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Simple Summary: One of the most challenging setbacks for intensive swine industries to improve
animal welfare and sustainability is skilled labor. Human observations are needed to accurately
identify sick or injured pigs. Still, animal caretakers are limited in the amount of time they take and
the frequency of observations they can complete in a day. Here, using a controlled immune challenge
in nursery pigs, a visual-based precision livestock technology can identify pigs with greater specificity
and sensitivity than trained human observers. This system can monitor pigs 24 h a day, seven days a
week, in group housing. The potential impact of this research may improve the laborer’s ability to
treat animals at the individual level rather than the group level.

Abstract: The objectives were to determine the sensitivity, specificity, and cutoff values of a visual-
based precision livestock technology (NUtrack), and determine the sensitivity and specificity of
sickness score data collected with the live observation by trained human observers. At weaning, pigs
(n = 192; gilts and barrows) were randomly assigned to one of twelve pens (16/pen) and treatments
were randomly assigned to pens. Sham-pen pigs all received subcutaneous saline (3 mL). For LPS-pen
pigs, all pigs received subcutaneous lipopolysaccharide (LPS; 300 µg/kg BW; E. coli O111:B4; in 3 mL
of saline). For the last treatment, eight pigs were randomly assigned to receive LPS, and the other
eight were sham (same methods as above; half-and-half pens). Human data from the day of the
challenge presented high true positive and low false positive rates (88.5% sensitivity; 85.4% specificity;
0.871 Area Under Curve, AUC), however, these values declined when half-and-half pigs were scored
(75% sensitivity; 65.5% specificity; 0.703 AUC). Precision technology measures had excellent AUC,
sensitivity, and specificity for the first 72 h after treatment and AUC values were >0.970, regardless of
pen treatment. These results indicate that precision technology has a greater potential for identifying
pigs during a natural infectious disease event than trained professionals using timepoint sampling.

Keywords: machine learning; Suidae domesticus; ethology

1. Introduction

In livestock production, caretakers are responsible for accurately identifying, doc-
umenting, and caring for animals with illness or injury through single timepoint pen
observation by assessing behavior or other physical problems (e.g., tail bites). Continuous,
temporal, and spatial data of animal behavior are not yet accessible to producers, although
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scientists have long established that continuous behavior collection greatly enhances the
sensitivity and specificity identification of sick or injured animals.

The nursery phase brings numerous challenges to the health and welfare of newly
weaned pigs. Weaning is stressful because of pig-sow separation, exposure to a novel
environment, transportation, handling, and comingling with unfamiliar pigs from different
litters [1–3]. The stressors that newly weaned pigs experience disrupt homeostasis, affecting
health status [4,5]. Psychosocial stressors from weaning are also potent activators of
the stress axis, culminating in a complex hormone and immune response which affects
their already naïve immune system [6]. The disruption of homeostasis, and the attempt
to regulate the concentration of stress hormones, can impede immune regulation and
subsequently increase the risks of morbidity and mortality [5].

The causes and incidences of morbidity and mortality in postweaning pigs have not
been widely reported in scientific literature. However, postweaning mortality has been
defined as having a complex multifactorial causation [7], with rates ranging from 5.6 to 7.6%
for pigs entering the wean-to-finish phase and 3.6% for pigs entering the nursery phase [8,9].
Recently a study using 1316 cohorts of pigs, demonstrated a geometric average mortality of
8.69% for pigs entering the wean-to-finish phase [10]. Respiratory and gastrointestinal dis-
orders are leading causes of morbidity and mortality in post-weaning pigs [7,11,12]. Early
identification, segregation, and treatment of compromised pigs can decrease morbidity
and prevent mortality. Identifying sick or injured pigs can be challenging when pigs are
housed in groups, especially if individual pigs are in subclinical stages of pathology. Swine
producers rely on animal technicians to identify pigs requiring attention [13]. Typically,
animal technicians use scan sampling (scanning pens for individuals with sickness or injury
signs), and this timepoint sampling is limited to once or twice a day. Experience and skills
training are required to identify subtle abnormal behaviors correctly [14,15].

Moreover, visual observation by a caretaker is only a short snapshot in time that
does not translate into overall daily pig behavior and is prone to human error and bias.
The limitation of human observation may be overcome with advancements in precision
livestock technology that can identify compromised pigs via audio, video, or wearable
devices [16–18]. The NUtrack system was developed as a visual-based precision livestock
technology platform for the identification, activity, and behavior tracking of group-housed
pigs at the animal level [19–22]. Therefore, the first objectives of this current work were to
establish the sensitivity, specificity, and area under the curve (AUC) of skilled technicians
to correctly identify and distinguish experimentally induced sick pigs (lipopolysaccharide,
LPS-challenge) from control pigs (sham-handled) using time point sampling. Using the
same model, the second objective was to evaluate the sensitivity, specificity, AUC, and
cutoff values of behavioral outputs collected continuously by the visually based precision
technology. The authors hypothesized that human identification of challenged pigs would
greatly decline over time, however, the precision technology would only moderately decline
as pigs recover over time, and that human identification of pigs within a pen that were
challenged with either LPS or sham-handled would have decreased sensitivity, specificity,
and AUC than precision behavioral outcomes.

2. Materials and Methods
2.1. Animals and Housing

All experimental procedures adhered to the Guide for the Care and Use of Agricul-
tural Animals in Research and Teaching. All procedures were reviewed and approved by
the University of Nebraska—Lincoln Institutional Animal and Care and Use Committee
(IACUC #1409).

