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Identifying physiological measures of
lifetime welfare status in pigs: exploring the
usefulness of haptoglobin, C- reactive
protein and hair cortisol sampled at the
time of slaughter
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Abstract

Background: Physiological measures indicative of the welfare status of animals during rearing could form part of
an abattoir-based animal health and welfare assessment tool. A total of 66 pigs were used in this study, the aim of
which was to assess how serum concentrations of haptoglobin (Hp) and C-reactive protein (CRP) (assessed in 51
pigs), and hair concentrations of cortisol (assessed in 65 pigs), measured at or close to slaughter, reflected welfare-
related indicators recorded from the animal during its lifetime. These indicators were recorded at intervals between
7 and 21 weeks of age and included assigning scores for levels of tail and skin lesions, recording the presence or
absence of certain health issues, and conducting qualitative behavioural assessments (QBA).

Results: Pigs recorded as having tail lesions during their lifetime had higher hair cortisol levels than those with
no tail lesions (tail lesions: 47.87 ± 3.34 pg/mg, no tail lesions: 42.20 ± 3.29 pg/mg, P = 0.023), and pigs recorded
as having moderate or severe tail lesions had higher Hp levels than those with no or mild tail lesions (moderate/
severe: 1.711 mg/ml ± 0.74, none/mild: 0.731 mg/ml ±0.10, P = 0.010). Pigs recorded as being lame during their
lifetime tended to have higher hair cortisol levels than non-lame pigs (lame: 52.72 pg/mg ± 3.83, not lame: 43.
07 pg/mg ± 2.69, P = 0.062). QBA scores were not associated with any of the physiological measures (P > 0.05).
Receiver Operator Curve (ROC) analysis was also carried out to get a better understanding of the usefulness of the
physiological measures in discriminating animals that had had welfare-related issues recorded during their lifetime
from those that had not. Hair cortisol was determined as having ‘moderate’ accuracy in discriminating pigs that
were tail bitten on-farm from unbitten pigs (AUC: 0.748) while Hp and CRP were determined to have no
meaningful discriminatory ability (AUC < 0.600).

Conclusion: This research should be repeated on a larger scale, but the results suggest that hair cortisol measured
at slaughter could provide insight into the welfare status of pigs during their lifetime. Hp may be a useful indicator
of tail lesions in pigs. However, further research utilising a greater proportion of severely bitten pigs is required
before conclusions can be drawn.
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Background
Meat inspection (MI) is currently under-utilised in its
capacity as an animal health and welfare assessment tool
[1], and physiological measures of medium to long-term
wellbeing could form part of an extended MI procedure
[2–4]. Individual physiological measures vary in how
they respond to compromised health and welfare [2, 5]
and it may therefore be beneficial to assess more than
one measure in order to gain a holistic view of herd
health and welfare status [6]. The collection of health
and welfare-relevant biomarkers should be done non-
invasively [5–7], for example, by collecting the samples
peri-mortem, at the point of exsanguination, and the
chosen measures should not negatively affect slaughter
line speed [2].
Evidence suggests that acute phase proteins (APPs)

and cortisol may be useful indicators of the lifetime
welfare status of pigs. Serum concentrations of APPs are
altered during the acute phase response, a non-specific
immune reaction [5]. Concentrations of positive APPs
increase in response to issues such as inflammation,
trauma, infection or stress, remaining elevated for a
number of days [7, 8]. Furthermore, the presence of
chronic inflammation, such as that induced by tail
lesions or arthritis, can result in a longer-term elevation of
positive APPs [9, 10]. Haptoglobin (Hp) and C-Reactive
Protein (CRP) are two positive inflammatory markers in
pigs [7, 10] and it has been suggested that the combined
assessment of these APPs may improve sensitivity in
discriminating healthy from unhealthy animals [2].
Cortisol is a physiological measure of stress [11], and

levels in urine, saliva and blood have been examined to
determine the effects of acute stressors such as mixing,
transportation or lairage time [5, 12, 13]. However,
cortisol levels fluctuate according to factors such as time
of day or food intake [14, 15], and stress induced by inva-
sive collection procedures can also affect cortisol levels
[16]. Furthermore, if long-term stress is to be assessed, re-
peated sampling is necessary. This is labour-intensive and
logistically difficult to conduct [15], particularly when
animals must be habituated to having samples taken [5].
Hair cortisol, on the other hand, is a measure of chronic
stress [16] and has several advantages over traditional
cortisol assessment methods; samples can be collected
non-invasively, are easy to transport and store, and reflect
long-term cortisol levels without the need for repeated
sampling [17–19]. Therefore, cortisol levels present in pig
hair immediately prior to slaughter may be a useful meas-
ure of lifetime welfare in pigs.
Recent research highlighted that healthy pigs at

slaughter can be discriminated from those with health
conditions (e.g. lung lesions and abscessation), and those
likely to be partially or fully condemned [4, 20, 21],
through examination of APP levels. Furthermore, APP

levels measured at slaughter were used to discriminate
healthy pigs from those with health issues (e.g. diar-
rhoea, earache and external injuries) detected in the
period immediately prior to transportation to slaughter
[2]. However, there is a lack of information on the extent
to which these measures reflect long-term health and
welfare-related issues present on-farm. Furthermore, the
potential of including hair cortisol as a biomarker of
health and welfare at slaughter has yet to be explored.
The aim of this study was to determine if a relationship
existed between physiological measures recorded close
to the time of slaughter (serum Hp and CRP, and hair
cortisol) and indicators of welfare recorded from pigs
during their lifetime.

Method
Data were collected between June and December 2014 at
the Agri-Food and Biosciences Institute in Hillsborough,
Northern Ireland, and at a local commercial abattoir. In
total, 66 pigs were assessed over two batches, with each
batch being reared at 6-week intervals. Hair samples were
available for 65 pigs. Due to issues associated with slaugh-
ter line speed, some blood sampling opportunities were
missed. As a result, a total of 51 samples were available for
Hp and CRP analyses, respectively.

Animals and housing
Study pigs were PIC 337 breed and had 50% of their tail
docked on the day of birth. Pigs were weaned at 28 days
and transferred to growing accommodation. During the
growing phase, approximately half of weaner pigs were
housed in ‘enriched’ pens with deep straw bedding and a
space allowance of 0.47m2. The remaining piglets were
housed in ‘barren’ pens, which had no straw and a space
allowance of 0.38m2 per pig. At approximately 67 days,
pigs were transferred to finishing accommodation.
During finishing, pigs were regrouped and housed in
fully slatted pens at a space allowance of 0.64m2 per pig.
The pigs were housed in groups of either 10 or 20
animals. All groups were balanced for sex and weight
throughout the study period.

