tember, and an increasing trend starting thereafter
(Fig. 3B).

2. The pattern of the percentage of positive results in
adult/sow farms was similar over time, and the
increase in the percentage of positive results occur-
ring in the second half of the year was preceded by an
increased proportion of positivity in the wean-to-
market phase (Fig. 3B).

3. The overall percentage of PRRSV-positive submis-
sions in wean-to-market is consistently higher than
the percentage of PRRSV-positive submissions in
adult/sow farms (Fig. 3B).

Discussion

The SDRS project described a seasonal cyclic pattern of
PRRSV RT-rtPCR detection. Our goal was to develop an



PRRSYV seasonal pattern of detection by U.S. VDLs 399

algorithm to scan the SDRS historical database for PRRSV
detection, forecast the predicted weekly results for the
upcoming year, and to issue early outbreak signals. Our algo-
rithm integrating the cyclic pattern of occurrence was able to
confirm the cyclic pattern of PRRSV detection and predict
the expected detection for the upcoming year based on his-
torical data. Outbreak signals were detected and further vali-
dated with changes in the pattern of detection by phase and
with input from a panel of specialists. Outbreaks were
defined as a significant increase in PRRSV-positive submis-
sions relative to expected values for that time of the year.

During 2018, 3 outbreak signals were detected and further
validated with increased detection in at least 1 phase of pro-
duction. The first and third outbreaks signals lasted for 1 wk
only. In the first outbreak signal, there was an increased pro-
portion of positive submissions in wean-to-market and an
increase in the number of submissions submitted for PRRSV
testing. In the third outbreak signal, the number of submis-
sions tested coming from wean-to-market only changed by 3
from the previous week, but the proportion of positive sub-
missions increased from 48.3% to 50.2%. In addition, the
average number of submissions tested for PRRSV from
wean-to-market increased from 362 in October to 410 in
November and the proportion of positive submissions
increased from 43.7% to 47.8%. When comparing the first
and third outbreak signals, the first was more likely to be the
consequence of the New Year holiday whereby fewer sam-
ples were submitted for testing in the first week of the year.
This was reflected by a subsequent high number of submis-
sions in the following week. In comparison, the third out-
break signal was likely a true outbreak signal based on a
consistent average weekly increase in the number of submis-
sions tested (48 submissions/week) from October to Novem-
ber. This was accompanied by a 4.1% increase in the
percentage of positive submissions.

The longest outbreak signal occurred between April and
June and was mainly driven by tested submissions from
adult/sow farms. The occurrence of these outbreak signals
coincided with a previously increased detection of PRRSV in
the age category wean-to-market and the adoption of pro-
cessing fluid to monitor PRRSV in the piglets during the first
week of life. Potential reasons noted by the advisory council
for increased detection of PRRSV at that time included 1)
likely lateral transmission of PRRSV from wean-to-market
farms to adult/sow farms, and 2) the possibility of more pig-
lets sampled by using processing fluid, which is a popula-
tion-based sampling method. Detection of PRRSV in
processing fluids contributed to an increase in the percentage
of positive submissions for adult/sow farms by 5.2% and a
1.5% increase in all production phases during spring months
(March, April, and May), and by 5.8% in adult/sow farms,
and a 1.8% in all production phases during summer months
(June, July, and August).

The increased proportion of positive submissions
observed in wean-to-market animals before the second out-
break corresponds with the historical recurring pattern of

detection wherein the proportion of positive submissions in
wean-to-market precedes the increase in adult/sow farms.
This finding strongly suggests that wean-to-market animals
potentially play a major role in PRRSV macroepidemiologic
dynamics and should receive attention. Additionally, this
finding perhaps should be taken into consideration in design
plans for regional PRRSV control and eradication programs.

Our model was able to scan the PRRSV RT-rtPCR VDL
results and then predict the expected proportion of submis-
sions status results. The observed results followed the pre-
diction and crossed the 95% CI when a contributing factor,
such as holidays and or the introduction of a new specimen
type, was detected (Fig. 3). Our findings strongly suggest
that VDL historical results can be used to forecast PRRSV
detection. There was a marked seasonal pattern of pathogen
detection, with an increased percentage of positive submis-
sions during relatively “cold” months. The relatively higher
detection of PRRSV during colder months agrees with the
relatively higher incidence of PRRSV outbreaks in sow
farms.”'" The higher detection of PRRSV during winter
months may be a result of the virus remaining infectious lon-
ger in the environment and allowing an opportunity to be
easily mechanically transported during colder weather’ com-
pared with warmer weather.” The seasonal temperature effect
has been previously noted as a major risk factor associated
with PRRSV spread in the midwestern United States.' Addi-
tionally, regional effects and clustering of different PRRSV
strains may contribute to the spatial and temporal distribu-
tion of PRRSV.®

In addition to the macroepidemiologic level of monitor-
ing by our model, veterinarians and producers may use the
model to detect changes in disease status early at the farm
level. When outbreak signals are issued, reinforcement of
farm biosecurity, review of pig and people flow, and truck
decontamination audit procedures are measures that could
potentially limit further pathogen spread. Finally, our algo-
rithm could be further explored for the detection of other
swine disease agents that have a cyclic pattern of occurrence,
such as PEDV and PDCoV.
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