One hundred and ninety-two newly weaned pigs (gilts and barrows) were sourced
from the University of Nebraska—Lincoln Eastern Nebraska Research and Extension
Center’s swine unit and housed in 12 nursery pens (16 pigs/pen) within one nursery
room. Nursery pen flooring was tenderfoot flooring (Tandem Products, Inc. Minneapolis,
MN, USA), with a 2.44 m2 solid mat (Rubber-Cal, Fountain Valley, CA, USA) placed at
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the front of the pen. The side and back walls were solid cement, and the front gate was
made of vertical stainless steel bars (Farmweld, Teutopolis, IL, USA). The feeder was in
the front of the pen and the waterer was placed at the back of the pen. The temperature
in nursery rooms was 27.8 ◦C. Humidity ranged from 60–70%. Ad libitum water was
provided through water nipples, and feed was offered through an 8-hole feeder. Diet was
formulated to meet the NRC requirements for nursery pigs [23]. At the time of processing
(0–2 days after birth), pigs had a generic button tag added to both ears. Pigs were weaned
between 21–25 days of age.

2.2. Treatments after Weaning

At weaning, a unique color and alpha-numeric ear replaced the generic tag, which
allowed the visual tracking system to autocorrect and recover lost individual identifica-
tion [22]. A day before treatment (d − 1; Figure 1), all pigs were weighed to calculate the
dosages of treatments appropriately.
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Figure 1. Timeline of experiment and data collection. Newly weaned pigs (n = 192) were randomly
assigned to one of 12 pens (4 pens per treatment). Generic ear tags were replaced with NUtrack ear
tags. Body weights were recorded on days 9 and 1 relative to the immune challenge (day 0). At
0900–0930 h on treatment day (d − 0), pigs received one of the treatments assigned to pens: (1) all
sham-handled, controls (injection of 3 mL saline solution); (2) entire pen challenged with a single
subcutaneous dose of lipopolysaccharide (LPS from E. coli O111:B; 300 µg/kg of body weight in
a total of 3 mL saline), and; (3) one-half of the pigs were sham-handled, and one-half of the pigs
were treated with the same amounts as described earlier (half-and-half). Human data were collected
starting on days 1, 0, and once per day during seven days post-treatment (d − 1 to d − 7). A precision
livestock technology (NUtrack) was utilized to continuously capture behavior measures (distance
traveled, pivot behavior, feed, and total time lying) during the entirety of this timeline (d − 9 to
d − 7). The 24-h data from the precision technology (NUtrack) data were used for this experiment.

This experiment was a portion of a larger project that included commingling or
remaining with groupmates at the finishing stage (will be reported elsewhere). First, pigs
were randomly assigned pens, stratifying gender (barrows and gilts) across 24 pens. Then,
finishing pens were randomly assigned to commingling or noncommingling. Then, those
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pens were randomly assigned one of three nursery treatments (this report) so that nursery
pigs began in pens of 16.

During the nursery phase, the 16 pigs were placed in 12 pens. Nine days after weaning,
pigs were administered treatments. The nursery had 3 types of pens, 4 pens each: (1) In
control pens, pigs were sham-handled (Sham; 3 mL of sterile saline); (2) In all-challenged
pens, all 16 pigs were administered lipopolysaccharide (LPS; isolated from cell walls of
heat-killed Escherichia coli O111:B4; Sigma-Aldrich, St. Louis, MO, USA) at a dose of
300 µg/kg body weight, dissolved in 3 mL of sterile saline, and; (3) In half-and-half pens,
8 pigs were administered LPS, and the other 8 were sham-treated. All injections were
administered subcutaneously in the left medial inguinal area using a syringe with a 1

2 inch
long 21-gauge needle. The IACUC leading veterinarian required rescue interventions
for LPS-treated pigs that became completely unresponsive to external stimuli on the day
of treatment. To improve cardio-respiratory function, the protocol included epinephrine
(0.5 mL/pig) and dexamethasone (0.5 mL/pig) intramuscularly.

2.3. Precision Monitoring System

The NUtrack system’s cameras were installed at a 90-degree angle above the 12 nursery
pens before the pigs’ placement. This deep learning-based, multiobject tracking system can
achieve greater than 92.5% precision and recall when tracking individual pigs’ long-term
individual identity, location, and individual posture in group-housed settings [15]. The
hardware component of the system was FLIR/Lorex NVR System (Lorex Corporation,
Linthicum, Maryland). The IP-based cameras had 4K (8 MP) and infrared capability for
low-light recording. Visual data were collected continuously at a rate of 5 frames per second.
Visual data were then pushed to a Dell-Alienware GPU-equipped desktop computer for
processing. The software used fully convolutional networks to detect the location and
orientation of pigs and their ear tags. The software aspect of the NUtrack system was
based upon a Bayesian multiobject tracking approach, as reported previously [19–22]. This
method combined the visual classification of ear tags with frame-to-frame movement
probabilities, which allowed for correct identification, even when ear tags were obscured.
Measures for this report (Figure 2) included the distance each pig traveled (m), angle (radius,
pivot behavior), as well as the durations of stand, walk, and lie (lie-sternal, lie-lateral, sit).
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Figure 2. Ethogram used by the precision technology (NUtrack) to automatically track nursery pig
behavioral data. 1 Pivot, rad/day- structural turning of head plus movement of front limbs while
back limbs are still [24]; 2 Feed, min/day- Total duration overhead over feeder [25,26]; 3 Lie, min/day-
total duration of Sternal or recumbent rest. The legs are legs straight, bent, or tucked under the pig’s
body [22].

2.4. Human-Derived Data

Live time point data were methodically collected by two expert human observers
(veterinarian and trained technician) with interobserver reliability > 95%. Human observers
were blinded to the treatments. After reliability was established, each observer stood in
front of the pen and classified the animals according to a visual sickness (Figure 3) and
hide score (Figure 4) for three minutes.
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Figure 3. Human data: Posture and alertness categories and scores used by trained observers to
classify pigs according to their clinical signs. Humans collected data for each pig in a pen, while
standing in front of the pen for 3 min.
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Figure 4. Human data- Hide score used by observers to classify pigs according to their clinical
signs. In addition, emesis events were recorded. Humans collected data for each pig in a pen, while
standing in front of the pen for 3 min.