Collection of lifetime health and welfare measures
Each pig was evaluated on two occasions during the
weaning period (at 7 and 9 weeks of age) and on two
further occasions during the finishing period (at 15 weeks
and prior to slaughter at 20 or 21 weeks of age [depend-
ing on slaughter date]).
Each health and welfare evaluation was conducted

over two consecutive days per assessment week. Each
pig was spray marked to allow for individual identifica-
tion. In order to conduct physical welfare assessments,
each animal was slowly circled and assigned a score for
tail lesions, skin lesions and health issues (excluding
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coughing). Any lying or sitting pigs were encouraged to
stand and walk. Pigs unable to stand were not disturbed
and only immediately visible welfare issues were re-
corded. When this occurred, any remaining measures
were recorded as ‘missing’. On day 2, behavioural assess-
ments (and assessments of coughing) were conducted.
Coughing was scored on day 2 while conducting behav-
ioural observations in order to allow sufficient time for
its detection. Pens and pigs within pens were assessed in
randomised order. Behavioural observations within the
weaning unit took place from video recordings, and
observations within the finishing unit were made
directly. Pigs were allowed a 2-min ‘settling’ period after
the observer entered the house before direct observa-
tions commenced. Each pig was weighed at 4 and
10 weeks of age and again 1 day prior to slaughter. Each
batch of pigs was split into two groups for transportation
to slaughter. Therefore, there were four transportation
groups in total.

Tail lesions
Each pig was scored for tail lesions using an adapted
version of Kritas and Morrison’s [22] tail scoring system
(Fig. 1). For analysis, this tail lesion scoring system was
simplified; score 0 was classified as ‘absent’, scores 1 and
2 were combined to form a ‘mild’ tail lesions category,
and score 3 and 4 were combined to form a moderate
(score 3)/severe (score 4) category.

Skin lesions
Skin lesions were assessed on 12 regions of the body in-
cluding the left ear, right ear, snout, left shoulder, right
shoulder, front legs, back legs, left flank, right flank, left
hindquarter, right hindquarter and back. Each region

was scored on a 6 point scale (adapted from Manciocco et
al. [23], Conte et al. [24] and Calderón Díaz et al. [25])
which ranged from (0) ‘no injuries’ to (5) ‘many very big,
deep and red lesions covering the skin area’. Skin lesion
scores assigned on-farm were simplified for analysis and
were broken down as ‘absent’ (all regions scoring 0), ‘mild’
(regions scoring 0 to 2 with a maximum of 4 regions scor-
ing 3), ‘moderate’ (regions scoring 0 to 3 with a maximum
of 2 regions scoring 4 or 1 region scoring 5) and ‘severe’
(regions scoring 0 to 3 with 3 or more regions scoring 4
or 2 or more regions scoring 5).

Health issues
Bursitis, hernias, rectal prolapse, aural haematomas and
body condition were assessed using the Welfare Quality®
[26] protocol. Further information on this protocol can be
found at http://www.welfarequalitynetwork.net. Lameness,
scouring and coughing were scored using a scoring
system adapted from the Welfare Quality® [26] protocol
and are described in Table 1. Health condition scores were
simplified for analysis; score 0 was classified as ‘absent’
and score 1 or above was classified as ‘present’.

Behavioural assessments
Behaviour was assessed from outside the pen using
Qualitative Behavioural Assessment (QBA) [27]; Each
pig was scored on 5 positive behavioural descriptors
(‘happy’, ‘content’, ‘positively occupied’, ‘relaxed’, ‘playful’)
and 5 negative descriptors (‘frustrated’, ‘irritable’, ‘agitated’,
‘aggressive’, ‘listless’). A scale from 0 to 100 was used
where 0 was the lowest possible score and 100 was the
highest possible score. For example, an extremely ‘ag-
gressive’ pig would receive a score of 100 for this par-
ticular behavioural descriptor.

Fig. 1 Tail lesion scoring system. (0) no evidence of tail biting (1) mild/healed lesions (2) evidence of chewing or puncture wounds, but no
evidence of swelling (3) evidence of chewing or puncture wounds, with swelling and signs of possible infection (4) partial or total loss of tail
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Collection of physiological measures
Hair samples were collected between 9 am and 11 am
on the day prior to slaughter. On the day of slaughter,
pigs were transported 41.3 miles from the farm to the
abattoir at 7:00 h with an approximate journey time of
70 min. Pigs were held in the lairage area for between 30
and 60 min and blood samples were collected between
8.30 am and 9.30 am. The methods used for the collec-
tion and analysis of samples are described below.

Hair sample collection procedure
Hair samples were collected while each pig was held in a
weighbridge. Using surgical scissors, hair was collected
in equal amounts from the left and right sides of the
rump area. Hair was cut as close to the root as possible.
Each hair sample was placed in a sealable plastic bag
and stored at 4 °C. Once all experimental pigs had been
sampled, the hair from each animal was transferred to a
tin foil pouch and kept at room temperature pending
analysis.

Analysis of hair samples
Samples were washed and treated using the methods
described by Davenport et al. [14] for rhesus macaques
and Martelli et al. [18] for pigs, with the following
adjustments; hair samples were washed in isopropanol a
number of times to remove any external contamination.
Each sample was then dried and cut into 1–2 mm sec-
tions with scissors. Sixty milligram of the samples was
then weighed into a 4 ml Tallprep tube (MP Biomedicals,
California, USA). Five ceramic balls were added to each
tube and the samples were pulverized to a fine powder
using a Fastprep 24 instrument (MP Biomedicals,

California, USA). Two millilitre methanol was added to the
samples and the vial was incubated overnight at room
temperature with constant gentle agitation for steroid
extraction. Following extraction, methanol was transferred
to a fresh vial, evaporated in a scanvan vacuum centrifuge
and stored at − 80 °C. Subsequently, EIA analysis was
performed according to the method employed by Daven-
port et al. [14]. Intra-assay and inter-assay coefficients of
variation were 7.79% and 0.85%, respectively. The approxi-
mate limit of detection for this procedure was 0.007 μg/dL.