The sickness scores were adapted from established calf health scores [27]. The scores
ranged from 0 to 2: normal and alert were scored as 0; sleepy or drowsy was scored as 1,
and nonresponsive to stimuli was scored as 2. The score of 2 included lateral lying and
open-mouth respiration. Hide scores (Figure 3) and emesis events were recorded but were
not used in the final analyses since individual’s hidescould not be seenwhen pigs rested on
top of each other (a.k.a. pig-pile) Emesis events only occurred on the day of the challenge
and were not frequent enough to be included in the analyses.

2.5. Statistical Analysis

The behavioral data collected from the precision technology were analyzed using
the receiver operator characteristic curve (ROC) analysis on RStudio (RStudio: Integrated
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Development for R. RStudio, PBC, Boston, MA, USA). The first analyses included the
pens with all sham-treated pigs, all LPS-treated pigs, and half-and-half pigs. Then, the
half-and-half pens were analyzed separately. From these analyses, the area under the
curve (AUC) was measured to evaluate the predictive ability of the precision data, which
statisticians consider a superior measure of accuracy. The AUC ranges from 0 to 1, an
outcome of 0.5 means that the measure cannot discriminate between LPS and sham pigs,
and a 1 means that the measure is perfect at identifying the treated animals (Figure 3). The
human observation data were used as a contrast reference. Human data and precision data
were fitted to a logistic regression equation, using the binomial family option to predict
the known outcome of sick (received LPS) or not sick (did not receive LPS) individuals.
ROC curves were plotted, and AUC values for the regression, pivot behavior, rest behavior,
distance traveled, and human sick scores were calculated starting on treatment day (d − 0)
and moving individually to each day post-treatment (d − 1 to d − 7). Both precision and
human data were tested for the validity (sensitivity and specificity) of screening pens to
find sickness in pigs as they recover from their treatments.

The precision data cutoff values were calculated on RStudio based on Youden’s index.
The optimal cutoff point was then chosen by the maximum Youden index, maximizing
the sum of sensitivity and specificity [28,29]. Optimal cutoff points were calculated for
precision data only because human-derived data are considered categorical. In contrast,
the precision data collected continuous variables based on the pigs’ behaviors. Once the
optimal cutoffs were established, data could then be converted to a binomial categorical
variable with two factors: LPS or sham treated. Pigs’ initial human-derived data and
precision-derived data were included in the dataset for treatment day (d − 0).

3. Results
3.1. General Results

Hide scores were not included in the analyses since pigs rest and pile on top of each
other, and human observers were not permitted to influence behavior unless there was an
intervention event. Emesis events were also not included in the analyses since pigs ingested
the vomit prior to data collection, and these records were infrequent. Nonetheless, a total
of 24 events of emesis were recorded within the LPS-challenged pigs. Three of the 24 pigs
that had recorded emesis became nonresponsive. Nine pigs received the rescue protocol
intervention, however, those pigs did not recover and died from the endotoxin challenge,
translating into a case fatality of 9.37%. For future work with LPS and unresponsive pigs, a
euthanasia protocol should be used instead of a rescue protocol to improve animal welfare.

3.2. Human Data for Entire Population

When all pens were considered, human-derived data presented acceptable AUC, true
positive rates, and true negative rates (0.85 AUC; >70% Sensitivity; >85% Specificity; Table 1)
on days zero and one. By day two, human data AUC, true positive, and true negative rates
declined to less desirable rates (Table 1). On days three and seven, human observations
were not conducted because of extenuating circumstances. For days four, five, and six,
AUC and true negatives were at less desirable rates (<0.57 AUC; <33% Specificity; Table 1),
however, true positives remained acceptable (>83% Sensitivity; Table 1). However, true
positive rates declined again for the last human observation time point, day six (Table 1).

The area under the curve (AUC) was calculated using the linear regression model and
provides the validity measures for each behavior computed by NUtrack, with a zero to one
range (0.5 = no discrimination; 1 = perfect performance); Optimal Cutoffs were based on
maximum Youden’s index, maximizing the sum of sensitivity and specificity [28–30].
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Table 1. The entire population of nursery pig optimal cutoff values, the area under the curve (AUC),
sensitivity, and specificity for human data and precision data (NUtrack). Pigs received treatments
randomly assigned by pen: (1) pens with all sham-handled, control pigs (injection of 3 mL saline
solution); (2) pens with all challenged-pigs (subcutaneous dose of lipopolysaccharide (LPS from
E. coli O111:B; 300 µg/kg of body weight in a total of 3 mL saline), or (3) pens with one-half of
the pigs sham-handled, and the other half challenged ( same amounts of LPS as described earlier
(i.e. half-and-half). Human real-time live scoring (human data) and data from a precision livestock
technology (NUtrack; precision data) were evaluated.

Day

0 1 2 3 4 5 6 7

Human Data
Sickness Score

Cutoff - - - - - - - -
AUC, 0–1 0.871 0.849 0.614 - 0.570 0.503 0.510 -
Sensitivity, % 88.5 70.7 53.4 - 84.4 83.3 68.8 -
Specificity, % 85.4 97.7 68.8 - 28.7 17.2 33.3 -

Precision Data
Distance traveled

Cutoff, m/day 784.6 365.7 958.7 1177.8 1132.1 1078.2 1008.4 1870.0
AUC, 0–1 0.981 0.999 0.929 0.846 0.686 0.542 0.481 0.391
Sensitivity, % 94.7 98.9 79.1 81.2 72.9 89.5 94.7 12.2
Specificity, % 91.6 98.8 96.2 76.7 60.9 21.8 12.6 93.1

Pivot behavior
Cutoff, rad/d 2668 1384 3317 4151 3859 3761 4073 7583
AUC, 0–1 0.999 0.998 0.935 0.798 0.627 0.479 0.440 0.324
Sensitivity, % 96.8 98.9 82.2 83.3 80.2 86.4 73.3 10.0
Specificity, % 92.7 97.7 95.4 70.9 49.4 24.1 28.7 10.0

Feed
Cutoff, s/d 7681 6885 10,922 9148 11,376 11,489 9029 18,136
AUC, 0–1 0.992 0.987 0.787 0.695 0.628 0.588 0.490 0.428
Sensitivity (%) 95.8 96.8 73.9 92.7 48.9 51.0 84.3 4.1
Specificity (%) 93.7 94.3 70.4 39.5 74.7 64.3 20.6 9.8

Total lie
Cutoff, s/d 69,390 74,387 67,042 65,262 67,750 68,346 66,379 56,058
AUC, 0–1 0.993 0.996 0.903 0.800 0.715 0.518 0.487 0.381
Sensitivity, % 97.9 96.5 90.9 81.3 57.7 19.5 33.1 10.0
Specificity, % 94.8 97.9 77.0 69.7 80.2 88.5 75.0 20.8

3.3. Precision Data for Entire Population

For the entire population of pigs, all precision measures had superior AUC values,
true positive rates, and true negative rates compared to human data on days zero, one, and
three (>0.98 AUC; >79% Sensitivity; >94% Specificity). The sensitivity value from human
data was greater than distance and pivot-precision data for day four (84.4% vs. 72.9% and
80.2%, respectively). On day four, only lying duration (both positions) had a marginally
acceptable AUC (0.715). Human data had greater sensitivity (84.4 %) than the precision
data on day four (Table 1). Nonetheless, false positives were less frequent among the
precision data for days four and five, compared with the human data (Table 1), especially
for the lie duration (80.2% specificity for day five, Table 1). The area under the curve can
serve as a reliable prediction analyses toolset, and all precision data behaviors had excellent
AUC for precision data for days zero to two (>0.90; Table 1), except for the day four feed
duration (0.787 AUC). However, precision data AUC declines steadily after day three.
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3.4. Half LPS and Half Sham Data

When only the data from pens that had half of the pigs treated with LPS and the
other half sham-treated were evaluated, human data had a lower AUC for all comparable
precision data AUC (Table 1). However, the true negative rate for human scores was
remarkably better on days four to six on half-and-half pens than when the entire population
was scored (Tables 1 and 2). The precision measures of pigs in the half-and-half pens
resulted in AUCs that were comparable (>0.99) to the entire population for days zero and
one, however, the AUC declined starting on day two (Tables 1 and 2). The sensitivity of
precision data for the half-and-half pigs were greater than the comparable human-derived
sensitivity (Table 2), with a >90% sensitivity on day one for the distance moved and the
feeding duration. A noteworthy observation is that feeding duration sensitivity increased
from 73.9% to 100% when the entire population vs. half-and-a-half pigs were observed
(Tables 1 and 2).

Table 2. Half-and-half nursery pig optimal cutoff values, the area under the curve (AUC), sensitivity,
and specificity for human data and precision data (NUtrack). Four pens out of sixteen were randomly
assigned the half-and-half treatment, then one-half of the pigs were randomly assigned treatments
of either sham-handling, (controls; 3 mL saline solution subcutaneous) or single subcutaneous dose
of lipopolysaccharide (LPS from E. coli O111:B; 300 µg/kg of body weight in a total of 3 mL saline).
Human real-time live scoring (human data) and data from a precision livestock technology (NUtrack
precision data) were evaluated.

Day

0 1 2 3 4 5 6 7

Human Data
Sickness Score

Cutoff - - - - - - - -
AUC 0.703 0.738 0.569 - 0.662 0.525 0.513 -
Sensitivity, % 75.0 92.9 50.0 - 46.4 14.3 21.4 -
Specificity, % 65.6 53.1 62.5 - 84.4 90.6 81.2 -

Precision Data
Distance traveled

Cutoff, m/day 784.6 304.3 803.3 1191.1 1251.1 1449.5 1478.0 1578.7
AUC 0.970 0.992 0.799 0.729 0.710 0.680 0.648 0.580
Sensitivity, % 90.6 100.0 81.2 75.0 65.6 59.3 50.0 43.7
Specificity, % 96.8 96.4 75.0 67.8 75.0 82.1 78.5 78.5

Pivot behavior
Cutoff, rad/d 2863 1489 2891 4610 4199 4578 4341 5572
AUC 0.988 0.985 0.792 0.676 0.663 0.629 0.612 0.517
Sensitivity, % 90.6 96.9 84.3 59.3 71.8 65.6 75.0 25.0
Specificity, % 100 92.8 75.0 82.1 57.1 67.8 50.0 89.2

Feed
Cutoff, s/d 7856 5554 10,922 9358 8667 10,405 11,955 18,136
AUC 0.976 0.967 0.685 0.643 0.641 0.612 0.557 0.422
Sensitivity, % 87.5 100.0 71.8 93.7 90.6 81.2 53.1 62.5
Specificity, % 96.8 89.2 64.2 46.6 42.8 42.8 64.2 100.0

Total lie
Cutoff, s/d 67,660 74,387 68,184 65,262 67,442 65,125 65,280 64,283
AUC 0.988 0.980 0.787 0.762 0.775 0.703 0.665 0.487
Sensitivity, % 100.0 89.2 75.0 78.5 67.8 64.2 60.7 50.0
Specificity, % 87.5 96.8 75.0 78.1 87.5 75.0 81.2 59.9
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The area under the curve (AUC) was calculated using the linear regression model and
provides the validity measures for each behavior computed by NUtrack, with a zero to one
range (0.5 = no discrimination; 1 = perfect performance); Cutoffs were based on Youden’s
index, maximizing the sum of sensitivity and specificity [28–30].