Blood sample collection procedure
Blood samples were taken from each pig by placing a la-
belled plastic cup at the throat of each animal at the
point of exsanguination. The collected blood was then
transferred immediately to Z Serum Clot Activator
Vacuette tubes (VWR International Ltd., Leicestershire,
UK) and stored in a cool box during transfer to the
laboratory. Each sample was centrifuged at 3000 rpm for
15 min at 4 °C. One millilitre of serum was obtained and
maintained at − 20 °C pending analysis.

Blood samples analysis
Concentrations of Hp and CRP were determined in
duplicate using commercial assay kits (Tridelta Develop-
ment Ltd., Wicklow, Ireland) in accordance with the man-
ufacturer’s instructions, and were read on a Dynex MRX
plate reader. Hp and CRP were expressed in mg/ml and
μg/ml, respectively.

Statistical analysis
Outliers
Hp, CRP and cortisol values were examined for outliers
using the Outlier Labelling Rule [28]. A number of out-
liers were detected and the data were log transformed.
Subsequent to transformation, there were no outliers
and all samples were included in the analysis.

Pearson’s Chi Square
A number of 2 × 2 Chi Square tests were conducted to de-
termine whether the presence or absence (P/A) of health
issues, tail lesions or skin lesions on farm occurred inde-
pendently of each other. This was done in order to
account for the possible effects of co-occurrence of wel-
fare issues, at the individual level, on concentrations of
Hp, CRP and hair cortisol.

Principal component analysis (PCA)
PCA was carried out on all QBA scores. This procedure
groups associated variables together into smaller struc-
tures and allows the main themes within the data to be-
come interpretable. Based on examination of the scree
plot, two principle components (PCs) were extracted.
The direct oblimin factor rotation was selected and a

Table 1 Health issue scoring systems adapted from Welfare
Quality®a

Measure Score Description

Lameness 0 Normal gait

1 Difficulty in walking, but still
using all legs

2 Severely lame, minimum
weight–bearing on the
affected limb

3 No weight–bearing on the
affected limb or not able
to walk

Scouring 0 No evidence of scouring

1 Possibly present by diarrhoea/
staining around and below anus

2 Observed in the act of scouring

Coughing 0 Absent

1 Present (once)

2 Persistent (more than once)
aWelfare Quality® protocol for pigs [26]
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Kaiser-Meyer-Olkin (KMO) test value of 0.904 estab-
lished the appropriateness of PCA analysis. The nature
of each PC was interpreted by examination of the
pattern matrix. A factor loading cut-off point of 0.3 was
applied. Two principal components (PCs) were identified
and were entered into fixed effect models.

Fixed effect models
It is worth noting that, although not presented in the
current paper, tail and aggression-related skin lesion
scores were recorded from carcasses after scalding and
dehairing at the abattoir (e.g. Carroll et al. [29]), and
levels of carcass condemnations monitored. Data indi-
cating relationships between these measures and physio-
logical measures recorded close to slaughter were not
presented because: (i) there were no partial or whole
carcass condemnations, (ii) tail lesions scores measured
from the carcass were found to be highly collinear with
those recorded during lifetime, and (iii) aggression-
related skin lesions on the carcass (‘fresh’ or ‘healed’)
were not found to relate to physiological measures at
slaughter.
Three linear fixed effects model procedures were car-

ried out to examine the influence of predictor variables
in explaining the serum concentrations of Hp and CRP,
and hair concentrations of cortisol. Several control and
predictor variables, described below, were entered into
preliminary models and descriptive statistics were used
to explore the data. Due to an absence of some of the
more severe welfare scores, a number of predictor
variables were condensed into smaller categories. Initially,
the group in which animals were transferred to slaughter
(labelled ‘transportation group’) was added as a random
factor in order to control for the possible effects of trans-
port on levels of Hp and CRP. However, short transport
time, as seen in the current study (70 min), would not
appear to be associated with increased APP levels due to
the time taken for them to become elevated [30]. As
expected, the effect of ‘transportation group’ was non-
significant and this random factor was removed from the
final models.
Variables were entered into each model in stages, with

control variables being entered into the initial model.
The control variables entered into the preliminary
models included included sex, weight at weaning, finish-
ing and slaughter, diet in the growing and finishing
periods, batch, weaning enrichment and housing unit.
All control variables were non-significant subsequent to
backward selection and none were retained. Predictor
variables were then entered into the models and
included; ‘tail lesion (TL) P/A’ (Present or absent in the
lifetime), ‘TL moderate/severe’ (P/A of moderate or
severe TL in the lifetime), ‘skin lesion (SL) moderate/se-
vere’ (P/A of moderate or severe SL in the lifetime), ‘P/A

of lameness’, ‘P/A of bursitis’, ‘P/A of coughing’, ‘P/A of
hernias’, ‘P/A of rectal prolapse’, ‘P/A of scouring’, ‘P/A of
aural hematomas’, ‘P/A of poor body condition’, ‘P/A of
any health issue’, ‘weaning unit QBA PC1 (principal
component 1) score’, ‘weaning unit QBA PC2 score’, ‘fin-
ishing unit QBA PC1 score’ and ‘finishing unit QBA
PC2 score’.
Collinear variables were entered into models individu-

ally and non-significant predictor variables were not
retained. Variables ‘Farm TL P/A’ and ‘Farm TL moder-
ate/severe’ were found to be collinear, having a VIF value
over 3.0. However, these were entered separately into
preliminary models and only one of the two variables
was included in any final model by selecting the variable
that contributed most to explaining the variation within
the model. There was no other retained variable pair
with a VIF value over 3.0. No interactions were included
within the models. Backward selection was used to elim-
inate predictor variables until only those with a P < 0.05
remained within the model.
The final models included the following predictor vari-

ables; ‘Farm tail lesion P/A’, ‘Farm TL moderate/severe’
and ‘P/A of lameness’.

Receiver operator curve (ROC) analysis
The diagnostic performance of Hp, CRP and hair
cortisol in detecting ‘TL P/A’, ‘TL moderate/severe’, ‘SL
moderate/severe’, ‘P/A of lameness’, ‘P/A of bursitis’, ‘P/A
of coughing’, ‘P/A of hernias’, ‘P/A of rectal prolapse’, ‘P/A
of scouring’, ‘P/A of aural hematomas’, ‘P/A of poor body
condition’ and ‘P/A of any health issue’ were explored.
ROC analysis allows for the identification of cut-off
values for discriminating ‘healthy’ animals from those
with a health or welfare issue, sometimes referred to as
‘suspects’. Cut-off values that maximise sensitivity and
specificity were selected [4]. The Area Under the Curve
(AUC) value specifies diagnostic accuracy, with values of
≤0.500 being ‘meaningless’; 0.500–0.700 being ‘less
accurate’; 0.700–0.900 being ‘moderately accurate’ and
0.900–1.000 deemed ‘perfect’ [4, 31]. Physiological mea-
sures were not examined in combination when assessing
ability to predict tail lesions, skin lesions, health issues
and QBA scores due to only one of these tests having an
AUC value of 0.700 or above.
Alpha level for determination of significance was 0.05.