4. Discussion

The use of endotoxin challenge to replicate sickness without risking infection is a well-
established controlled immune challenge in both human studies and animal models [31].
Lipopolysaccharide is harvested from the outer membrane of heat-killed gram-negative
bacteria, and researchers can control the amount and location administered. The admin-
istration of greater doses can replicate a cytokine and febrile response that is comparable
to septic shock and low doses can be used to replicate preclinical sickness [32]. In this
experiment, LPS was used to create positive and negative sick subjects, and better under-
stand a precision technology’s ability to identify these subjects whether all of them were
challenged, not challenged, or mixed together. The aforementioned pen treatment would
not be possible to control if a live pathogen was used.

One of the goals of precision livestock technology is to provide support to the work-
force as a means to improve the health and welfare of livestock. Animal technicians in large
swine operations do not have the time needed to observe animals continuously. Instead,
they rely on previous experience and use timepoint sampling to identify compromised
pigs from noncompromised pigs. The authors used a more methodical score system for
live, time-point observations for the purpose of comparing the capabilities to a precision
livestock technology. Humans and this technology both rely on visual cues from the pigs.
The human compares the structural changes of compromised pigs to pen mates, whereas
precision data rely on both individual animal structural changes and spatial relationships
using temporal data. Behaviors that are valid in indicating illness are those with high
sensitivity and high specificity when compared with a “golden standard” [33]. Measures of
sensitivity and specificity have been previously used to assess the validity of precision live-
stock technology in diverse animal production systems [34–36]. The behaviors selected in
this study were measured as continuous variables, so optimal cutoff values were necessary
to maximize sensitivity and specificity [37].

The ability of the precision technology to correctly identify pigs based on their behavior
reflects the pig’s physiology. In general, immune-compromised pigs will have a decreased
intake of substrates (water and feed) and an increased resting time to conserve energy
while the immunological insult is resolved [38].

The ability of a human to identify an immune-challenged pig on the day of challenge
(d − 0) was adequate. However, when both the entire population and the half-and-half
pigs were examined, precision technology had more days with adequate sensitivities and
specificities. Human observations created more false positives and false negatives than
precision measures when the entire population was considered. In commercial swine
operations, false-positive pigs may be treated with antibiotics, which can impact the rate of
antibiotic-resistant pathogens. A more likely challenge in production is false negative pigs.
False negative pigs may go undetected, even by experienced technicians. These pigs can
potentially serve as vectors, especially as they are commingled into the finishing phase.

Some behaviors can be tracked by humans (e.g., lie, and the spatial location at a time
point), however, precision technology provides additional measures that the human cannot
assess without technology. For example, pivot behavior is challenging to assess with human
eyes [24,39]. Pivot behavior captured by the current technology had good sensitivity and
specificity to detect challenged pigs, and an excellent AUC. Nordgreen et al. (2018) [40]
studied the effects of a low-dose LPS challenge on the behavior and brain neurotransmitters
in pigs. They harvested pigs 72 h after the challenge and found that neurotransmitters
and markers of inflammation in the brain (e.g., hippocampus, hypothalamus, amygdala)
were still elevated [41]. This same research group and others conducted follow-up studies
with group-housed pigs where they reported that the most significant change in social
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behavior was an increase in LPS-challenged pigs ear biting their pen mates [42–44]. Ear
biting is an active, social behavior, rather than a classic lethargic behavior, that would not
be intuitive for animal technician identification of compromised pigs. This active state
of social interaction may explain why human data had an unacceptable sensitivity and
specificity just 48 h after the challenge, while precision data had acceptable sensitivity and
specificity 72 h later for the current experiment. During this interaction, the pig that is
being bitten will likely turn away (pivot) away from the offender, therefore more research
is needed regarding pivot measures and social interactions after immune challenges.

The usage of precision livestock technology is not a substitute workforce for swine
operations. Instead, it serves as an additional tool to help in decision making. The presence
of caretakers to check pigs’ health is necessary since it causes a moderate disruption of
behaviors, providing pigs with a chance to show exploratory behaviors that will facilitate
the identification of sick individuals by precision technology. For example, in the current
experiment, the human observations from the half-and-half pens had lower false positives
than the entire population data, especially as pen mates recovered (i.e., days four to six).
This finding was not surprising to the authors since previous experiments using continuous
measures from repeated human approach tests indicated that compromised pigs will be
less responsive and move at a slower pace when a human is standing in front of the
pen [45,46]. In the pens that had a mix of compromised pigs and healthy pigs, technicians
can directly compare each pig’s behavior with their pen mates. This finding indicates that a
human timepoint sample, in conjunction with precision technology, may be more ideal than
expecting precision technology to completely take away human observation. For example,
a technician could spend a few minutes observing each pen, record the obvious sick pigs,
and then precision technology can provide the granular measures of behaviors within a
pen. Precision data provide granularity because optimal cutoff values can be extrapolated
for maintenance and social behaviors. The AUC from precision data can serve as a better
predictor for other endpoints such as performance, or risk of morbidity and mortality.

5. Conclusions

The precision technology has great AUC, sensitivity, and specificity when compared
with human observations, especially during the first 72 h after observation. Sensitivity and
specificity are expected to decrease as pigs recover, however, AUC may be an important
measure for determining the risk of morbidity or the need for medical intervention later in
the pig’s life. Further experiments are needed for determining the precision technology’s
ability to detect compromised pigs among a greater number of healthy pigs. Nonetheless,
this technology in combination with timepoint human observations may serve as an
optimum system for the semi-real-time identification of sick pigs.

6. Patents

Psota, E. T., T. B. Schmidt, L. Perez, and B. Mote. 2022. Animal detection based on
detection and association of parts. NUtrack Livestock Monitoring System. US Patent
Number: 11393088. Publication Date: 2022/7/17. Psota, L. Perez, M. Mittek, and T.B.
Schmidt. 2020. System for tracking individual animals in a group-housed environment
NUtrack Livestock Monitoring System. US Patent Number: 16114565. Publication Date:
2020/10/3.

Author Contributions: Conceptualization and funding acquisition L.E.H., T.B.S., B.E.M., E.T.P. and
M.J.-D.; methodology, L.E.H., M.J.-D., T.B.S., B.E.M. and E.T.P.; validation, L.E.H.; formal analysis,
E.M.B.; investigation L.E.H. and E.M.B.; data curation, E.M.B., M.J.G., S.J.O., A.J.H. and J.M.M.;
writing—original draft preparation, E.M.B.; writing—review and editing, E.M.B., L.E.H., T.B.S.,
B.E.M., E.T.P., M.J.-D., H.W. and C.E.N.; visualization, E.M.B.; supervision, L.E.H., T.B.S., B.E.M. and
M.J.-D.; project administration, L.E.H., M.J.-D., T.B.S. and B.E.M. All authors have read and agreed to
the published version of the manuscript.



Animals 2023, 13, 246 12 of 14

Funding: This work was supported by the National Pork Foundation’s Board (19-122). M.J.-D. also
accepted funding from the USDA NIFA for the Food Animal Residue Avoidance Databank (FARAD)
Program (Award No.: 2020-41480-32497, 2021-41480-35271, and 2022-41480-38135). In addition, L.E.H.
undergraduate researchers’ stipends and some consumables were covered by contribution no. 21-
002-J from the Kansas Agricultural Experiment Station (Manhattan, KS, USA) with support through
Hatch projects 1013670, and 1013671 from the USDA National Institute of Food and Agriculture
(Washington, DC, USA).

Institutional Review Board Statement: All experimental procedures adhered to the Guide for the
Care and Use of Agricultural Animals in Research and Teaching. Dr. Kelly D. Heath (Director, IACP;
Attending Veterinarian) oversaw the pilot work for the LPS dosing and the intervention protocol for
pigs in distress from the challenge. All procedures were reviewed and approved by the University of
Nebraska—Lincoln Institutional Animal and Care and Use Committee (IACUC #1409).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work would not be possible without the University of Lincoln Swine Unit
Farm Manager and staff. The authors thank the research assistants and graduate students under
B.E.M. for pig handling and setting up equipment. The authors appreciate the attending veterinarian
for all the input and consideration for this project. In addition, the authors thank UNL Animal Science
support staff for organizing travel arrangements for K-State Researchers.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dybkjær, L. The identification of behavioural indicators of ‘stress’ in early weaned piglets. Appl. Anim. Behav. Sci. 1992,

35, 135–147. [CrossRef]
2. Roldan-Santiago, P.; Martinez-Rodriguez, R.; Yanez-Pizana, A.; Trujillo-Ortega, M.E.; Sanchez-Hernandez, M.; Perez-Pedraza, E.;

Mota-Rojas, D. Stressor factors in the transport of weaned piglets: A review. Veterinární Med. 2013, 58, 241–251. [CrossRef]
3. Campbell, J.M.; Crenshaw, J.D.; Polo, J. The biological stress of early weaned piglets. J. Anim. Sci. Biotechnol. 2013, 4, 19. [CrossRef]

[PubMed]
4. De Jonge, F.H.; Bokkers, E.A.M.; Schouten, W.G.P.; Helmond, F.A. Rearing piglets in a poor environment: Developmental aspects

of social stress in pigs. Physiol. Behav. 1996, 60, 389–396. [CrossRef]
5. Johnson, E.O.; Kamilaris, T.C.; Chrousos, G.P.; Gold, P.W. Mechanisms of stress: A dynamic overview of hormonal and behavioral

homeostasis. Neurosci. Biobehav. Rev. 1992, 16, 115–130. [CrossRef]
6. Dickerson, S.S.; Kemeny, M.E. Acute stressors and cortisol responses: A theoretical integration and synthesis of laboratory

research. Psychol. Bull. 2004, 130, 355. [CrossRef] [PubMed]
7. Gebhardt, J.T.; Tokach, M.D.; Dritz, S.S.; DeRouchey, J.M.; Woodworth, J.C.; Goodband, R.D.; Henry, S.C. Postweaning mortality

in commercial swine production. I: Review of non-infectious contributing factors. Transl. Anim. Sci. 2020, 2, 462–484. [CrossRef]
8. Knauer, M.T.; Hostetler, C.E. US swine industry productivity analysis, 2005 to 2010. J. Swine Health Prod. 2013, 21, 248–252.
9. USDA. Swine 2012 Part I: Baseline Reference of Swine Health and Management in the United States, 2012; #663.0814; USDA-APHIS-VS,

CEAH: Fort Collins, CO, USA, 2015.
10. Magalhães, E.S.; Zimmerman, J.J.; Thomas, P.; Moura, C.A.; Trevisan, G.; Holtkamp, D.J.; Wang, C.; Rademacher, C.; Silva, G.S.;

Linhares, D.C. Whole-herd risk factors associated with wean-to-finish mortality under the conditions of a Midwestern USA swine
production system. Prev. Vet. Med. 2022, 198, 105545. [CrossRef]

11. Gebhardt, J.T.; Tokach, M.D.; Dritz, S.S.; DeRouchey, J.M.; Woodworth, J.C.; Goodband, R.D.; Henry, S.C. Postweaning mortality
in commercial swine production II: Review of infectious contributing factors. Transl. Anim. Sci. 2020, 4, 485–506. [CrossRef]

12. USDA. Swine 2012 Part II: Reference of Swine Health and Health Management in the United States, 2012. #676.0216. 2016.
Available online: https://www.aphis.usda.gov/nahms (accessed on 15 June 2022).

13. Friendship, B. Monitoring health. In Proceedings of the 5th London Swine Conference—Production at the Leading Edge, London,
UK, 6–7 April 2015; pp. 9–13.