All statistical analyses were carried out using SPSS
version 20.

Results
The descriptive statistics for each physiological measure
can be seen in Table 2.
The most commonly recorded health and welfare is-

sues were tail lesions, skin lesions, coughing, lameness
and bursitis. The distribution of each of these welfare
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issues across the lifetime of the pigs can be seen in
Table 3. Twenty pigs had more than one condition. The
most common combination of health issues seen in
individual pigs were lameness and coughing (5 pigs).
Overall, tail lesions were mild, moderate and severe in
69.8%, 22.7% and 7.5% of cases, respectively. Skin lesions
were mild, moderate and severe in 93.0%, 6.1% and 0.9%
of cases, respectively. Lameness was mild in 82.8% of
cases, and moderate in 17.2% of cases. There were no
severe cases of lameness detected. Coughing was re-
corded as being ‘present’ in 71.4% of cases, and ‘persist-
ent’ in 28.6% of cases. All incidence of bursitis were
mild.

Pearson’s Chi Square
There was no significant relationship between the P/
A of any two welfare measures (tail lesions, skin
lesions or health issues) at an individual level (P >
0.05).

Qualitative Behavioural analysis
Two principal components of behaviour were identified.
Principal components 1 and 2 explained 69.4%, and
11.5% of the variance in QBA scores, respectively. The
factors loading onto each component are shown in
Table 4. All five positive behaviours loaded strongly onto
PC1 and 4 negative behaviours loaded strongly but
negatively onto PC1. Therefore, PC1 was labeled as
representing ‘Good welfare’. ‘Aggressive’ loaded strongly
onto PC2. ‘Listless’ also loaded moderately, but
negatively, onto this PC. This PC was labelled as
‘Aggressive’ as this seemed to be the predominant char-
acteristic being represented.

Fixed effects models
Tail lesions
Pigs recorded with moderate or severe tail lesions at
least once (‘TL moderate/severe’) had higher Hp levels
(1.711 mg/ml ± 0.74) than those with no or mild tail le-
sions (0.731 mg/ml ±0.10, P = 0.010). Pigs recorded with
any tail lesions (‘TL P/A’) had higher cortisol levels
(47.87 pg/mg ±3.34) than those with no tail lesions
(42.20 pg/mg ± 3.29, P = 0.023). Tail lesions were not a
predictor of the levels of serum CRP (P > 0.05).

Health issues
Pigs that were recorded as lame on at least one observa-
tion week tended to have higher cortisol levels
(52.72 pg/mg ± 3.83) than those with no recorded lame-
ness (43.07 pg/mg ± 2.69, P = 0.062). Lameness was not a
predictor of the levels of serum Hp or CRP and no other
health issue predictor affected Hp, CRP or hair cortisol
levels (P > 0.05).

Qualitative behavioural assessment
Hp, CRP and hair cortisol concentrations were not asso-
ciated with any QBA scores (P > 0.05).

Table 2 Descriptive statistics for physiological measures

Measure Number Mean SEM Min Max

Hp serum concentration
(mg/mL)

51 0.87 0.13 0.05 5.24

CRP serum concentration
(μg/mL)

51 313.94 96.7 10.30 4688.90

Hair cortisol (pg/mg) 65 45.73 1.97 11.10 60.80

Table 3 Prevalence and severity of the most common welfare
indicators across the lifetime observations

Measure Week 7 Week 9 Week 15 Week 20/21

Prevalence (%)

Tail lesions

Mild 4.5% 6.1% 7.6% 16.7%

Moderate 0% 0% 0% 10.6%

Severe 0% 0% 0% 3.0%

Skin lesions

Absent/mild 100% 100% 92.4% 90.9%

Moderate 0% 0% 1.5% 9.1%

Severe 0% 0% 0% 0%

Lameness

Mild 1.5% 0% 6.1% 15.2%

Moderate 0% 0% 0% 3.0%

Severe 0% 0% 0% 0%

Cough

Present 0% 0% 19.7% 4.5%

Persistent 0% 0% 6.1% 1.5%

Bursitis

Mild 0% 1.5% 7.6% 1.5%

Severe 0% 0% 0% 0%

N = 66

Table 4 Descriptor loadings within the two identified principal
components (PC)

Descriptor Principal components PC1 PC2

Happy .966 .088

Content .961 .065

Positively occupied .926 - .006

Relaxed .851 −.071

Playful .914 .115

Frustrated −.805 .278

Irritable −.857 .252

Agitated −.861 .156

Aggressive −.156 .900

Listless −.659 −.421

Factor loadings over 0.3 are highlighted and were used to interpret the
structure of each component
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ROC analysis
Tail lesions
The ROC analysis for hair cortisol suggested that the
most useful cut-off value for discriminating pigs that
were tail bitten on-farm from those that were unbitten
was 49.9 pg/mg where the sum of sensitivity (73.9%) and
specificity (71.4%) was the highest. The area under the
curve was 0.748, reflecting ‘moderate’ accuracy in detect-
ing tail bitten pigs (see Fig. 2).
The ROC analyses for Hp suggested that the most use-

ful cut-off value for discriminating pigs that were tail bit-
ten on-farm from those that were unbitten was
0.455 mg/ml, where a sensitivity of 73.9% and specificity
of 33.3% was achieved. The ROC analyses for CRP
suggested that the most useful cut-off value for discrim-
inating pigs that were tail bitten on-farm from those that
were unbitten was 0.90.6 μg/ml where the sum of
sensitivity was 73.9% and the sum of specificity was
33.3%. The area under the curve was 0.581 for Hp and
0.565 for CRP respectively, indicting an ability in
discriminating tail-bitten from unbitten pigs that is just
above chance level.

Skin lesions and health issues
Area Under the Curve (AUC) values were < 0.500 for dis-
criminating between the P/A of moderate/severe skin le-
sions and the P/A of individual health issues for all three
physiological measures, indicating that the ability of the
physiological measures to detect the presence of skin lesions
and health issues on farm was less than that of chance.