14. Jorquera-Chavez, M.; Fuentes, S.; Dunshea, F.R.; Warner, R.D.; Poblete, T.; Morrison, R.S.; Jongman, E.C. Remotely sensed imagery
for early detection of respiratory disease in pigs: A pilot study. Animals 2020, 10, 451. [CrossRef]

15. Zhu, W.; Pu, X.; Li, X.; Zhu, X. Automated detection of sick pigs based on machine vision. In Proceedings of the 2009 IEEE
International Conference on Intelligent Computing and Intelligent Systems, Shanghai, China, 20–22 November 2009; Volume 2,
pp. 790–794. [CrossRef]

16. Benjamin, M.; Yik, S. Precision livestock farming in swine welfare: A review for swine practitioners. Animals 2019, 9, 133.
[CrossRef] [PubMed]

http://doi.org/10.1016/0168-1591(92)90004-U
http://doi.org/10.17221/6805-VETMED
http://doi.org/10.1186/2049-1891-4-19
http://www.ncbi.nlm.nih.gov/pubmed/23631414
http://doi.org/10.1016/S0031-9384(96)80009-6
http://doi.org/10.1016/S0149-7634(05)80175-7
http://doi.org/10.1037/0033-2909.130.3.355
http://www.ncbi.nlm.nih.gov/pubmed/15122924
http://doi.org/10.1093/tas/txaa068
http://doi.org/10.1016/j.prevetmed.2021.105545
http://doi.org/10.1093/tas/txaa052
https://www.aphis.usda.gov/nahms
http://doi.org/10.3390/ani10030451
http://doi.org/10.1109/ICICISYS.2009.5358295
http://doi.org/10.3390/ani9040133
http://www.ncbi.nlm.nih.gov/pubmed/30935123


Animals 2023, 13, 246 13 of 14

17. Yin, Y.; Tu, D.; Shen, W.; Bao, J. Recognition of sick pig cough sounds based on convolutional neural network in field situations.
Inf. Process. Agric. 2021, 8, 369–379. [CrossRef]

18. Pandey, S.; Kalwa, U.; Kong, T.; Guo, B.; Gauger, P.C.; Peters, D.J.; Yoon, K.J. Behavioral Monitoring Tool for Pig Farmers: Ear Tag
Sensors, Machine Intelligence, and Technology Adoption Roadmap. Animals 2021, 11, 2665. [CrossRef]

19. Psota, E.T.; Mittek, M.; Pérez, L.C.; Schmidt, T.; Mote, B. Multi-pig part detection and association with a fully-convolutional
network. Sensors 2019, 19, 852. [CrossRef]

20. Psota, E.T.; Schmidt, T.; Mote, B.; Pérez, L.C. Long-term tracking of group-housed livestock using keypoint detection and map
estimation for individual animal identification. Sensors 2020, 20, 3670. [CrossRef] [PubMed]

21. Psota, E.T.; Perez, L.C.; Mittek, M.; Schmidt, T. Systems for tracking individual animals in a group-housed environment. U.S.
Patent 10,796,142, 6 October 2020.

22. Schmidt, T.B.; Lancaster, J.M.; Psota, E.; Mote, B.E.; Hulbert, L.E.; Holliday, A.; Woiwode, R.; Pérez, L.C. Evaluation of a novel
computer vision-based livestock monitoring system to identify and track specific behaviors of individual nursey pigs within a
group housed environment. Transl. Anim. Sci. 2022, 6, taxc082. [CrossRef]

23. National Research Council. Nutrient Requirements of Swine, 11th ed.; The National Academic Press: Washington, DC, USA, 2012.
[CrossRef]

24. Luo, Y. Swine Applied Ethology Methods for a Model of Mild Traumatic Brain Injury. Master Thesis, Kansas State University,
Manhattan, KS, USA, 2017.

25. Hurnik, J.F.; Webster, A.B.; Siegel, P.B. Dictionary of Farm Animal Behaviour, 2nd ed.; Iowa State University Press: Ames, IA,
USA, 1985.

26. Rudine, A.C.; Sutherland, M.A.; Hulbert, L.; Morrow, J.L.; McGlone, J.J. Diverse production system and social status effects on
pig immunity and behavior. Livest. Sci. 2007, 111, 86–95. [CrossRef]

27. Calvo-Lorenzo, M.S.; Hulbert, L.E.; Fowler, A.L.; Louie, A.; Gershwin, L.J.; Pinkerton, K.E.; Ballou, M.A.; Klasing, K.C.;
Mitloehner, F.M. Wooden hutch space allowance influences male Holstein calf health, performance, daily lying time, and
respiratory immunity. J. Dairy Sci. 2016, 99, 4678–4692. [CrossRef]

28. Youden, W.J. Index for rating diagnostic tests. Cancer 1950, 3, 32–33. [CrossRef]
29. Zweig, M.H.; Campbell, G. Receiver-operating characteristic (ROC) plots: A fundamental evaluation tool in clinical medicine.

Clin. Chem. 1993, 39, 561–577. [CrossRef]
30. Greiner, M.; Pfeiffer, D.; Smith, R. Principles and practical application of the receiver-operating characteristic analysis for

diagnostic tests. Prev. Vet. Med. 2000, 45, 23–41. [CrossRef]
31. Andreasen, A.S.; Krabbe, K.S.; Krogh-Madsen, R.; Taudorf, S.; Pedersen, B.K.; Moller, K. Human endotoxemia as a model of

systemic inflammation. Curr. Med. Chem. 2008, 15, 1697–1705. [CrossRef]
32. Männel, D.N. Advances in sepsis research derived from animal models. Int. J. Med. Microbiol. 2007, 297, 393–400. [CrossRef]
33. Weary, D.M.; Huzzey, J.M.; Von Keyserlingk, M.A.G. Board-invited review: Using behavior to predict and identify ill health in

animals. J. Anim. Sci. 2009, 87, 770–777. [CrossRef] [PubMed]
34. Mertens, K.; Decuypere, E.; De Baerdemaeker, J.; De Ketelaere, B. Statistical control charts as a support tool for the management

of livestock production. J. Agric. Sci. 2011, 149, 369–384. [CrossRef]
35. Rojo-Gimeno, C.; van der Voort, M.; Niemi, J.K.; Lauwers, L.; Kristensen, A.R.; Wauters, E. Assessment of the value of information