Discussion
Mixed models analyses
Hair cortisol and physical welfare-related measures
The results show that pigs with tail lesions and lameness
(trend) had elevated cortisol levels relative to control
animals. This finding is supported by previous studies,
which examined welfare-related lesions and measures of
stress. For example, Munsterhjelm et al. [32] found that
victims of tail biting had increased adrenal weights
compared to unbitten control pigs, a morphological
characteristic associated with chronic stress [33]. Fur-
ther, Valros et al. [34] found that tail bitten pigs had a
lower serum concentration of cortisol after stunning
than unbitten pigs, a potential indicator of hypocortiso-
lism which is linked to long-term and repeated stress
[34]. Lameness was the only on-farm health issue associ-
ated with increased hair cortisol levels, albeit at a level
that did not reach statistical significance. Research
suggests that lame pigs may be more likely to become
victims of tail biting [35] and it is possible that lame pigs
also tended to be tail bitten. However, statistical analysis
revealed no association in individual pigs between the
presence of tail lesions and lameness. Tail lesions and
lameness may have been stressful for a number of
reasons. For example, avoidance of pen mates by tail
bitten pigs may be stressful, particularly when the
animal is constantly targeted by an ‘obsessive’ tail
biter [36].
It is also possible that the elevated cortisol levels seen

in lame and tail-bitten pigs reflected pain, and, in fact,
elevated levels of hair cortisol are linked to chronic pain
in humans [37]. In pigs, tail lesions are likely to be
particularly painful due to the prolonged and repeated
nature of tail biting [34]. Similarly, lameness in pigs is
associated with physical indicators of pain. For example,
injecting lame pigs with an analgesic, meloxicam,
resulted in an improved step frequency and an increase
in standing posture [38, 39], suggesting that pain experi-
ence altered these characteristics.

APPs and physical welfare-related measures
According to mixed models analysis, Hp was elevated in
pigs with moderate to severe tail lesions, while CRP
levels were unaffected by tail lesion status. This finding
differs to that of Heinonen et al. [10] who found that tail
lesions were associated with elevated levels of both Hp
and CRP measured at slaughter. All tail lesions exam-
ined by Heinonen et al. [10] were deemed severe, with
partial loss of the tail length evident in all cases. How-
ever, severe lesions were less common in the current
study. Different APPs can also vary in the extent to
which they react to the same stimulus (e.g. Saco et al.
[40]) and it may be that Hp is a more sensitive indicator
of the presence of tail lesions than CRP.

Fig. 2 ROC curve of hair cortisol concentrations for distinguishing
between pigs that had been tail bitten on-farm to those that had
not been tail-bitten on-farm
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Positive APP levels increase not only in response to in-
flammation and infection [41], but to psychological
stressors such as transportation and rehousing [7]. The
fact that only the more serious tail lesions were associ-
ated with increased Hp levels may have been due to the
degree of inflammation and infection associated with
more severe lesions (Fig. 1), or increased pain experi-
enced. However, to date, very little research has been
conducted into the effects of tail lesions in pigs on levels
of different APPs and further research in this area is
needed before final conclusions can be drawn.
In contrast to hair cortisol levels, lameness did not ap-

pear to be associated with APP levels measured at
slaughter. Indeed, levels of Hp or CRP were not affected
by skin lesion score or any other health issue examined.
In many cases, skin lesions, lameness and other health is-

sues were in their milder form and were only seen on one
or two observation weeks (Table 3). Consequently, the
acute phase response associated with the recorded health
or welfare issue may have subsided by the time of slaughter.
In contrast, hair cortisol levels can reflect a period of
several months [15] and this may explain why an increase
in hair cortisol levels tended to be evident in pigs with a
history of lameness. This perhaps highlights the importance
of assessing a variety of physiological measures at slaughter
in reflecting the longer-term welfare status of pigs.

ROC curve analyses
The ROC curve analyses revealed that hair cortisol had
‘moderate accuracy’ in discriminating tail bitten from
non-tail bitten pigs. Apart from this, no physiological
measure was deemed able to discriminate between healthy
and suspect animals in a meaningful way. For example,
while Hp demonstrated a statistically significant associ-
ation with risk of being tail bitten in multivariate models,
it did not discriminate between bitten and unbitten pigs in
predictive models. On some occasions, a compromise be-
tween sensitivity and specificity is required that will be
context-specific [31]. A sensitivity of 73.9% and specificity
of 33.3% was achieved for Hp in discriminating bitten
from unbitten pigs. High levels of sensitivity were deemed
more important in the current study than high levels of
specificity. This is because it may be most important to
correctly identify pigs that have been bitten (sensitivity)
than to correctly identify those without tail lesions (speci-
ficity). However, a specificity of 33.3% means that two
thirds of ‘healthy’ pigs would be incorrectly identified as
having been tail-bitten. This indicating that this measure
would not be of practical use in informing farmers of
potential tail biting issues within the herd as feedback
would be inaccurate in many cases.
Mixed model analysis revealed that Hp was associated

with moderate/severe tail lesions. However, in compari-
son to the above, ROC curve is a relatively crude

analysis, simply measuring the usefulness of a test in
general [42]. Therefore, more complex levels of lesion
severity cannot be considered. This may explain this
finding; as can be seen in Table 3, only 3% of pigs had
severe tail lesions. Future research using a greater num-
ber of more severely tail bitten pigs is needed if the abil-
ity of APPs to discriminate between bitten and unbitten
pigs in general, i.e., when assessing pigs from various
farms and housing systems, is to be confirmed.

Physiological measures and qualitative Behavioural
assessment
Subjective behavioural measures such as QBA can be
susceptible to observer bias [43] and the validity of
QBA as a measure of animal welfare remains in ques-
tion [44]. Recently, a number of studies revealed an
association between QBA and physiological measures
such as heart rate and body temperature [45–47].
However, no associations between QBA and physio-
logical measures were found in the current study.
Previous studies utilising QBA have created distinct
experimental groups, for example, by comparing the
behaviour of pigs that have been administered a saline
solution to those that have been administered a
behaviour-altering drug [46]. Differences between
groups in such cases are likely to be conspicuous.
However, in the current study, differences the behav-
iour of individual pigs were not as distinctive. This
may have been due to a lack of more severe forms of
the various health and welfare issues that were
observed.

Conclusions
Hair cortisol appears to be a useful physiological meas-
ure of lifetime welfare status in pigs, reflecting tail le-
sions, and potentially, lameness on-farm. Hp may be a
useful indicator of tail lesions in pigs. However, further
research utilising a greater proportion of severely bitten
pigs is required before conclusions can be drawn. It is
possible that the Acute Phase Response may subside
before a reduction in inflammation is seen and conse-
quently this research concurs with other studies suggest-
ing that APPs should not be used as the sole
physiological measure of health and welfare at the ab-
attoir. Levels of cortisol measured from hair samples
can reflect several months of cortisol secretion, and
the inclusion of hair cortisol levels as a welfare meas-
ure at slaughter is useful in this context. The current
findings should be validated in a larger-scale trial in-
volving commercially-farmed pigs, and additional
physiological measures evaluated, before the inclusion
of these measures into routine MI processes can be
recommended.

Carroll et al. Irish Veterinary Journal  (2018) 71:8 Page 8 of 10



Acknowledgments
The authors would also like to thank Mary Friel for help with data collection.
Thanks also go to the farm and abattoir staff for help with handling of
animals and facilitating hair and blood sample collection.

Funding
This research was funded by the Irish Department of Agriculture, Food and
the Marine (Research Stimulus Fund [Grant 11/S/107]).

Availability of data and materials
The datasets used and/or analysed during the current study available from
the corresponding author on reasonable request.

Authors’ contributions
GC, NOC, KG, MP and DA obtained the data. GC wrote the manuscript. NOC,
LB and AH directed the structure and content of the paper. All authors
participated in reviewing the manuscript, and read, and approved, the final
manuscript.

Ethics approval
All data was collected using non-invasive methods. All research was carried
out in accordance with EU Directive 2010/63/EU for animal experiments and
the study abided by the guidelines of the institutional research ethics
committee.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Institute for Global Food Security, Queens University Belfast, Northern
Ireland Technology Centre, Malone Road, Belfast BT9 5HN, UK. 2Animal &
Grassland Research & Innovation Centre, Teagasc Moorepark, Fermoy, Co
Cork, Republic of Ireland. 3School of Veterinary Medicine, University College
Dublin, Belfield Dublin 4, Republic of Ireland. 4Life Sciences, University of
Lincoln, Brayford Pool, Lincoln, Lincolnshire LN6 7TS, UK. 5School of
Biological Sciences, Queens University Belfast, 97 Lisburn Road, Belfast BT9
7BL, UK. 6Agri-food and Biosciences Institute Pig Unit, Large Park,
Hillsborough, Lisburn, County Down BT26 6DR, UK.

Received: 7 February 2017 Accepted: 26 February 2018

References
1. Harley S, More S, Boyle L, Connell NO, Hanlon A. Good animal welfare

makes economic sense: potential of pig abattoir meat inspection as a
welfare surveillance tool. Ir Vet J. 2012;65:11. https://doi.org/10.1186/2046-
0481-65-11.

2. Gutiérrez AM, Cerón JJ, Marsilla BA, Parra MD, Martinez-Subiela S. Dual-label
time-resolved fluoroimmunoassay for simultaneous quantification of
haptoglobin and C-reactive protein in meat juice from pigs. Can J Vet Res.
2012;76:136–42.

3. Piñeiro M, Morales J, Vizcaíno E, Murillo JA, Klauke T, Petersen B, et al. The
use of acute phase proteins for monitoring animal health and welfare in
the pig production chain: the validation of an immunochromatographic
method for the detection of elevated levels of pig-MAP. Meat Sci. 2013;95:
712–8. https://doi.org/10.1016/j.meatsci.2013.03.013.

4. Gutiérrez AM, Villa MI, Marsilla BA, Martinez-Subiela S, Montes AM, Cerón JJ.
Application of acute phase protein measurements in meat extract collected
during routine veterinary inspection at abattoirs. Res Vet Sci. 2015;101:75–9.
https://doi.org/10.1016/j.rvsc.2015.05.019.

5. Ott S, Moons CPH, Kashiha M, Bahr C, Tuyttens F, Berckmans D, et al.
Automated video analysis of pig activity at pen level highly correlates to
human observations of behavioural activities. Livest Sci. 2014;160:132–7.
https://doi.org/10.1016/j.livsci.2013.12.011.

6. Escribano D, Gutiérrez AM, Tecles F, Cerón JJ. Changes in saliva biomarkers
of stress and immunity in domestic pigs exposed to a psychosocial stressor.
Res Vet Sci. 2015;102:38–44. https://doi.org/10.1016/j.rvsc.2015.07.013.

7. Salamano G, Mellia E, Candiani D, Ingravalle F, Bruno R, Ru G, et al. Changes
in haptoglobin, C-reactive protein and pig-MAP during a housing period
following long distance transport in swine. Vet J. 2008;177:110–5. https://
doi.org/10.1016/j.tvjl.2007.03.015.

8. Heegaard PMH, Stockmarr A, Pĩeiro M, Carpintero R, Lampreave F, Campbell
FM, et al. Optimal combinations of acute phase proteins for detecting
infectious disease in pigs. Vet Res. 2011;42:50. https://doi.org/10.1186/1297-
9716-42-50.

9. Correia-Gomes C, Smith RP, Eze JI, Henry MK, Gunn GJ, Williamson S, et al.
Pig abattoir inspection data: can it be used for surveillance purposes? PLoS
One. 2016;11:e0161990. https://doi.org/10.1371/journal.pone.0161990.

10. Heinonen M, Orro T, Kokkonen T, Munsterhjelm C, Peltoniemi O, Valros A. Tail
biting induces a strong acute phase response and tail-end inflammation in
finishing pigs. Vet J. 2010;184:303–7. https://doi.org/10.1016/j.tvjl.2009.02.021.

11. D’Eath RB, Turner SP, Kurt E, Evans G, Thölking L, Looft H, et al. Pigs’
aggressive temperament affects pre-slaughter mixing aggression, stress and
meat quality. Animal. 2010;4:604–16. https://doi.org/10.1017/
S1751731109991406.

12. Breineková K, Svoboda M, Smutná M, Vorlová L. Markers of acute stress in
pigs. Physiol Res. 2007;56:323–9.

13. Zhen S, Liu Y, Li X, Ge K, Chen H, Li C, et al. Effects of lairage time on
welfare indicators, energy metabolism and meat quality of pigs in Beijing.
Meat Sci. 2013;93:287–91. https://doi.org/10.1016/j.meatsci.2012.09.008.