of precision livestock farming: A conceptual framework. NJAS-Wagen. J. Life Sci. 2019, 90, 100311. [CrossRef]
36. Garcia, R.; Aguilar, J.; Toro, M.; Pinto, A.; Rodriguez, P. A systematic literature review on the use of machine learning in precision

livestock farming. Comput. Electron Agric. 2020, 179, 105826. [CrossRef]
37. Gordis, L. Epidemiology, 5th ed.; Saunders, Elsevier Inc.: Philadelphia, PA, USA, 2014.
38. Hart, B.L. Biological basis of the behavior of sick animals. Neurosci. Biobehav. R 1988, 12, 123–137. [CrossRef]
39. Waldron, M.R.; Kulick, A.E.; Bell, A.W.; Overton, T.R. Acute experimental mastitis is not causal toward the development of

energy-related metabolic disorders in early postpartum dairy cows. J. Dairy Sci. 2006, 89, 596–610. [CrossRef] [PubMed]
40. Newberry, R.C.; Wood-Gush, D.G.M.; Hall, J.W. Playful behaviour of piglets. Behav. Processes 1988, 17, 205–216. [CrossRef]

[PubMed]
41. Nordgreen, J.; Munsterhjelm, C.; Aae, F.; Popova, A.; Boysen, P.; Ranheim, B.; Heinonen, M.; Raszplewicz, J.; Piepponen, P.;

Lervik, A.; et al. The effect of lipopolysaccharide (LPS) on inflammatory markers in blood and brain and on behavior in
individually-housed pigs. Physiol. Behav. 2018, 195, 98–111. [CrossRef]

42. Veit, C.; Janczak, A.M.; Ranheim, B.; Vas, J.; Valros, A.; Sandercock, D.A.; Piepponen, P.; Dulgheriu, D.; Nordgreen, J. The effect of
LPS and ketoprofen on cytokines, brain monoamines, and social behavior in group-housed pigs. Front. Vet. Sci. 2021, 7, 617634.
[CrossRef]

43. Nordgreen, J.; Edwards, S.A.; Boyle, L.A.; Bolhuis, J.E.; Veit, C.; Sayyari, A.; Marin, D.E.; Dimitrov, I.; Janczak, A.M.; Valros, A. A
proposed role for pro-inflammatory cytokines in damaging behavior in pigs. Front. Vet. Sci. 2020, 7, 646. [CrossRef] [PubMed]

44. Munsterhjelm, C.; Nordgreen, J.; Aae, F.; Heinonen, M.; Valros, A.; Janczak, A.M. Sick and grumpy: Changes in social behaviour
after a controlled immune stimulation in group-housed gilts. Physiol. Behav. 2019, 198, 76–83. [CrossRef]

http://doi.org/10.1016/j.inpa.2020.11.001
http://doi.org/10.3390/ani11092665
http://doi.org/10.3390/s19040852
http://doi.org/10.3390/s20133670
http://www.ncbi.nlm.nih.gov/pubmed/32630011
http://doi.org/10.1093/tas/txac082
http://doi.org/10.17226/13298
http://doi.org/10.1016/j.livsci.2006.12.004
http://doi.org/10.3168/jds.2016-10888
http://doi.org/10.1002/1097-0142(1950)3:1&lt;32::AID-CNCR2820030106&gt;3.0.CO;2-3
http://doi.org/10.1093/clinchem/39.4.561
http://doi.org/10.1016/S0167-5877(00)00115-X
http://doi.org/10.2174/092986708784872393
http://doi.org/10.1016/j.ijmm.2007.03.005
http://doi.org/10.2527/jas.2008-1297
http://www.ncbi.nlm.nih.gov/pubmed/18952731
http://doi.org/10.1017/S0021859610001164
http://doi.org/10.1016/j.njas.2019.100311
http://doi.org/10.1016/j.compag.2020.105826
http://doi.org/10.1016/S0149-7634(88)80004-6
http://doi.org/10.3168/jds.S0022-0302(06)72123-3
http://www.ncbi.nlm.nih.gov/pubmed/16428629
http://doi.org/10.1016/0376-6357(88)90004-6
http://www.ncbi.nlm.nih.gov/pubmed/24897547
http://doi.org/10.1016/j.physbeh.2018.07.013
http://doi.org/10.3389/fvets.2020.617634
http://doi.org/10.3389/fvets.2020.00646
http://www.ncbi.nlm.nih.gov/pubmed/33134341
http://doi.org/10.1016/j.physbeh.2018.09.018


Animals 2023, 13, 246 14 of 14

45. Hulbert, L.E.; Bortoluzzi, E.M.; Luo, Y.; Mumm, J.M.; Coffin, M.J.; Becker, G.Y.; Vandevord, P.J.; McNeil, E.M.; Walilko, T.;
Khaing, Z.Z.; et al. Noninvasive, in-pen approach test for laboratory-housed pigs. J. Vis. Exp. 2019, 148, 58597. [CrossRef]

46. McNeil, E.; Walilko, T.; Hulbert, L.E.; VanMeter, J.W.; LaConte, S.; VandeVord, P.; Zai, L.; Bentley, T.B. Development of a Minipig
Model of BINT From Blast Exposure Using a Repeatable Mobile Shock Expansion Tube. Mil. Med. 2021. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3791/58597
http://doi.org/10.1093/milmed/usab409

	Evaluation of Precision Livestock Technology and Human Scoring of Nursery Pigs in a Controlled Immune Challenge Experiment
	Authors

	Introduction 
	Materials and Methods 
	Animals and Housing 
	Treatments after Weaning 
	Precision Monitoring System 
	Human-Derived Data 
	Statistical Analysis 

	Results 
	General Results 
	Human Data for Entire Population 
	Precision Data for Entire Population 
	Half LPS and Half Sham Data 

	Discussion 
	Conclusions 
	Patents 
	References