14. Davenport MD, Tiefenbacher S, Lutz CK, Novak MA, Meyer JS. Analysis of
endogenous cortisol concentrations in the hair of rhesus macaques. Gen
Comp Endocrino. 2006;147:255–61.

15. Stalder T, Kirschbaum C. Analysis of cortisol in hair - state of the art and
future directions. Brain Behav Immun. 2012;26:1019–29. https://doi.org/10.
1016/j.bbi.2012.02.002.

16. Russell E, Koren G, Rieder M, Van Uum S. Hair cortisol as a biological marker
of chronic stress: current status, future directions and unanswered
questions. Psychoneuroendocrinology. 2012;37:589–601. https://doi.org/10.
1016/j.psyneuen.2011.09.009.

17. Bacci ML, Nannoni E, Govoni N, Scorrano F, Zannoni A, Forni M, et al. Hair
cortisol determination in sows in two consecutive reproductive cycles.
Reprod Biol. 2014;14:218–23. https://doi.org/10.1016/j.repbio.2014.06.001.

18. Martelli G, Sardi L, Stancampiano L, Govoni N, Zannoni A, Nannoni E, et al.
A study on some welfare-related parameters of hDAF transgenic pigs when
compared with their conventional close relatives. Animal. 2014;8:810–6.
https://doi.org/10.1017/S1751731114000433.

19. Burnett TA, Madureira AML, Silper BF, Tahmasbi A, Nadalin A, Veira DM,
et al. Relationship of concentrations of cortisol in hair with health,
biomarkers in blood, and reproductive status in dairy cows. J Dairy Sci.
2015;98:4414–26. https://doi.org/10.3168/jds.2014-8871.

20. Saco Y, Fraile L, Giménez M, Alegre A, López-Jimenez R, Cortey M, et al.
Serum acute phase proteins as biomarkers of pleuritis and cranio-ventral
pulmonary consolidation in slaughter-aged pigs. Res Vet Sci. 2011;91:52–7.
https://doi.org/10.1016/j.rvsc.2010.08.016.

21. Klauke TN, Piñeiro M, Schulze-Geisthövel S, Plattes S, Selhorst T, Petersen B.
Coherence of animal health, welfare and carcass quality in pork production
chains. Meat Sci. 2013;95:704–11. https://doi.org/10.1016/j.meatsci.2013.03.022.

22. Kritas SK, Morrison RB. Papers & Articles Relationships between tail biting in
pigs and disease lesions a Ekelund S. ROC curves V what are they and how
are they used ? 2012;11:16–21nd condemnations at slaughter. Vet Rec.
2007;160:149–52. https://doi.org/10.1136/vr.160.5.149.

23. Manciocco A, Sensi M, Moscati L, Battistacci L, Laviola G, Brambilla G, et al.
Longitudinal effects of environmental enrichment on behaviour and
physiology of pigs reared on an intensive-stock farm. Ital J Anim Sci. 2011;
10 https://doi.org/10.4081/ijas.2011.e52.

24. Conte S, Lawlor PG, O’Connell N, Boyle LA. Effect of split marketing on the
welfare, performance, and carcass traits of finishing pigs. J Anim Sci. 2012;
90:373–80. https://doi.org/10.2527/jas.2010-3453.

25. Calderón Díaz JA, Fahey AG, Boyle LA. Effects of gestation housing system
and floor type during lactation on locomotory ability; body, limb, and claw
lesions; and lying-down behavior of lactating sows. J Anim Sci. 2014;92:
1673–83. https://doi.org/10.2527/jas2013-6279.

26. Welfare Quality ®. Assessment protocol for pigs. Netherlands:Welfare
Quality® Consortium; 2009. p. 1–112.

Carroll et al. Irish Veterinary Journal  (2018) 71:8 Page 9 of 10

https://doi.org/10.1186/2046-0481-65-11
https://doi.org/10.1186/2046-0481-65-11
https://doi.org/10.1016/j.meatsci.2013.03.013
https://doi.org/10.1016/j.rvsc.2015.05.019
https://doi.org/10.1016/j.livsci.2013.12.011
https://doi.org/10.1016/j.rvsc.2015.07.013
https://doi.org/10.1016/j.tvjl.2007.03.015
https://doi.org/10.1016/j.tvjl.2007.03.015
https://doi.org/10.1186/1297-9716-42-50
https://doi.org/10.1186/1297-9716-42-50
https://doi.org/10.1371/journal.pone.0161990
https://doi.org/10.1016/j.tvjl.2009.02.021
https://doi.org/10.1017/S1751731109991406
https://doi.org/10.1017/S1751731109991406
https://doi.org/10.1016/j.meatsci.2012.09.008
https://doi.org/10.1016/j.bbi.2012.02.002
https://doi.org/10.1016/j.bbi.2012.02.002
https://doi.org/10.1016/j.psyneuen.2011.09.009
https://doi.org/10.1016/j.psyneuen.2011.09.009
https://doi.org/10.1016/j.repbio.2014.06.001
https://doi.org/10.1017/S1751731114000433
https://doi.org/10.3168/jds.2014-8871
https://doi.org/10.1016/j.rvsc.2010.08.016
https://doi.org/10.1016/j.meatsci.2013.03.022
https://doi.org/10.1136/vr.160.5.149
https://doi.org/10.4081/ijas.2011.e52
https://doi.org/10.2527/jas.2010-3453
https://doi.org/10.2527/jas2013-6279


27. Wemelsfelder F, Lawrence AB. Qualitative assessment of animal behaviour
as an on-farm welfare monitoring tool. Acta Agric Scand. 2001;30:21–5.

28. Hoaglin DC, Iglewicz B, Tukey JW. Performance of some resistant
performance rules for labeling outlier. J Am Stat Assoc. 1986;81:991–9.

29. Carroll GA, Boyle LA, Teixeira DL, Van SN, Hanlon A, Connell NEO. Effects of
scalding and dehairing of pig carcasses at abattoirs on the visibility of
welfare-related lesions. Anim. 2016;10:460–7. https://doi.org/10.1017/
S1751731115002037.

30. Saco Y, Docampo MJ, Fàbrega E, Manteca X, Diestre A, et al. Effect of
transport stress on serum haptoglobin and pig-MAP in pigs. Anim Welf.
2003;12:403–9.

31. De Vries M, Bokkers EAM, Van SG, Engel B, Dijkstra T. Boer IJM de. Exploring
the value of routinely collected herd data for estimating dairy cattle welfare.
J Dairy Sci. 2014;97:715–30.

32. Munsterhjelm C, Brunberg E, Heinonen M, Keeling L, Valros A. Stress
measures in tail biters and bitten pigs in a matched case-control study.
Anim Welf. 2013;22:331–8. https://doi.org/10.7120/09627286.22.3.331.

33. Ulrich-Lai YM, Figueiredo HF, Ostrander MM, Choi DC, Engeland WC,
Herman JP. Chronic stress induces adrenal hyperplasia and hypertrophy in a
subregion-specific manner. Am J Physiol Endocrinol Metab. 2006;291:965–
73. https://doi.org/10.1152/ajpendo.00070.2006.

34. Valros A, Munsterhjelm C, Puolanne E, Ruusunen M, Heinonen M, Peltoniemi
OAT, et al. Physiological indicators of stress and meat and carcass
characteristics in tail bitten slaughter pigs. Acta Vet Scand. 2013;55:75.
https://doi.org/10.1186/1751-0147-55-75.

35. Valros A, Heinonen M. Save the pig tail. Porc Heal Manag. 2015;1:2. https://
doi.org/10.1186/2055-5660-1-2.

36. Taylor NR, Main DCJ, Mendl M, Edwards SA. Tail-biting: a new perspective.
Vet J. 2010;186:137–47. https://doi.org/10.1016/j.tvjl.2009.08.028.

37. Van Uum SHM, Sauvé B, Fraser LA, Morley-Forster P, Paul TL, Koren G.
Elevated content of cortisol in hair of patients with severe chronic pain: a
novel biomarker for stress. Stress. 2008;11:483–8. https://doi.org/10.1080/
10253890801887388.

38. Conte S, Bergeron R, Gonyou H, Brown J, Rioja-Lang FC, Connor ML, et al.
Use of an analgesic to identify pain-related indicators of lameness in sows.
Livest Sci. 2015;180:203–8. https://doi.org/10.1016/j.livsci.2015.08.009.

39. Pairis-Garcia MD, Johnson AK, Stalder KJ, Abell CA, Karriker LA, Coetzee JF,
et al. Behavioural evaluation of analgesic efficacy for pain mitigation in lame
sows. Anim Welf. 2015;24:93–9. https://doi.org/10.7120/09627286.24.1.093.

40. Saco Y, Martínez-Lobo F, Cortey M, Pato R, Peña R, Segalés J, et al. C-
reactive protein, haptoglobin and pig-major acute phase protein profiles of
pigs infected experimentally by different isolates of porcine reproductive
and respiratory syndrome virus. Vet Microbiol. 2016;183:9–15. https://doi.
org/10.1016/j.vetmic.2015.11.026.

41. Alarcon P, Wieland B, Mateus ALP, Dewberry C. Pig farmers’ perceptions,
attitudes, influences and management of information in the decision-
making process for disease control. Prev Vet Med. 2014;116:223–42. https://
doi.org/10.1016/j.prevetmed.2013.08.004.

42. Ekelund S. ROC curves -what are they and how are they used ? Rad Med.
2012;11:16–21.

43. Tuyttens FAM, de Graaf S, Heerkens JLT, Jacobs L, Nalon E, Ott S, et al.
Observer bias in animal behaviour research: can we believe what we score,
if we score what we believe? Anim Behav. 2014;90:273–80. https://doi.org/
10.1016/j.anbehav.2014.02.007.

44. European Food Safety Authority. Guidance on risk assessment for animal
welfare. EFSA Journ. 2012;10:2513.

45. Stockman CA, Collins T, Barnes AL, Miller D, Wickham SL, Beatty DT, et al.
Qualitative behavioural assessment and quantitative physiological
measurement of cattle naive and habituated to road transport. Anim Prod
Sci. 2011;51:240–9. https://doi.org/10.1071/AN10122.

46. Rutherford KMD, Donald RD, Lawrence AB. Qualitative Behavioural
assessment of emotionality in pigs. Appl Anim Behav Sci. 2012;139:218–24.

47. Wickham SL, Collins T, Barnes AL, Miller DW, Beatty DT, Stockman C, et al.
Qualitative behavioral assessment of transport-naive and transport-
habituated sheep. J Anim Sci. 2012;90:4523–35.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Carroll et al. Irish Veterinary Journal  (2018) 71:8 Page 10 of 10

https://doi.org/10.1017/S1751731115002037
https://doi.org/10.1017/S1751731115002037
https://doi.org/10.7120/09627286.22.3.331
https://doi.org/10.1152/ajpendo.00070.2006
https://doi.org/10.1186/1751-0147-55-75
https://doi.org/10.1186/2055-5660-1-2
https://doi.org/10.1186/2055-5660-1-2
https://doi.org/10.1016/j.tvjl.2009.08.028
https://doi.org/10.1080/10253890801887388
https://doi.org/10.1080/10253890801887388
https://doi.org/10.1016/j.livsci.2015.08.009
https://doi.org/10.7120/09627286.24.1.093
https://doi.org/10.1016/j.vetmic.2015.11.026
https://doi.org/10.1016/j.vetmic.2015.11.026
https://doi.org/10.1016/j.prevetmed.2013.08.004
https://doi.org/10.1016/j.prevetmed.2013.08.004
https://doi.org/10.1016/j.anbehav.2014.02.007
https://doi.org/10.1016/j.anbehav.2014.02.007
https://doi.org/10.1071/AN10122

	Abstract
	Background
	Results
	Conclusion

	Background
	Method
	Animals and housing
	Collection of lifetime health and welfare measures
	Tail lesions
	Skin lesions
	Health issues
	Behavioural assessments
	Collection of physiological measures
	Hair sample collection procedure
	Analysis of hair samples
	Blood sample collection procedure
	Blood samples analysis
	Statistical analysis
	Outliers

	Pearson’s Chi Square
	Principal component analysis (PCA)
	Fixed effect models
	Receiver operator curve (ROC) analysis

	Results
	Pearson’s Chi Square
	Qualitative Behavioural analysis
	Fixed effects models
	Tail lesions
	Health issues
	Qualitative behavioural assessment

	ROC analysis
	Tail lesions
	Skin lesions and health issues


	Discussion
	Mixed models analyses
	Hair cortisol and physical welfare-related measures
	APPs and physical welfare-related measures

	ROC curve analyses
	Physiological measures and qualitative Behavioural assessment

	Conclusions
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

